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Abstract

Holography holds promise for simplifying computations in quantum gravity. In part
I of this thesis, we construct holographic boundary theories for linearized gravity, for a
general family of finite or quasi-local boundaries, which capture diffeomorphisms acting on
the boundary. These boundary theories are directly derived from the dynamics of general
relativity by computing the effective action for a geometric boundary observable, which
measures the geodesic length from a given boundary point to some centre in the bulk
manifold. We identify the general form for these boundary theories and find that these
are Liouville-like with a coupling to the boundary Ricci scalar. This is illustrated with
various examples, each of which offers interesting insights into the structure of holographic
boundary theories. We also compute the gravitational one-loop partition function for 4D
linearized gravity, including graviton degrees of freedom via a recursion relation method.

Furthermore, discretization of general relativity is a promising route towards quantum
gravity. Discrete geometries have a finite number of degrees of freedom and can mimic
aspects of quantum geometry. However, the selection of the correct discrete freedoms
and description of their dynamics has remained a challenging problem. Again, several
approaches to four-dimensional quantum gravity, such as loop quantum gravity and holog-
raphy, situate areas as their fundamental variables. With these motivations, we explore
in part II classical area Regge calculus, an alternative to standard Regge calculus where
instead of lengths, the areas of a simplicial discretization are fundamental. There are a
number of surprises: though the equations of motion impose flatness, we show that diffeo-
morphism symmetry is broken for a large class of area Regge geometries. This is due to
degrees of freedom not available in the length Regge calculus. We enumerate and character-
ize these non-metric, or ‘twisted’, degrees of freedom and provide tools for understanding
their dynamics. The non-metric degrees of freedom also lead to fewer invariances of the
area Regge action—in comparison to the length action—under local changes of the trian-
gulation (Pachner moves). This means that invariance properties can be used to classify
the dynamics of spin foam models. Our results lay a promising foundation for understand-
ing the dynamics of the non-metric degrees of freedom in loop quantum gravity and spin
foams. In the quantum theory, the choice of area variables kinematics can easily lead to
gravitational dynamics peaked on flat space-times. We show that this is due to how regions
are glued in the gravitational path integral via a discrete spin foam model. We introduce a
family of ‘effective’ spin foam models that incorporate a quantum area spectrum, impose
gluing constraints as strongly as possible, and leverage the discrete general relativity ac-
tion to specify amplitudes. These effective spin foam models avoid flatness in a restricted
regime of the parameter space.
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Chapter 1

Introduction

The theory of general relativity has for over a century served as the theoretical underpin-
ning for the nature of space, time and gravitation. This theory unifies the geometry of
space and time with the gravitational field. Precisely, it describes the effects of gravitation
as the curvature of space-time. As a consequence, this led to a paradigm shift from how
space and time was described by Newtonian physics. In Einstein’s theory, space-time is
no longer considered a static background on which matter fields propagate, rather, the
geometry of space—time is itself dynamical. Different geometries of space—time correspond
to different histories of the universe.

The fundamental degrees of freedom of general relativity are encoded in a quantity
known as the metric tensor which describes the geometry and causal structure of space—
time. Its dynamics is governed by the Einstein field equations which describe the relation
between space-time geometry and the distribution of matter content within. Thus gen-
eral relativity provides a precise relationship between the geometry of space—time and the
properties of matter.

Since its inception, the theory of general relativity has enjoyed many rich theoretical and
physical applications. For example, the study of astrophysics, cosmology, black hole physics
and most recently gravitational wave physics are all based on the principles of general
relativity. It has also provided many successful predictions of gravitational phenomena
such as time dilation, precession of Mercury’s orbit, bending of light, gravitational waves
and several others.

In spite of all these great accomplishments, general relativity remains incomplete as
a fundamental theory of nature. The incompleteness is manifested in the breakdown of
the theory due to the presence of singularities in the context of gravitational collapse
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inside black holes. Quantum theory—a framework which describes the behaviour of atoms
and molecules in the universe—underlies the descriptions of three out of the four known
fundamental forces of nature with the exception of gravity. The frameworks of general
relativity and quantum theory are incompatible with each other. These challenges can be
overcome possibly by finding a quantum theory of gravity which is capable of providing a
quantum description of the gravitational field.

The formulations of general relativity and quantum field theory are both based on the
notion of classical space-time. Since the properties of gravity are encoded in the geometry
of space-time, one expects a quantum theory of gravity to be based on quantum geometries
or the geometry of a quantum space—time. Finding a consistent theory of quantum gravity
which is valid over small and large energy scales is currently one of the unsolved problems
in physics.

One of the critical questions in the theory of quantum gravity and quantum space—
time is; what are the fundamental degrees of freedom described by? In this thesis, we
shall explore two themes which are capable of addressing this question. The first theme is
holographic dualities—based on the holographic principle—which suggests that the degrees
of freedom of a quantum theory of gravity in a d dimensional space—time region can be
encoded on its (d — 1) dimensional boundary. The holographic principle was motivated by
black hole thermodynamics which conjectures that the maximal entropy of a space-time
region scales as the area of its boundary surface rather than its volume.

The second theme is concerned with discrete approaches to the theory of quantum
gravity. In these approaches there exist different notions of quantum geometries and which
one is best suited for quantum gravity is unclear. In particular, it is not obvious what
geometric variables account for the fundamental degrees of freedom of quantum geometry.
We expound on the two themes separately in the next two sections. Specifically, we will
review some literatures that serves as motivations to the aspects of the two themes which
we shall focus on in this thesis.

1.1 Holographic dualities

The most explored example of holographic dualities is the AdS/CFT correspondence which
proposes that a quantum gravity theory in anti-de Sitter space—time can be dually described
by a conformal field theory on its asymptotic boundary. That is, the partition functions
of such dual boundary field theories, which would depend on the (asymptotic) boundary
metric, can be interpreted as a partition function for gravity, which is however restricted
to asymptotic boundary data.
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In the first part of this thesis, we will be interested in extending such holographic
dualities to finite and more general boundaries of space-time. One reason is that the
partition function with boundary can also serve as the vacuum (physical) wave function for
gravity [7]. Thus aiming to employ holography to construct such physical wave functions,
we need to understand such dualities for arbitrary boundaries.

A holographic boundary field theory would allow an easier access to the partition func-
tion of quantum gravity: instead of solving the full bulk dynamics of quantum gravity for
given boundary data, and deal with the diffeomorphism gauge theory, one would have to
“just” solve the dynamics of the boundary field theory. For this to be a useful approach,
the boundary field theory should be ideally local or an approximation to a local theory,
with finitely many fields. Note that otherwise the notion of holographic boundary field the-
ory is quite empty, as one can construct boundary field theories by integrating out almost
all bulk fields, except some degrees of freedom that one can attribute to the boundary.
This will however generically lead to non-local boundary field theories, which could be
converted to local ones at the price of introducing infinitely many fields.

The construction of “quasi-local” holographic dualities has already been quite successful
for 3D gravity. Here, due to the topological nature of the theory, one can indeed expect to
encounter a local field theory, if one goes through the procedure which will be describe in
this thesis. Thus there are a number of approaches in which such boundary field theories for
gravity can be constructed. Moreover, again due to the fact that there are no propagating
bulk degrees of freedom, the boundary field theories describe so-called boundary degrees
of freedom, which in the case of gravity can often be understood as encoding the shape of
the boundary in the embedding space time.

We briefly review some of the developments which serve as motivation to this current
work. Most of these works are based on asymptotic boundaries. This starts with the
relation between the Chern—Simons description of AdS; gravity [8] to its Wess-Zumino-
Witten (WZW) boundary theory [9-11], which however relies on connection boundary
data. Restricting to asymptotically AdS3; boundary conditions, one obtains a constrained
(chiral) WZW model which is equivalent to Liouville theory [12-16]. Liouville boundary
field theory also appears for asymptotically flat boundary conditions as the flat limit of
asymptotic AdSs [17].

Carlip in [18] has argued that a dual Liouville boundary theory arises from the breaking
of (normal) diffeomorphisms by the presence of the asymptotic boundary also in AdSs
gravity in metric formulation. There are also other derivations [18-20] of Liouville theory
from the asymptotic AdS3 boundary based on metric gravity.

The Euclidean partition function has been computed for AdSs [21] and flat space—

3



CHAPTER 1. INTRODUCTION

time [22] with torus boundaries at asymptotic infinity. These computations were done in
the metric formulation using heat kernel methods. In both cases, the results were found
to be one-loop exact and given by the vacuum character of the gravitational asymptotic
symmetry groups: Virasoro group for AdS3; and Bondi-Metzner-Sachs (BMS3) group for
flat space—time.

Using metric boundary data, [23] showed that a Liouville like dual field theory can
also be identified more directly for finite boundaries. This work considered a specific
background space time, the twisted thermal flat space [24], and employed (linearized) Regge
calculus [25], a discretization of gravity, in which the variables are given by edge lengths in
a piecewise flat geometry. Thus these variables can be identified as geodesic lengths. Using
discretization independence of the one-loop partition function of the theory [26], one can
choose a discretization in which a class of variables describes the geodesic lengths from the
boundary to some central axis. These can be taken as boundary field variables, and one
can thus easily integrate out all variables except these boundary field variables. In [23],
the authors also computed the one-loop partition function for a finite boundary, which led
to the similar result as for asymptotically flat boundaries [22].

In the approach of [23], the boundary field theory is directly derived from gravity and
obtained as an effective action for a geometric observable, which encodes the shape of
the boundary.! Thus one has the advantage that the boundary field theory gives direct
access to the dynamics of a geometric observable, which allows a “bulk reconstruction”.
Such effective actions for geometric observables have also been studied independently from
holographic considerations [29, 30].

The choice of the geodesic distance from the boundary to a centre also resonates with
Carlip’s arguments [18]. In fact, we will see that the geodesic distance captures the change
in the shape of the boundary that arises from diffeomorphisms generated by vector fields
normal to the boundary.

Quasi-local holographic dualities have also been derived in a completely non-perturbative
framework [31-36], in particular for the Ponzano-Regge model [37] of 3D quantum gravity.
This model constitutes a quantization of first order (Palatini) gravity. It offers precise con-
trol on the (quantum) boundary conditions and their (quantum) geometric interpretations
via loop quantum gravity techniques [38]. In particular one can again choose (quantum)
metric boundary conditions. Different kinds of boundary field theories arise, e.g. in the
form of spin chain models, or in the form of sigma models, depending on the precise choice

INote that this is not a Dirac observable, as Dirac observables should be independent of the shape
of the boundary, and are very hard to come by, see e.g. [27,28]. Here the chosen geometrical observable
should rather encode the shape of the boundary.



CHAPTER 1. INTRODUCTION

of (quantum) boundary conditions and the choice of geometric variable that describes the
embedding of the boundary. In particular [34] provides a fully non-perturbative version of
having the geodesic lengths as a boundary field, in which case one obtains so—called rigid
solid on solid models as boundary theories. In [32], the authors performed the semiclassical
analysis for a particular family of boundary conditions, which are encoded in a particular
choice of boundary wave functions [39]. This led to a confirmation of the one-loop partition
function found in [22,23], albeit with Planckian corrections, which arise due to the fact that
the Ponzano—Regge framework allows for an arbitrary winding number of the boundary
around the central axis.

To a great extent these works rely on the topological nature of 3D gravity. Thus the
question arises whether these constructions can be also applied to 4D gravity. A first
step to answer this question can be found in [3] of which I am a co—author. There, we
used again (linearized) Regge calculus to consider a background space-time, which is a 4D
version of twisted thermal flat space. Restricting to boundary data which induce a 4D flat
solution, [3] finds a 3D Liouville-type boundary theory. However, due to the fact that 4D
Regge calculus does not feature a local discretization independent measure [40], it is hard
to extend this result to the (one-loop) quantum theory.?

To extend these results to more general backgrounds and to tackle the main task,
namely including gravitons, we need a framework that is applicable to 4D gravity and
for which we can expect to solve the dynamics. Being particularly interested in length
observables, we will therefore consider (linearized) metric gravity. As the geodesic lengths
has so far been shown to be a convenient choice for the boundary field, which moreover
is connected to obtaining Liouville (like) boundary theories, we will stick with this choice.
This does however present us with a challenge, namely to compute the effective action for
a composite observable.

In part I of this thesis, we develop and test a general framework in which such effective
actions can be computed. As we will see this allows us to consider more general backgrounds
and boundaries in general dimensions and to systematize and greatly extend the results
which have been obtained so far. The challenge is to describe observables which capture
graviton propagating degrees of freedom.

We shall now shift gears and discuss aspects of discrete approaches to quantum geom-
etry which we will consider in part II of this thesis.

20ne can consider a model for quantum flat space [41], for which a discretization independent model
does exist. In this case one can compute the one-loop partition function [3], which captures the effect of
the boundary degrees of freedom.
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1.2 Quantum geometry

The quantization of space-time geometry is an interplay between its symplectic and met-
rical features. In three dimensions, alignment between these two facets of geometry allows
construction of a discrete, simplicial path integral formulation of quantum gravity, the
Ponzano-Regge model [37]. In this model, space—time is decomposed into a large collection
of tetrahedra that are glued along a subset of edges with matched lengths. The metri-
cal and symplectic aspects of this geometry nicely align: the lengths encode the intrinsic
metric and the dihedral angles of the tetrahedra encode the extrinsic geometry and these
two sets of variables are canonically conjugated to each other [23,42]. In the Euclidean
signature case the angles are compact, which leads to discrete spectra for the lengths.

In four dimensions the situation is more subtle, and there is tension between the sym-
plectic and the metrical aspects. In a space—time split, the metric has two natural dis-
cretizations: (i) the lengths of edges, and (ii) the extrinsic curvature angles, which are
defined on 2D faces. These variables are not canonically conjugate. This is manifested in
the different versions of Regge calculus, a discrete formulation of general relativity, based
on edge lengths [25] and face areas [43] respectively. A Regge formulation based on areas
and angles [44] also exists.

If the lengths are taken as fundamental, then the conjugate variables are contractions
of the curvature angles with certain area-length derivatives [45]. If the curvature angles are
taken to be fundamental, the conjugate variables are the face areas— whose quantization
should then give a discrete area spectrum. The area version of Regge calculus is equivalent
to length Regge calculus if one implements constraints that ensure that the configurations
arise from a consistent length assignment [44,46,47]. Weakening these constraints or not
implementing them at all leads, however, to a different dynamics based on a configuration
space of generalized discrete geometries.

Area variables arise naturally in connection reformulations of general relativity (e.g.
with gauge group SU(2) or SO(3,1), [48]). In Loop Quantum Gravity (LQG), the cur-
vature of a space—time is encoded in the (Ashtekar-Barbero) connection variables which
are exponentiated to holonomies. The natural conjugated variables are electric (or triad)
fields, which are integrated over two-dimensional faces—from these variables one constructs
the areas of these faces [19-51]. The same structure of canonically conjugated variables
appears in lattice gauge field theories.

The conjugated variables that appear in the construction of the phase space for (341)-
dimensional simplicial geometries are areas of triangles with dihedral angles hinging on
them [52,53]. The dihedral angles and areas encode the extrinsic curvature and intrinsic
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curvature respectively.

Spin foam models [54]—discrete geometry path integral quantization—of LQG focus on
this set of ‘curvature-area’ variables. This focus has led to a rich set of results e.g., discrete
area and volume spectra [49-51,55-57]. Area variables also play a central role in holography
[58,59], in particular for the reconstruction of geometry from entanglement [60,61]. Discrete
area spectra are key in many approaches to black hole entropy counting [62—65].

In spite of these motivating arguments, questions about area and area-angle Regge
calculus abound. Even for a small simplicial complex, the areas greatly outnumber the
edge lengths. What is the nature of these extra degrees of freedom? In particular, there
are multidimensional families of area configurations that have no corresponding description
in the length Regge calculus. What are these ‘non-metric’ area Regge configurations? Do
they have a correspondent in continuum general relativity? Most importantly, can we
understand the dynamics of these degrees of freedom? These questions and several others
are discussed in the second part of this thesis.

LQG is a well developed theory of quantum geometry. At the classical level, vari-
ous phase space descriptions of simplicial geometries have been constructed [53, 66-71]
In the quantum theory, rigorous representations of geometric observables as operators on
continuum Hilbert spaces are available [72-75]. And in the covariant theory spin foam
amplitudes [76-81] describe the dynamics for these quantum geometries. The quantum
geometries can be analyzed in a semiclassical limit [55,82-89], which here means that the
discrete areas become large in comparison to the Planck areas. These works show that the
Regge action [25] emerges in this semiclassical limit.

The classical limit of the first four-dimensional spin foam model for gravity, the Barrett—
Crane model, was suggested to describe area Regge calculus [90]. However, it was pointed
out that area Regge calculus does not describe general relativity [43]. This is because the
equations of motions impose flatness and area variables describe a bigger configuration
space than that provided by (piecewise) simplicial geometries.

Recent arguments show that the Barrett-Crane model cannot lead to general relativity
dynamics [91], see also the discussion [92].> This has motivated ‘new’ models [77-81], whose
boundary Hilbert space matches those of canonical LQG. However, these models describe a
class of generalized simplicial geometries. In particular, they identify a well-defined length
geometry and a matching of areas along faces of glued triangles. However, the shapes of
the glued triangles need not to match. The constraints that impose the matching of these

3In fact, we will later in this thesis propose a model which provides a ‘correction’ to the Barett-Crane
model.
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shapes have been worked out in [44] and are known as gluing conditions or shape matching
constraints. Figure 1.1 illustrates these generalized geometries for two pairs of tetrahedra.

NVE N

|

Figure 1.1: Two examples of the generalized simplicial geometries considered in quantum
gravity. In both cases the pairs of tetrahedra are glued along their pale shaded faces and
the areas of these triangles agree. On the left the shape mismatch is mild, while on the
right it is more extreme.

Intriguingly, shape matching constraints are not automatically implemented in a clas-
sical version of LQG, that is, in the description of the phase space of (3 + 1)-dimensional
simplicial geometries [53]. This has been linked, in [66], to the much discussed question
of whether one should implement, in addition to the primary simplicity constraints, sec-
ondary simplicity constraints in spin foam models or not [93-95]. References [67] and [96]
show that the enlarged space of simplicial geometries can also explain the appearance of
the Barbero-Immirzi parameter in LQG.*

The work [71] described these same generalized simplicial geometries in a phase space
parametrization that included a ‘twisting angle’ and provided a derivation from canonical
LQG, using the phase space associated to the cotangent bundle T*SU(2) of each triangle.
(See [97] for an earlier derivation of the twisting angles from spin foams.) This led to the
term ‘twisted” geometries, which is now the most common name for this class of general-
ized simplicial geometries.® Indeed a link to twistors has been proposed in [99, 100], and
extended further in [101]. A proposal for a 4-simplex action for twisted geometries beyond
the shape-matched sector appears in [102]. Secondary simplicity constraints do arise in
this context [103] and, intriguingly, only admit solutions in the sector of shape matched
configurations. On the other hand, in [104] the authors describe a splitting of the connec-
tion for the generalized spatial geometry into torsion and torsionless parts which is solved

4That is, the fact that the Barbero-Immirzi parameter appears in the spectrum of geometric observables,
despite the fact that classically it only parametrizes a canonical transformation of the theory’s variables.
5See also [98] for an alternative interpretation of twisted geometries in terms of ‘spinning’ geometries.
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for shape matched configurations. This highlights the question of what kind of dynamics
one can attribute to these generalized geometries and it is one of our central themes.

While [104] provides a construction for a Levi-Civita connection for the twisted geome-
tries, in a sense, they identify an exponentiated version of the symmetric part of a more
general connection. There is a left-over part of the connection’s holonomy that acts within
the plane of the triangle along which two tetrahedra are glued. This can be understood
as the non-symmetric part and therefore as describing torsion degrees of freedom. This
provides yet another alternative interpretation for the additional degrees of freedom that
appear for the generalized or twisted geometries. Another viewpoint is confirmed in anal-
ysis of a higher gauge topological BECG action [6] where we interpreted edge simplicity
constraints as torsionless conditions.

We shall refer to these degrees of freedom as non-metric, in the sense that they ex-
tend the space of simplicial, piecewise linear and piecewise flat (or homogeneously curved)
geometries beyond a length description.

One has thus reached quite a detailed understanding of the generalized space of geome-
tries that underlies LQG. So far this understanding is strictly on the kinematical level and
there is not a clear understanding of what kind of dynamics the spin foam models pre-
scribe for the additional degrees of freedom present in these non-metric geometries. This
understanding is necessary to clarify whether the current spin foam models can describe
the dynamics of general relativity, or whether additional constraints need to be added to
suppress the non-metric degrees of freedom. Again, see [103] for a canonical analysis of
this question.

The examples of length Regge calculus and area Regge calculus show that such an
enlarged configuration space of geometries can lead to a danger of having flat dynamics.
Indeed this possibility of a flat dynamics has arisen in the semiclassical analysis of spin foam
amplitudes [83,88,105-109]. The semiclassical analysis allows only limited information on
how strongly the constraints are imposed, this is one reason why the so-called flatness
problem has yet to receive a satisfactory resolution [109]. Indeed, we will see in chapter
9 of this thesis that the discreteness of the areas prevents a sharp imposition of these
constraints.

It is important in the analysis of spin foams to find out if they lead to area Regge
calculus or length Regge calculus dynamics. To this end we will consider in part II of this
thesis a rigorous study of area Regge calculus. Even on the classical level, the dynamics
(and kinematics) of area Regge calculus remains poorly understood [110-112]. But, area
Regge calculus does provide a dynamics for the non-metric degrees of freedom, which also
appear in spin foams. The action of area Regge calculus numerically coincides with that of
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length Regge calculus (on configurations which can be matched to each other), and as we
have noted above the Regge action (in variables that include areas) appears as the classical
limit of Barrett-Crane-type spin foam models. In fact, area Regge calculus is still the best
candidate for the classical limit of the Barrett-Crane model. The semiclassical analysis
of the newer spin foam models feature the appearance of dominating saddle points that
describe so-called vector geometries [89,113,114]. Additional shape mismatched configura-
tions and generalized Regge actions appear also at the saddle point of non-simplicial spin
foams, as shown in [115] for regular hypercuboids and in [89] more generally. While area
Regge calculus will shed light on the dynamics of all these spin foams, we expect that a
better candidate for their classical limit is area-angle Regge calculus [89], which includes
the three-dimensional dihedral angles as independent variables [44].

In part IT of this thesis, we aim at a broader understanding of the possible dynamics of
such generalized geometries arising from LQG. This can provide effective descriptions for
quantum gravity models, which will help to understand their dynamics and to improve the
models. We also aim to provide a foundation and tools for future studies of the dynamics
of area-angle Regge calculus.

Theories in which areas are the fundamental variables are also interesting in a wider
context. The investigations of area metrics in the continuum by Schuller et al [116] are
motivated by string theory. Recently it has been suggested that quantum gravity and a
notion of quantum geometry can be rebuilt from the entanglement structure of (possibly
matter) quantum fields [117,118]. In particular Ryu and Takayanagi [119] propose that in
a holographic setup the entanglement of the dual boundary field can be used to measure
the areas (in (3+1) dimensions) of surfaces extending into the bulk. Thus, also here, areas
appear to be more fundamental. In some sense areas are more natural than length in
(3 + 1) dimensions as the flow of a vector field through a surface can be used to measure
the area of this surface.

Outline of thesis

In part I of this thesis, we shall discuss the holographic dualities for linearized gravity
using the metric formulation. We begin in chapter 2 with a computation of the effective
action for geodesic distances. A first key result will be the computation of the Hamilton—
Jacobi functional for (linearized) gravity, restricting only to dynamics which describes

10
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diffeomorphisms, for a large family of boundaries®, in section 2.1. It turns out that a
convenient way to express this Hamilton-Jacobi function is in terms of the diffeomor-
phism generating vector field that generates the on-shell metric perturbations. In fact, the
Hamilton—Jacobi functional is local in terms of these vector fields. Note however that the
vector fields themselves are non-local functionals of the boundary metric data.

This allows us to propose in section 2.2 a field theory for a scalar field defined on the
boundary, whose Hamilton—Jacobi functional reproduces the one for gravity (restricted to
the diffeomorphism sector) and whose equation of motion imposes that the scalar field
equals the geodesic lengths from the boundary to some centre. To compute more directly
the effective action for the geodesic lengths we introduce in section 2.3 a Lagrange multiplier
method.

In chapter 3, we compute explicitly the dual boundary actions for three different exam-
ples of three dimensional backgrounds. We will see in section 3.1 and 3.2 that a priori this
method does not lead to the expected results for the cases of backgrounds with intrinsically
flat boundaries, such as the torus boundaries appearing for the twisted thermal flat space—
time and AdS3, which form our first two examples. The reason is that the geodesic lengths
turn out to be in a certain sense a degenerate observable. This can be changed however by
carefully implementing smoothness conditions at the central axis of the solid torus. This
procedure will lead to an effective action, which differs from the one proposed in section
2.2 by the insertion of a non-local operator. This insertion also implements a remnant of
the diffeomorphism symmetry of the gravitational theory, which turns the precise location
of the central axis into a gauge degree of freedom, also for the boundary field theory.

The third example, which we consider in section 3.3, is a three dimensional spherical
boundary in flat space (and thus with intrinsic background curvature), which has so far
not been discussed in the literature. Here the mechanism for constructing the effective
action differs slightly from the one with flat boundaries, as the smoothness conditions at
the centre play less of a key role. The effective action will be local and agree with the
proposed one from section 2.2.

Using our framework, we will also consider an example of a background in four di-
mensions given by the twisted thermal flat space—time in chapter 4. We will compute the
dual boundary field theory for the gauge sector and also compute the Hamilton—Jacobi
functional for the boundary metric data featuring gravitons.

We will close with a discussion and outlook in chapter 5. To avoid deviating from the
key points in the main body of the thesis, we deferred all more involved calculations and

SWe consider boundaries with homogeneous intrinsic curvature D4 PR = 0 and with non-vanishing
extrinsic curvature.

11
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proofs to the appendices. This includes the defining formulas for the parametrization of the
diffeomorphism sector in Appendix A.1, and the calculation of the restricted Hamilton—
Jacobi functional in Appendix A.2. In appendix B, we proof some useful formulas which are
needed for subsequent appendices. We discuss the derivation of solutions to the linearized
Einstein equations with a Lagrange multiplier term in Appendices C. In particular, we find
solutions for backgrounds with intrinsic flat boundaries in section C.1 and with spherical
boundaries in section C.2. In Appendix E we derive the smoothness conditions which
we need to implement at the centre of the bulk manifolds. Appendix F discusses the
computation of effective actions for observables, which in a certain sense are degenerate.
Finally, Appendix G collects definitions for spherical vector and tensor harmonics, which
are useful to discuss the example with spherical boundary in section 3.3.

In part II of this thesis we revisit area Regge calculus. In Chapter 6, we address an
ambiguity problem that arises in the original formulation of the theory, which makes the
action ill-defined for configurations with right angles. We circumvent this problem by
constructing a first order formulation. In Section 6.3 we analyze certain aspects of the
dynamics of linearized area Regge calculus. Here we consider, in particular, setups that
are helpful in distinguishing between length-Regge-type dynamics and area-type dynamics
in spin foams. To this end we consider configurations that describe Pachner moves, that
is, local changes in the triangulation in Section 7.1. We will indeed see that length and
area Regge calculus behave differently under these Pachner moves. We provide a canonical
analysis of the dynamics using tent moves in Section 7.2. Tent moves also allow a compar-
ison of the counting of (propagating or physical) degrees of freedom between length and
area Regge calculus. We will see that area Regge calculus has generically more propagating
degrees of freedom than length Regge calculus, and that the additional degrees of freedom
can be matched to specific variables describing the non-matching of the shapes of (glued)
triangles.

In Chapter 8 we show that non-metricity (torsion) also breaks diffeomorphism symme-
try. In particular, we show that certain three-dimensional dihedral angles can be used to
capture the peculiar non-metricity of area Regge calculus and to parametrize the extent of
the diffeomorphism breaking.

To tackle the question of whether a discrete, locally independent area spectrum is
consistent with the dynamics of general relativity, we propose a family of ‘effective’ models
in chapter 9. These models contain all the necessary ingredients and are relevant for spin
foams. We will explore the implications of all of these findings in chapter 10.

12
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Generalized Holography
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Chapter 2

Effective actions for geodesic lengths

In this chapter we will determine directly from the diffeomorphism sector of (linearized)
Einstein’s metric gravitational theory, dual boundary field theories for a variety of back-
grounds and boundaries with different topologies. These boundary field theories arise
as effective theories for geodesic lengths variables. The computations can be performed
for quasi-local boundaries at finite distance, and allow for negative, vanishing or positive
cosmological constant. The limit to asymptotic boundaries can be considered easily in
this framework by imposing the appropriate boundary conditions at infinity. These dual
boundary field theories allow for an easy computation of the gravitational (one-loop) par-
tition function restricted to the diffeomorphism sector for quasi-local boundaries at finite
distance.

2.1 The Hamilton—Jacobi action for linearized gravity

One key ingredient needed to determine the dual boundary theories is the Hamilton—Jacobi
functional, that is the on-shell action for gravity. Later, we will show how the linearized
gravitational Hamilton—Jacobi functional can be used to compute the one-loop partition
function for gravity. Thus, in this section, we will determine the (restricted) Hamilton—
Jacobi functional for linearized gravity, for a large class of boundaries.

To start, we will summarize our conventions and define the type of boundaries we
will be considering here. We will then introduce a convenient parametrization of the
boundary metric perturbations in terms of diffeomorphism generating vector fields and
curvature excitation (graviton) fields. This allows to split the metric perturbations into

14
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diffeomorphism sector— the part that is described by the diffeomorphism vector fields— and
graviton sector—the part described by the graviton fields.

The first key result we will present is to invert the relationship between boundary metric
perturbations and the vector fields, that is to express the vector field components in terms
of the boundary metric perturbations for the diffeomorphism sector.

Using our first result, we will evaluate the Hamilton-Jacobi functional restricted to the
diffeomorphism sector. (This amounts to the classical limit of the physical vacuum wave
function associated to the given boundary when restricted to the diffeomorphism sector.)
This is our second key result. It turns out that the restricted Hamilton—Jacobi functional
is a local functional, if we use the parametrization in terms of diffeomorphism generating
vector fields. To avoid deviating from the key points in this section, we have deferred most
of the involved computations and proofs to the appendices.

2.1.1 Assumptions and conventions

We consider linearized gravity in dimensions d > 3 with Euclidean signature, on a space—
time manifold (M, g,;,) with a cosmological constant term A and a smooth closed boundary
(OM, hy,). The (Euclidean) Einstein-Hilbert action with the Gibbs-Hawking-York (GHY)

boundary term is given by

1 1
S = ——/ d’z\/g(R —2A) — —/ d" Yy eVhK | (2.1)
26 Jm K Jom
where k = 87(Gy, Gy is Newton’s constant. We have used R to denote the Ricci scalar
and K the trace of the extrinsic curvature. The parameter ¢ = +1 depends on the sign
convention for boundary extrinsic curvature, we will later specify our convention.

We choose the background solution to be expressed in Gaussian normal coordinates
ds? = gupdztdz’ = dr? + hapdy*dy® (2.2)

where the space-time coordinates have the form 2% = (1, y*) with L as an index for the
radial coordinate r € RT. We will assume r = 0 to define a bulk submanifold and the
boundary to be given by a set of points with fixed radial coordinate r = rpqy,. Also, we
will allow the manifold to have two boundary components (“inner” and “outer”) at two
different radial coordinates. Here, we denote the space—time indices by a,b,... and the
‘spatial’ indices A, B, ... for the r = const. hypersurfaces.

15
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With the use of Gaussian coordinates, the extrinsic curvature is defined by K p =
%8 L hag. This differs however by a sign from the extrinsic curvature tensor associated
to an “inner” boundary, which has outward pointing normal n* = (—1,0,...). We have
therefore used the variable ¢ = 1 to make this sign explicit.

We consider perturbations around a background metric

9o = Gab T+ 6ga,b = Gab + Yab (2'3)

and describe with v, ,,v,4 and y4p the various components of the metric perturbations
according to the foliation defined by the r = const surfaces. The linearized action will
be given by expanding the Lagrangian density up to quadratic order in the perturbation
variables v,. Under a linearized coordinate transformation with change of coordinates
x® = x% + £, the metric perturbations transform as L¢gqp.

The non-vanishing components of the Christoffel symbols associated with the metric in
Gaussian coordinates

Fil_B =—Kup, FfB - ng FgC - gC ) (24)

allow to express the relation between the space-time covariant derivatives V on (M, g,;)
and spatial covariant derivatives D on radial foliations (X, hag).

We will use bold Latin fonts to denote space-time, spatial tensors and normal Latin
fonts to denote background tensors except for the Christoffel symbols denoted with T
For example Kap, K4p represent the full extrinsic curvature and background extrinsic
curvature respectively. We will also denote the curvature tensors on the » = const boundary
hypersurface with the superscript P, so that PR is the boundary Ricci scalar.

We shall consider a family of background solutions whose Weyl curvature tensor as-
sociated to the metric vanishes. In d dimensions, the Riemann curvature tensor can be
decomposed in terms of the Ricci tensor as

2 2
Race: ace_—R alcYe 77 Ay acRe Race ’ 2’5
where Cgpe is the Weyl curvature tensor which is traceless and conformally invariant.
Taking the trace of the vacuum Einstein equations gives the Ricci scalar R = (fld_/;) and

inserting the vacuum Einstein equations into the decomposition (2.5) (if Cypee = 0), yields

4\

Rapee = mga[cge]b

(2.6)
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These background solutions describe homogeneously curved or maximally symmetric (isotropic
and homogeneous) space—times also referred to as Einstein manifolds. These solutions can
therefore be classified by the sign of the cosmological constant. For A > 0, we will have
space—times that are locally spherical, A < 0 describe locally hyperbolic space-times and

A = 0 describe locally (Euclidean) flat space-times. For dimensions d = 3, the Weyl tensor
vanishes identically by dimension analysis and hence all vacuum solutions have homoge-
neous curvature. Thus the class of background solutions we consider captures all vacuum
solutions in three dimensions.

Finally, we will assume for the background intrinsic curvature for the boundary manifold
at the r = const hypersurfaces to be covariantly constant (D4 "RBcpp = 0).

Gauss—Codazzi Relations

We will make use of the Gauss-Codazzi relations which ensure an embedding of the hy-
persurfaces into the vacuum solutions. The Gauss relations, which relate the Riemann
tensor of the d—dimensional manifold and the Riemann tensor of the (d — 1)—dimensional
hypersurfaces is given by

PRapc” = Rapc® + KacKp® — Kpo K" (2.7)

where PRpc” is the (d — 1)—dimensional Riemann tensor associated to the boundary
metric h. For vacuum solutions to the Einstein equations, the Ricci tensor and Ricci scalar
satisfy

2A 2dA
Rab = mgab and R = m (28)
and for such solutions the contracted Gauss relations become
2A
"Rip = T 1hAB + KKap— KA\°Kep (2.9)
PR = 2A+ K? — K pK*% . (2.10)

The last equation (2.10) which is also referred to as the scalar Gauss relation coincides with
the Hamiltonian constraint, that is the (L L) component of the vacuum Einstein equations.

Furthermore, the Codazzi relations state that

DsKpc — DpKac = Rapcen® = 0,

max. sym. sol.

DaKp® —DpKy* = Rpen® = 0 . (2.11)

vac.-sol.
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The equations DaKg * — DpK4 4 = 0 in the last line (contracted Codazzi relations)
coincide with the momentum constraints, that is the (L A)—components of the Einstein
equations.

2.1.2 Perturbative expansion of the action

To compute the linearized Hamilton—Jacobi functional (HJF) up to quadratic order, we
will need to expand the action (2.1) up to second order terms of metric perturbations (2.3).
We therefore compute this expansion in this section.

Zeroth, first and second order contributions

The zeroth term is given by the action evaluated on the (background) solution. Using
our assumption of homogeneous curvature background with R = %A, the zeroth order
action is given by

1 2A 1
o _ _2 i d@-1 h K 2.12
S /f(d—Q)dV H/B/\/l yE\/_ ( )

where 4/ is the volume of the manifold M.

The first order variation of the bulk term in the action (2.1) gives

1 1
§(Shu) = o /Mddm V3 (G® + Ag™) 5g,, + o s d“VyVh (20K + K4P5g,5)) . (2.13)

This bulk variation together with the variation of the v/hAK term in the boundary action
gives the first variation of the action (v, = dg,;)

1 1
s = 2_/ A2 /9 (G™ + Ag™) Yap + 5 | Ay en?Byap (2.14)
RJ m 2K oM

and determines the (background) equations of motions as well as the first order of the
on-shell action. Tt also determines the background momentum 742 = V/h(K4E — KhAP)
which is conjugated to the metric.
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The variation of the first order bulk and boundary terms of the action give the second
order bulk and boundary terms respectively

—rS? = —% /ddzv 0 (\/E(G“b + Agab)) 0Gap — %/ d(dfl)yE(S(\/T"(KAB - KhAB))59AB
oM

1
_ §/dd$\/§ Yab (Vabcd,ycd+%Gabcdefvcvd,yef)

1
+ §/ d(d—l)ye,yab ((Bl)abcd,ycd + (B2)abecdve,ycd) (215)
oM

The expressions for all the background tensors appearing in the second order action (2.15)
are detailed in Appendix C. (See also the appendix in [23] for a derivation of the second
order action). From the bulk term we get the linearized equations of motion for the metric
perturbations

G = Vatedy )+ G Ve = 0 (2.16)
The linearized equations are not all independent but satisfy the divergence equation
V.G =0 | (2.17)

which follows from the Bianchi identity. This dependence is attributed to diffeomorphism
symmetry: the d dependencies suggest that the equations of motion leave d parameters in
the metric undetermined— indeed these are the gauge degrees of freedom implied by the
diffeomorphism symmetry of the action.

2.1.3 Mode decomposition of the boundary metric perturbations

Here, we will consider a convenient splitting of the boundary metric perturbations. In
general dimensions, the boundary data determines two different classes of solutions — those
which are equivalent to a solution diffeomorphism equivalent to the background and those
which include (linearized) curvature excitations on top of the background, that is bulk
gravitons. We split the induced boundary metric fluctuations y4p accordingly into the
diffeomorphism sector (4p and the graviton sector y ap.

The diffeomorphism sector can be defined via a symmetric projector (45 = "PGEvep
which projects the metric perturbations onto the part generated by linearized diffeomor-
phisms

Cap = [Leglap = 2K+ Dalp + Dpéa
2K apét + [Lahlap (2.18)
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The graviton sector is defined as being invariant under the action of linearized diffeomor-
phisms on the metric fluctuations via a symmetric projector x4 = “PGEvep. The two
sectors are orthogonal with respect to the inner product on the space of symmetric tensors
on the hypersurface >, defined by

1 _
(7,7) = W/ A Vy Vhyaph ChEPyL,, (2.19)
X

where (=Y is the (d — 1)-dimensional volume of the hypersurface ¥,. Using the inner
product, we get that the graviton metric perturbations satisfy

D=0 , K%Px,5=0 . (2.20)

where we have used the assumption that the boundary hypersurface is closed.! The first
condition implies that graviton modes are transversal, the second condition implies that
the “K—trace” vanishes. If K p ~ gap, the graviton sector is described by transverse
traceless modes.

In summary, the induced metric perturbations can be parametrized as

vap = "PSBvep + PSGEvep = Can + XaB (2.21)

where “PGL =198 — PPCE with T the identity operator on symmetric tensors.

In dimensions d > 4, the graviton sector will feature propagating local degrees of
freedom. Constructing the HJF will require (case dependent) solutions to the equations of
motion. The diffeomorphism sector on the other hand can be discussed in general terms
for backgrounds satisfying the assumptions in section 2.1.1. In the next sub-section we will
therefore concentrate on the diffeomorphism sector and keep the discussion general.

2.1.4 The diffeomorphism sector

Let us require that the relationship between the metric fluctuations projected onto the
diffeomorphism sector (45 and the diffeomorphism inducing vector field (&4, £4) in (2.18)

is invertible. Using the shorthand 747 = (K AB _ KpAB ) which is the de-densitized con-

AB _ ,~1/2,AB

jugate momentum , we will now state our first result.

'If the manifold OM has a boundary, we can still choose appropriate boundary conditions such that
the conditions (2.20) still hold.
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Result 1: The diffeomorphism vector field components can be determined from the
following equations

HABCAB = A’gj_ )
2785 ML, = DApeP + QP Dpet (2.22)

where

HAB — (hAChBD . hABhCD) DCDD . bRAB ’
1
& The = §hAD (Dplep + DeCp — DpCpe)
A = 278D,Dp —2°RPK,p
DYp = 27°P (DeDphfy +"Rcsp) |

QY = 2(27P°K{ —7“PKcphtP) . (2.23)

The proof of Result 1 can be found in Appendix A.1. Note that we have used ¢’ to denote
the restriction of the metric variations to the diffeomorphism sector (6'g,5 = Can)-

To obtain &+ and ¢4 we need to invert the operators A (on the space of spatial scalars)
and D% (on the space of spatial vectors). Thus the vector components are non-local func-
tionals of the spatial metric perturbations. Note that by construction, £+ is a functional
of the boundary metric perturbations, which is invariant under (linearized) boundary tan-
gential diffeomorphisms. This suggest a relation of II'B(,5 to the first variation of the
boundary Ricci scalar, which is also vanishing on boundary tangential diffeomorphisms. In
fact, the variation of the boundary Ricci scalar satisfies

§("R) = (DD — k" DcD) yap — "R yap = P45 (2.24)
where the operator IT47 is given in (2.23). If we restrict to the metric perturbations to the
diffeomorphism sector, we get a relation between between the first variation of the Ricci
scalar and the normal component ¢+, that is §'(PR) = [T48 (45 = AL

Using the Gauss-Codazzi relations and the assumption of the background, we can fur-
ther expand Q48 as

QY = 2 ((thAB — 2PRAB) — QAEZ — i’;hAB) . (2.25)

In dimensions d = 3, the background tensor Q*? vanishes automatically since the Ricci
scalar for two dimensional surfaces satisfies 2Rap = 3°Rhap.
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Having found the components ¢+ and ¢4 as functions of the boundary metric compo-
nents (45, we can express the lapse (|| and shift (|, 4 as functions of generating vector
fields ({L,f“‘) and thus in terms of (4. This can be computed from the components

G+, G4 of the linearized equations (2.16), and they are given by,

(1 = 20.¢F
Cia = Vi&a+Va&y
= Daft + hapo 8 . (2.26)

We now determine the first and second order Hamilton—Jacobi functional (HJF) for
general backgrounds (satisfying the assumptions of section 2.1.1), if we restrict to the dif-
feomorphism sector. This appears in a particular simple form if we use the parametrization
of this sector in terms of the vector field components (¢4, £4). This is our second result.

Result 2: The first and second order Hamilton—Jacobi functional for the diffeomor-
phism sector (using our assumptions in section 2.1.1) are given by

1
PS4 = ——/ d Dy Vhe ("R—24) ¢,
R Jom
1
S = =5 [ d“Vy Ve (fL(M@f“BKAB)fL +&' Q" Dagy —
oM

fAQABDBfL - fADAB£B> . (2.27)

The differential operators A and D4p are defined in (2.23) and the background tensor Q42
is given in equation (2.25). We provide a derivation of these results in Appendix A.2. We
remind the reader that € is a sign that depends on the orientation of the normal vector to
the boundary.

The HJF contributions given in (2.27) are local functionals, as expressed in terms of the
vector field components (&4, ¢4). These are however non-local functionals of the induced
metric perturbations. The second order HJF will decouple into normal and tangential
terms only when Q4% vanishes, for example in three dimensions.

As we will see the lengths of geodesics which are normal (in the background geometry)
to the boundary will be basically given by £+ when restricted to the diffeomorphism sector.
The differential operator A will therefore also be a key ingredient in the effective action
for the geodesic lengths.
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2.2 Dual boundary field theories

For the diffeomorphism sector, there are no local physical degrees of freedom. However,
diffeomorphisms can affect the metric on the boundary and its derivatives: as we have
seen, this contributes to the Hamilton—Jacobi functional (HJF). In 3D or in higher dimen-
sions restricted to the diffeomorphism sector, this is the only contribution to the HJF. In
this sense, all dynamics is captured by the boundary. The dynamics been captured by
the boundary space-time, makes it a perfect playground for explicit realizations of the
bulk/boundary correspondence. Here we are interested in defining a (local) field theory
that is defined in terms of local fields on the boundary manifold, whose HJF agrees with
that of gravity. We will refer to such a field theory as dual boundary field theory.

We shall look for boundary fields directly related to the observables of the gravitational
theory. The gravitational HJF measures the extrinsic curvature of the boundary and
describes the deformation of the shape of the boundary. Therefore, we shall consider
boundary fields which describe the embedding of the boundary in the (homogeneously
curved) bulk solution.

One such choice is the geodesic distance between two space-time points. More precisely,
we consider a geodesic from a point (7u, ¥*) on the boundary M to a point (r = 0, y*)
(central bulk axis). We can therefore understand the geodesic length as a field defined on
the boundary itself.

Since the metric is of Gaussian form with respect to the radius and the boundary is
a r = const. surface, the tangent vector to the background geodesic is orthogonal to the
boundary. For this reason the geodesic length will be to first order in the (boundary)
metric perturbations invariant under boundary tangential diffeomorphisms. Thus we can
only expect to reproduce the part of the gravitational HJF, which is invariant under these
boundary tangential diffecomorphisms, that is the part quadratic in é*. On the other hand,
knowing that the first order of the geodesic lengths is boundary diffeomorphism invariant,
we can suspect that it is proportional to ¢+ evaluated on the boundary, which in turn is
related to the first variation of the boundary Ricci scalar.

In the following we will determine the (first order of the) geodesic length as a function
of the boundary metric. This will allow us to ‘guess’ a candidate for a dual field theory,
which (i) reproduces the equation of motion for this geodesic length and (ii) reproduces
the boundary diffeomorphism invariant part of the gravitational HJF. In the process we
will encounter a subtlety, namely that the geodesic lengths is also affected by the position
of the central axis or point. This position is determined by the bulk metric perturbations,
which are however gauge degrees of freedom.
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In general, the positions of a central point or axis do however require d degrees of
freedom for a central point and d degrees of freedom per axis point, whereas the boundary
field describes one degree of freedom per boundary point. Indeed, we will see later, that
this arbitrariness affects only certain momentum modes of the boundary field. But this
feature will be also responsible for a certain modification which arise, if we determine the
action for the geodesic length more directly from the gravitational action.

In section 2.2.2 we will furthermore find dual fields which reproduce the parts of the
gravitational HJF which describe tangential boundary diffeomorphisms.

2.2.1 Action for the geodesic length

To start, we need to know the lengths of geodesics (7(7),y”) as a functional of the metric
perturbations to first order. As a second step we express these lengths as functionals of
the boundary metric.

Note that the parametrized curves x*(7) = (rin+ (Tout —7in)7, 0, . . .) between two points
(Tin, ¥) and (7o, y?) with 7 € [0, 1] are affinely parametrized geodesics with respect to
background metrics of the form (2.2). This follows from the geodesic equation

do® _ dx®

F v“% = Flj_J_ (Tout - Tin>2 =0 . (228)

We now consider a geodesic z%(7) with respect to the full metric g,, with fixed endpoints
2%(0) and z%(1). As explained in Appendix D its length is given to first order in metric
perturbations by

1 ! dxa dl’b 1 Tout
" o) Jo 7 d =3/ 4 ~ 2.2
7 S ) /0 " @ ) = g / ryLL(r) (2.29)

in

For a solution generated by a diffeomorphism parametrized by a vector field &%, the
first order metric perturbation is given by

YiL = Ci = (Leg)ir oy 20, &*. (2.30)

We thus find

by = & (row) =& (rm) (2.31)



CHAPTER 2. EFFECTIVE ACTIONS FOR GEODESIC LENGTHS

With (2.22) and the expression for the variation of the boundary Ricci scalar, we can
express the £+ component as a functional of the boundary metric

&= %HABCAB = %5'('312) : (2.32)
But we see that the geodesic lengths needs the metric y4p at the outer boundary at rq,; and
inner boundary at r;,. In the following, we will assume that r;,, = 0 describes a central axis
or point. We will later see that in these cases, making certain smoothness assumptions on
the metric perturbations and Fourier transforming in the spatial y* coordinates, &+ (r = 0)
is indeed vanishing for almost all momentum modes. The following will hold for momentum
modes for which &+ (r = 0) is vanishing. For these modes we have that £, = & (7o) is a
functional of the (outer) boundary metric only.

Let us consider the action

%5, = oo [ Dy Vi (p (A+ QY Kap)p—20(A + QABKAB%&(‘)R)) (2.33)
which leads to the equation of motion
p = %5’('011) =& (2.34)
This shows that on-shell p = /,, and that the on-shell action
ng = — 1 [ Py/Ret (A + QP Kap)et (2.35)

solu 2K

does indeed reproduce the boundary tangential invariant part of the gravitational Hamilton—
Jacobi functional.

The action (2.33) is the guessed dual boundary action with a quadratic term defined by
(A+Q"PK 1) and a Liouville-like coupling to the boundary Ricci scalar. For backgrounds
with Q47 = 0, this boundary action will be a local functional of the field p. One subtlety
is that the ¢’ projection to the diffeomorphism sector might be considered non-local (but
it acts on y4p5 and not on p).

In chapters 3 and 4 we will derive effective actions for the geodesic length observable
more directly from the gravitational action. That is, we integrate out from the gravitational
action all fields excepts for a degree of freedom describing the geodesic lengths. This
resulting effective action will be very similar to (2.33), but there will be also a non-local
modification. This modification will take into account that £&X(r = 0) might be non-
vanishing for certain momentum modes.
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2.2.2 Action for the boundary tangential diffeomorphisms

So far we have found a boundary theory which reproduces the boundary diffeomorphism
invariant part of the gravitational on-shell action. Its equation of motion for the field p
imposes that p = &%, where ¢ is understood as a functional of the boundary metric.
Similarly we can find an action which reproduces the remaining parts of the gravitational
on-shell action, which are quadratic in the tangential boundary diffeomorphism parameters
¢4. The dynamical variable is a boundary vector field o and the equations of motion will
impose that o4 = ¢4.

To this end remember that the relation between €4 and the boundary metric pertur-
bations is given by

2750 ' M — QP Dy (AT'NIP(ep) = DApeP . (2.36)
The action

bs, = —% / A VyvVh (04Dapo® — 20" hap (275 6 THe — QPP Dp (A% ¢op)))

(2.37)
leads to the equation of motion
Dapo® = hap (277§ TH — QPP Dy (A% (er)) (2.38)
which are solved by 4 = £4. On-shell the action evaluates to
1
bg = o / Ay VheAD 8. (2.39)

Hence we can define a boundary theory, with a scalar field p and vector field o4 with
action given by a combination of the actions PS(,, = ©S, + ©S,. The non-local terms
(A1) appearing in both actions vanish when Q4? vanishes. The combined action DS(,M)
reproduces the normal and tangential components of the second order gravitational on-shell
action

DSI({QJ) _ _i/d(dl)y\/ﬁ (fJ_ (A+QABKAB) gJ_ _ €ADAB 53) (2.40)

but without the mixed terms.
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2.3 The effective action for the geodesic length

We have seen that we can postulate an action for a boundary field theory, such that the
boundary field variable evaluates to the geodesic lengths on solutions, and the action re-
produces the (boundary diffeomorphism invariant part of the) Hamilton—Jacobi functional
(HJF) of gravity restricted to the diffeomorphism sector. Later we will encounter examples
for which the postulated action will differ in some subtle ways from the effective action
for the geodesic lengths. This effective action is obtained by integrating out all degrees
of freedom from the gravitational action, except those parametrizing the geodesic lengths.
These differences concern in particular the proper reflection of the (gauge) symmetries
of the theory, and are, as we will discuss, important for the one-loop correction for the
gravitational partition function.

Integrating out all variables except for the geodesic lengths is difficult to do directly?, as
the geodesic length is a composite observable in terms of the metric perturbations. Instead
we will add a Lagrange multiplier term to the second order action,

1
—/iS/(\Q) — 5/]‘/[ddx\/g Yab (Vadechd + %Gadeefvcvd'Yef) +

1
5/ d(d_l)y\/ﬁﬁ%b((31)ab6d%d+ (BQ)adevede) +
oM
1 _
! / 44Dy A(y) (py) — Lelros)) (2.41)
2 Jom

where A is a scalar density with respect to the boundary metric, which we treat as first
order variable. The boundary field p is a scalar, and the A equation of motion imposes
that, evaluated on solutions, it gives the geodesic length

1

Eg = 5/ dr YLl (242)

Here we allow for now to have either one outer boundary or one outer and an inner
boundary. In the latter case we consider geodesics which go from the point (rqyu, ) on the
outer boundary to the point (ry,,y) on the inner boundary. In the case where we have only
an outer boundary the geodesic goes from (74, y) to a bulk point (r = 0, P,_,0(y)) where
P,_0(y) is a projection of the y—coordinate to the set of points described by r = 0.

2This can be achieved in Regge calculus [3,23], but requires to employ a discretization of the theory,
which might break the underlying diffeomorphism symmetry for backgrounds with curvature [52,120].
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Varying the action (2.41) with respect to the metric components we find the equations
of motion

1A(y)
iVh

where we have used that with our choice of Gaussian coordinates /g = Vh.

G = (Vo + LGV Vyy) = ~==000% (2.43)

At this point one might wonder about the fate of the contracted Bianchi identities
V.G =0 (2.44)

which guarantee that d number of the (vacuum) Einstein equations are redundant. But
the divergence is also vanishing for the right hand side of (2.43)

A Ay
Va%éiéi = ( (y )8L7+%r )5; =0 . (2.45)
Hence we still have d number of redundancies between the equations of motion. In the
examples, we will consider in the following, it is sufficient to consider the equations (2.43)
fora=1 and b =1, A.

In the next two chapters we will work through several examples in three dimensions
and four dimensions. Specifically, we shall consider a torus boundary embedded into three
dimensional flat space-time, a torus boundary embedded into hyperbolic space-time, and
a spherical boundary embedded into three dimensional flat space-time. We shall also later
consider a four dimensional flat space with a 3-torus boundary embedded in flat space—
time. The cases with a torus boundary have a boundary internal curvature PR = 0 and
we will see that these cases are qualitatively different from the spherical boundary where
bR £ 0.

In particular for the cases with PR = 0 the solution for the lapse v, resulting from
(2.43) will not depend on A. (See Appendix C.1 for the proof.) This prevents us from
finding a solution for A\, and the resulting action will be simply the gravitational HJF with
the Lagrange multiplier term added.

There is however a resolution, if we consider only having an outer boundary and thus
include » = 0 into the bulk manifold M. In this case one has to take into account smooth-
ness conditions for the metric perturbations at » = 0. These conditions will constraint
certain Taylor expansion coefficients of the ‘spatial’ metric components v45, and in case
we have a Lagrange multiplier term, render these A-dependent. This mechanism will allow
us to find an effective action for the geodesics lengths which can also serve as a gravita-
tional dual boundary field theory. The subtle point here is that certain properties of this
boundary field theory are determined by the smoothness conditions at » = 0, even if we
consider an asymptotic boundary 7y, — 0.
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Chapter 3

Holographic dualities for 3D gravity

In this chapter, we will focus mainly on three dimensional examples of background space—
times which satisfy our initial assumptions in section 2.1.1 and compute their dual bound-
ary field theories as effective action for geodesic lengths. We will also compute the one-loop
partition function directly from the dual boundary theory. The examples will consist of
flat space—time with vanishing cosmological constant, hyperbolic space—time with a torus
boundary and also a flat space-time with a spherical boundary.

In three dimensions, there are no local propagating gravitational degrees of freedom for
pure Einstein’s gravity due to the vanishing of the Weyl curvature. All vacuum solutions
are therefore equivalent to homogeneous curvature solutions. This leads to the fact that
the boundary metric perturbations of the linearized theory feature only the diffeomorphism
sector (there are no gravitational waves) YaB = CaB-

Using the parametrization given in terms of diffeomorphism vector fields (2.18) for
the boundary metric, we get a simplified Hamilton—Jacobi functional (HJF). The three
dimensional second-order HJF is given by

1
SE = —— [ Py (E"AEE — ¢'DupER) . (3.1)
2/43 OM

The differential operators appearing in the HJF are given in (2.23), where Q4P vanishes
automatically in 3D. Let us now consider our background examples.
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3.1 Twisted thermal flat space with torus boundary

As our first example, we consider a background flat geometry (vanishing cosmological
constant) known as the twisted or thermal spinning flat space. An effective action for the
geodesic lengths has been found in [23] using a Regge discretization of gravity.

The metric of thermal spinning flat space is given by
ds* = dr*+dt* +r*do? (3.2)

with periodic identification (r,t,8) ~ (r,t+ 3,0 + ) in addition to the usual identification
0 ~ 60 + 27 for the angular variable. This particular space-time has been considered
in [22] with the boundary at asymptotic infinity where the authors computed the one-loop
partition function using heat kernel methods.

For space-time with 0 < r < 71y, We obtain a solid-torus with a torus topology
at the boundary. Cycles contractible in the bulk manifold include curves described by
t = const, r = const and non—contractible cycles are given by curves along # = const and
r = const. The solid-torus can be obtained by identifying the top and bottom discs of a
cylinder of height 5, with a twisting angle (or angular potential) . See figure (3.1).

~~~~

Figure 3.1: A twisted torus flat space—time obtained by identifying the top and bottom of
the cylinder of height § with a twist v along the ¢ = const surface.

There is one non-vanishing component of the (background) extrinsic curvature given
by Kg = r and the trace of the extrinsic curvature given by K = % The boundary
(background) intrinsic curvature vanishes, i.e., 2R = 0. Hence we obtain for the differential

operators A = —292 and Dy = —20} hy;. These only involve derivatives in ¢—direction.

As the intrinsic curvature is vanishing we can define a Fourier transform for the metric
perturbation components. We have to be however careful to implement the periodicity
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(r,t,0) ~ (r,t + 5,0 + ) of these functions into the Fourier transform. This can be
done by ‘twisting’ the phase factors for the Fourier transform so that these have the same
periodicity:

ﬂ/2 27rt
(7 K, ke dt | dO~u(r,t,0)e e (kt=5rke) 3.3
wlrkok) = o [ [ bt 0)e e (3.3
where we will use the abbreviation k; := Fﬂ(k‘; — 5-kg), and kg, k; € Z. The inverse
transform is given by
’Vab<7ﬂ7t79) Z 'Yab T, Ky, k‘e) el%o el ZEt( +~ 2 ko) . (3.4)

\/27Tﬁ Py

We shall now discuss the equations of motions for the modified action (2.41) with a
Lagrange multiplier term and compute from it the dual boundary action.

3.1.1 Equations of motion

Using the Fourier transform the equations of motion (2.43)

A 1A
Gab _ - ( )50, 5b 7
N
can be straightforwardly evaluated. The radial components G+, G4 of the equations of
motion can be use to solve for the lapse and shift components v, ;,7v, 4 of the metric per-
turbations. (See also Appendix C.1, which discusses the solutions for general backgrounds

with flat spatial slices, that is with "R = 0.)
One finds

1 k2 kg
= 2 — 20~ 90
Vi1 01 <2T (’799 + k2 Vet e ’Y@t))

= 28J_§l )
2 o 1 1

o1 kg ke i .
Yie = lkeg (’Yee + ﬁ%ﬁt - 2k; ’Yet) + 720, < <2k2%t kt%?t)) - 17{79)\4—]{?

= ike&t + 120,87 — 1k9)\4

(3.5)

k2

k? ko ) 1
Vit = lktz (’Y@a + kg%t 2k—t’79t) + 01 <—2—kt%t> - lkt)\él_k:?

ket 0L — kA

w (3.6)
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For A = 0 these confirm the relations (2.26) between the metric perturbations and the
diffeomorphism generating vector £*. Note also that the A dependence can be described
by replacing £+ by

1 A

FLo_ el o - N J__L
r=¢ QA\/E_g - (3.7)

Using the solutions for lapse and shift perturbations in the remaining equations GAB =
0, one finds that these are automatically satisfied, see also the discussion in section 2.3.

Thus, if we are solving the equations for r € [ri,, o] With ry, > 0, we can conclude
that the metric perturbations v4p, can be freely chosen in the bulk. If we consider only
an outer boundary and thus include » = 0 in M, we will however argue that we have
to impose some smoothness conditions on the metric components at r = 0. We will see
that this restricts certain Taylor expansion coefficients (arising from an expansion around
r = 0) of the spatial metric components.

We have one remaining equation, coming from the variation of the Lagrange multiplier,
namely

1 Tout
p= 5 s = )~ 50w (39
where!
1 k2 k
¢t o= 5(7994-]{—3%75—2]{—5’791:) (3.9)
t

does not depend on A, at least not for non-vanishing radius. Considering the case with
non-vanishing ri,, roys this equation only involves fixed boundary data and the field p,
which we treat here as parameter, and not as a variable to solve for. There is no variable
left, for which we can solve (3.8) and thus A remains a free parameter.

3.1.2 Evaluating the action on solutions

We proceed by inserting the solutions (3.6) into the action with Lagrange multiplier term
(2.41). Let us first consider the case that we have an outer boundary at ., and an inner
boundary at ry,.

IWe could also write p = £ (rout) — €4 (ri) with a A-dependent £+ (r) defined in (3.7). However, note
that the A-dependent terms drop out, as the A-dependent term in £*(r) is r-independent.
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From the bulk term of the action we get a contribution

1 A 1 1
—k Sy = —/ Pr/g Y G = —/dzydr Yia(ry)Ay) = —/ d*y Ay) €€+ ,(3.10)
2 Jm 8 Jm 4 Jom
where ¢ = +1 for the outer boundary component and ¢ = —1 for the inner boundary
component.

The boundary terms split into two parts: the first part arises from the vacuum solution
(without A), and the second part appears due to the presence of A\. We have determined the
first part SI%) in (3.1) (and for general backgrounds in Appendix A.2). The A-dependent
part is derived in Appendix C.3, (for flat boundaries and also for spherical boundaries)
where it is shown that it amounts also to a boundary integral over eAé+. We thus have

1
—KShaey = —%51({2}—;1 /a Anyd(y)&L : (3.11)

We see that the A-dependent terms cancel from the gravitational action?. We are left
with the gravitational HJF and the Lagrange multiplier term

1
—wSY = RS+ /chy AW) () = Lol (VaB)outs (148)n)) (3.12)

where the geodesic lengths ¢, is now understood as a functional of the boundary metric
perturbations.

This is an effective action for the geodesic lengths as the boundary field p evaluates to
the geodesic length on solutions. But we cannot interpret (3.12) as a proper dual boundary
field theory for gravity.

Note that the same cancellation between the A-dependent terms in the bulk and bound-
ary contributions to the action seems to appear if we have only an outer boundary, that is
in the case where the 3-manifold M is the full solid torus. This however conflicts with the
result of [23], which used a Regge calculus set-up. There the geodesic length variables can
be explicitly identified with certain edge lengths, which serve as basic variables in Regge
calculus. This allows to integrate out all variables except for those edge lengths identified
with the geodesic lengths. This results in an effective action, which can be interpreted as
a dual boundary field theory.

In fact, adopting the approach of [23] to the case of an outer and inner boundary,
that is to a torus ring, one finds the same result as in (3.12). As one now deals with a

2The cancellation of the A-dependent terms happens in general for backgrounds with a flat boundary.
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finite dimensional system one can identify the reason for this behaviour. To this end one
splits the variables into two sets. The first set of variables £ give the geodesic lengths,
the other set £ contains all remaining edge lengths. The linearized action has a Hessian
with non-vanishing® determinant, which allows to integrate out all variables. However,
the subdeterminant associated to the variables £ is actually vanishing. Thus we cannot
integrate out straightforwardly all variables but the geodesic lengths. If one uses an action
with a Lagrange multiplier term one will find that A remains a free parameter, and that
the on-shell action is of the form (3.12), that is given by the Hamilton—Jacobi functional of
the original system plus the Lagrange multiplier term. Appendix F, explains this general
mechanism.

This opens the question, why one gets a different result in Regge calculus for the case
with just the outer boundary, that is for the solid torus [23]7 The answer is, that in
Regge calculus certain conditions, which guarantee the smoothness of the solution (in the
continuum limit) around r = 0 are automatically implemented. We will therefore proceed
by implementing similar smoothness conditions for the continuum theory.

3.1.3 Implementing smoothness conditions for the metric at »r = 0

The smoothness conditions we are going to impose arise from assuming Taylor expandable
metric perturbations around the origin in Cartesian coordinates. After transformation
from Cartesian to cylindrical coordinates we can deduce a certain behaviour in the radial
coordinate r:

Yo = ag T+ agrt + 00,
Yoo = agy v + O(r"),
Yor = aéi)r + ag) r? + 0%, (3.13)

and all other metric perturbations starting with r° terms. For a detailed derivation we
refer to Appendix E. We will impose these conditions for the metric perturbations, also for
the case that we include the Lagrange multiplier term.

We will see that we need to consider three separate cases, namely |kg| > 2, kg = £1
and kg = 0. We will start with the generic case |kg| > 2.

3Linearized Regge calculus on a flat background exhibits a remnant of the gauge symmetries of the
continuum theory [52,120, 121]. But these gauge symmetries are associated to bulk vertices and one
can triangulate the torus ring without any such bulk vertices, but nevertheless allow for an arbitrarily
fine boundary triangulation. Thus one would not find gauge symmetries for this case. Note that the
triangulation invariance of 3D linearized Regge calculus (and the associated one-loop partition function)
[26] allows to use the coarsest possible bulk triangulation.
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3.1.4 For modes |ky| > 2

For the convenience of the reader we again display the solutions for the lapse and shift
variables (3.6):

1 k2 ko
= 2 — 20, 9
YiL d1 <2T (%}9 + ktg%t e 7{%)) ;
1 k2 ko i/ k 1 1
Yio = 1k6_ (706 + k?_g%t - Zk—t%%) + 7201 < <2k2%t kt’Yet - 1k?0/\4—k§ ;
k2 ko i , 1
Ve = 1kt Yoo + kg%t Qk—t%t + 01 th%t - lkt)\él_k:f . (3.14)

We Taylor expand all metric perturbations in r and arrive at equations for the expansion

coefficients a(b Imposing the conditions that a(b) = 0 for n < 0 and that a(9 =0 as well

as a((,(,) = 0 we arrive at the conclusions:

2)

e In order for a'5? to vanish, we need

k2
kg V=0 . (3.15)

(0) : (=1) (1)

Thus, we have a;,” = 0 for kg # 0. This also ensures that a,,”” and a,, ~ vanishes.

e Notice that, according to the first equation in (3.14) the coefficient al7") vanishes

and we do allow for non—vanishing a'?. The remaining requirement comes from
demanding that ar is vanishing. This leads to the equation (for kg # 0)

LY (K, ok, ) A
(1— k_g> (k}Z tt —2]{:— ot - 2—]{/}2 . (316)

In summary we obtain the conditions (3.15) and (3.16) for the boundary components of
the metric. We also see that we need a special treatment for the case kg = 0 and ky = +1.
(The case k7 = 46%2(1432 — Lky)? = 0, which arises for rational values for ;= will be discussed
in section 3.1.7.)

Note that both (3.15) and (3.16) are a restriction on expansion coefficients for the spatial
metric perturbations. These conditions also determine the value of the r—component &+ of
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the diffeomorphism generating vector field at r = 0,

1 /{:3 ko
£H(0) = lim - (799(7“) + k_f%t(r) - Qk—t%t(r)>
1k o ko 1
= 5 <k_§a§t) - 2/€_taét)>

B2
— — 1
1R (3:17)

which now is A-dependent.

Thus, considering the equation of motion imposed by the Lagrange multiplier, we find

1 Tout Tout
)= s / dryiy (r) = / droLet(r) = E-(row) —€5(0) , (3.18)
0 0
where
1 k2 k
fl (rout) = 2Tout (790(7aout) + k_§7tt (rout> - Qk_jﬁ)@t(rout)) (319)

is a function of the boundary data. As £*(0) is now A-dependent, we do obtain a solution
for the Lagrange multiplier

A (B [CCE (3.20)

The evaluation of the action proceeds similarly as in section 3.1.2. The bulk term still
leads to

—KSp = %/Miﬁyk(y) (6 (rou y) — 4(0,y)) (3.21)

where we have used € = 41 as we have only the outer boundary. The boundary term gives

1
S = k) = 7 [ PN ) (322

The Lagrange multiplier term vanishes on the solutions to (3.18).
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Thus the terms with AL (roy) still cancel, but we remain with the A¢+(0) term. We
therefore obtain

1
—iS? = kS row) — / 2y M)E-(0,y)
solu 4 M
1
= —kSP(row) + / Py (E(rout) — p) 07 <1+§> (& (rows) — p)
oM 0

1
= —/QS%)(%M) +/ d*y £L(rout)8t2 (1 + —) fL(rout) +
d

2
M a@

/BM (p82 (1 " 812) p=200; (1 + aig) fL(?"out)) : (3.23)

The Hamilton—Jacobi functional is given by (remember that A = —2r=192)

—IQSI(JZJ)(Tout) = %/a d*yvh (fLAgL— fADABfB) = —/aﬁZy(flaffL—fAhAgéffB)

M
(3.24)
and with £+ = A7'5(?R) = —27'70,?6(?R) we can write
_La@ 2 B L o
KS) = Q/a/j yVh (pA (1—1— 82)p 2p ( 82> o( R))
1 / PyvVh gLA—ZgL— 4D 8 . (3.25)
2 Jom Oy

This does define an action for the boundary field p, whose on-shell value does reproduce
the gravitational HJF.

We note that the p-dependent part of the effective action (3.25) given by

kS, = Q/Bﬁ%jf <pA<1—|—az>p 2p( 5912)5(2R>) (3.26)

differs from the action S, (2.33) which we found in section 2.2.1 by an insertion of the non-

local operator (1 + 8,72). (It does also reproduce SI%) multiplied with this factor.) This
insertion has an important consequence: the effective action for the geodesic lengths S}
does vanish for modes kg = 1. The effective action is furthermore ill-defined for kg = 0.

As we will see shortly, the modes ky = +1 have a special status, as we can have in
this case a non-vanishing £+ (r = 0) (for vanishing \). It can be expressed as a function of
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the spatial metric components. But in the bulk these are gauge degrees of freedom. We
therefore cannot determine the geodesic length at ky = +1 from the boundary data. In
fact, in the Regge calculus set-up [23] the geodesic length variables at ks = +1 can be
identified with gauge parameters resulting from the residual diffeomorphism symmetry of
Regge calculus [52,120,121]. For this reason the effective action for the geodesic length
should vanish — and we show below that it in fact does.

For the case ky = 0 one has also a diffeomorphism generating vector field, which does
not need to vanish at » = 0. But this time it is the component &+ that does not need
to vanish and can be furthermore identified as a gauge parameter. We will see that here
we are back to a situation similar to what we described for the case with two boundaries:
one cannot straightforwardly integrate out all variables except the geodesic lengths and
the on-shell value of the action S, will reproduce the Hamilton—Jacobi functional and the
Lagrange multiplier term.

The special status of these modes is also reflected in the one-loop partition function
for gravity, which reproduces the vacuum character of the BMS3 group [22,23]. As we will
discuss shortly in section 3.1.9 the one-loop determinant for gravity does coincide with the
one-loop determinant of the boundary field theory (3.26). Here it is important that this
determinant does only include a product over the modes ky > 2, as the modes ky = 0 and
kg = £1 do describe gauge degrees of freedom [23].

3.1.5 For modes with ky =0

For kg = 0 we obtain the following solutions for the lapse and shift components

1
YL = 201 (2—’Yee> = 20,6,
T

i1
Yo = 0L (——T2—kt’79t) =r?9.¢"
1

- iktgL —|— aj_gt - lkt)\4—kt2

o1 i . 1
Yit = lktgveg + (‘L <__7tt) — ll{it>\ (327)

2%k, 42

We see that for ky = 0 we can have a;? ) # (0. This is the only non—vanishing component
of the spatial metric y4p at » = 0, and as it remains arbitrary, should be understood as
gauge parameter. Note that this (additional) gauge parameter only appears for kg = 0, as
it is forced to vanish for ky # 0 by the equations of motion.
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We also see that the vector field component ¢+ does vanish at » = 0. The requirement

that afng) vanishes, imposes aé? = 0. From the last equation in (3.27) we obtain that the

only A—dependent shift component is given by

0 I @ . 1
a9 = _z_kta;) —1k;t)\4—kt2 (3.28)
From the Lagrange multiplier equation we obtain
1
P = gl(rout) = 9 Vée(rout) s (329)
Tout

where different from the general case, we do not have a A-dependent term since we have
EL(r=0,ky =0) = 0.

Therefore we cannot determine A as a function of p and the boundary variables. We are
now in the same situation as described for the case with two boundaries in section 3.1.2.
One can compute explicitly that the evaluation of the action yields the same result as in
this case, namely

2 2
B hmo = KSilmo + A (P = E o)) sy (3.30)

solu

3.1.6 For modes with ky = £1

Here we find from equation (3.16) that

1 k2 k A
LAY (R m gk ) A 1 3.31
(1-5) (o —2e) = g =0 331
and thus A = 0. The vector field component £1(0) does not need to vanish and is given by
¢ 0) = Lk o) oko ) (3.32)

9 th tt kt 0t
Thus we have for the geodesic length variable

po= & (o) —€(0) . (3.33)

But here we should understand £4(0) as a bulk variable — in fact it is a gauge parameter,
that only appears at kg = £1.

Inserting the solutions into the action, we will have due to A = 0, that
kS (kg = £1) -~ kSE) (kg = £1) (3.34)

and that thus the effective action for the boundary field p vanishes. This is also confirmed
in the Regge calculus setting [23].
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3.1.7 Modes with k;, =0

Remember that we have defined k; := %r(k; — 5-kp). Thus, if v is a rational multiple of 27
there will be certain ki, kg € Z for which k; = 0. At these angles and for such modes with
k; = 0 we do not have a well-posed boundary problem, that is solutions do not exist for
all possible boundary metric fluctuations. The condition of rational v can be translated
in how geodesics along the torus would wind around this torus, see [31,32].

These modes with k; = 0 will lead to divergencies of the one-loop correction, which
appear for all rational angles. This can be treated with an ad-hoc regularization, as in [22].
Alternatively, one can use a discretization, e.g. Regge calculus as in [23] or the Ponzano—
Regge model as in [31-33]. Such a discretization allows only rational angles 7, but the
discretization does introduce a cut—off. For a given rational angle, there is a choice of
(minimal) discretization, for which such modes with k; = 0 do not appear.

As discussed in [31,32] the appearance of such divergencies seems to be an artifact of
the linearization, or in the quantum theory an artifact of the semiclassical (or one-loop)
approximation, at least if one considers a boundary with finite radius. [31] shows however
that the exact partition function, for a particular choice of boundary conditions, does
reproduce the divergence structure in the limit to infinite radius.

3.1.8 The limit of large radius

We found as effective action for the geodesic length

KS) = %/mfll?y\/ﬁ (pA (1 + a%) p—2p (1 + aig) 5(2R)> (3.35)

which features a non-local operator (1+1/93). If we fix however the physical wave lengths
of the angular modes 293 = const. = C' we see that

1 L1 — 1 3.36
tee) ot (3.36)

and the effective action becomes local and we recover the action S, as proposed in section
2.2.1.

4The boundary fluctuations for which one can and cannot find solutions for lapse and shift can be read
off from (3.14). Eg. allowing only for non—vanishing fluctuations 7y still allows for a solution.
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In this way we define (radial) scalings

kol =1, [yl =0, [wel =2, [ywl=1 . (3.37)
Then we have [€1] = 1 and [£7] = —1 as well as [¢'] = 0. We have also [A] = —1 and
[Dgs] = +1 as well as [Dy] = —1. We thus find that [(tAE] = +1 comes with the

dominant radial scaling, as compared to the terms which are not invariant under boundary
tangential diffeomorphisms, which are given by [€9Dgyé%] = —1 and [¢'D,€!] = —1. In this
sense we have that for large radius the boundary diffeomorphism invariant term &XA&
dominates.

3.1.9 One-loop determinant of the dual boundary field theory

By construction we have that the dual action S) reproduces the (boundary diffeomorphism
invariant part of the) gravitational action — modulo the insertion of (14 9,?2). (To com-
pensate, one adds the gravitational action with —d, % inserted.) Here we will show that the
dual action also reproduces the one-loop determinant of gravity, which has been computed
in the continuum for asymptotic boundaries in [22] and in the discrete for finite boundaries
in [23].

To compute the one-loop determinant for S7 given in (3.26), we will adopt a simple
lattice regularization for the Hessian of the action, which is given by k2(1 — k,?):

2r\\ 2
ki — (2 — 2cos (E)) (2 — 2cos <Eli9))
N? 2m
k2 — 5—; (2 — 2cos <ﬁt(lﬁt - %lig))) : (3.38)

where kg = 0,...,Ng — 1 and x; = 0,... N, — 1. With this choice we still have that
(1—k,?) = 0 for kg = 1. Now, as our dual action is only defined for |ks| > 2 we consider

No—2 2 — 2cos (2—”> 1
1 al - (3.39)
reg—=2 2 —2cos <12v_7;“9> 2+ 2cos <]2V—’;>

and

Nlt_[l (2 — 2cos (%(mt _ %m)) — 2 2cos(ykg) (3.40)

k=0
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Ignoring some inessential constants we therefore have

-2 Ng—1 N9/2—1 1
H [[ ——— ~ Il 7= (3.41)
— ke |2
ro=2 =0 \/k2(1 — ky?) ol 1 ]

where ¢ = exp(iy). This reproduces the one-loop determinant of the gravitational theory
[22,23]. Thus the (only) essential contribution to the one-loop determinant arises from
the degrees of freedom describing the geodesic lengths from the boundary to some central
point. This confirms the interpretation of the action S}, as dual action for gravity.

Note that to get the correct result, it is essential to not to include the modes ky = 0 and
kg = +1, which in our case follows from the appearance of the non-local operator (1—k,*).
The exclusion of the ky = £1 modes is a feature of the vacuum BMS; character [122], which
is reproduced by the one-loop partition function for asymptotic boundaries [22]. Inserting
a point particle in the centre, one rather expects a massive character. Indeed the insertion
of a point particle will break the diffeomorphism symmetry described by the ky = +1
modes. This can be also expected to happen in the current framework, as we would have
to modify the smoothness conditions, which we introduced in section 3.1.3, and which were
essential for obtaining a suitable dual action.

3.2 Twisted thermal AdS; space with finite boundary

Next we will consider as background AdS; space with metric
ds® = dr? + sinh®r d6? + cosh’r dt* | (3.42)

where we have fixed A = —1. As for the flat space metric we impose the periodicity
conditions (r,t,0) ~ (r,t + 3,0 + ) and 0 ~ 6 4+ 27 for the angular variable. This defines
twisted thermal AdS; space (see figure 3.2). The one-loop partition function for this
background with asymptotic boundary has been computed from the gravity side in [21] and
reproduces the vacuum character of the asymptotic symmetries of AdS; space [123]. This
example has been intensively discussed in the literature, e.g. [14-16] and references therein.
The derivation of the (Liouville) dual boundary field theory starts often with the Chern-
Simons formulation of 3D gravity. One exception is [18], which derives a dual boundary
theory from the breaking of diffeomorphism symmetry at the asymptotic boundary. In
fact the field introduced in [18] agrees (in the linearized theory) with the geodesic distance
employed here. Our derivation of the dual field theory is somewhat more direct and also
applicable to finite boundaries.
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g

Figure 3.2: Torus boundary with twist parameter ~.

We will again consider a torus boundary at r = r,,; and thus the background intrinsic
curvature of the boundary (which we constrained to be homogeneous) has to vanish.

The computation of the effective geodesic action is very similar to the flat case, and
we will therefore be brief. One again, we will invoke smoothness conditions at » = 0 in
order to obtain an effective action, which can also serve as dual boundary field theory. The
modes ky = 0 and ky = +1 will also play a special role.

One difference with the flat case is that the extrinsic curvature has now full rank
Kpg = Ky = coshrsinhr | Ko =0 and K =tanhr + cothr . (3.43)

Thus
-2

-2
coshr sinhr N

A =2(K°? - Kh°P\DeDp = (05 +07) = T (95 + 07) (3.44)
is now non-degenerate.

The Fourier transformation for the y = (6,t) variables can be defined as for the flat
background, see (3.3), which allows us to invert the various differential operators.

3.2.1 Equations of motion and evaluation of the action

The equations of motion

éab _ lA(y)

1Vh

resulting from varying 7, in the Lagrange multiplier action (2.41) can be solved for the
lapse and shift metric perturbations. The solutions are given by

5105, (3.45)

Y11 = 28J_£J_, Yia =ika (éj‘ — ) + hAB&éB (346)

A(k? + k3)
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where the vector fields are given as functions of the boundary perturbations

kg%t + kf Yoo — 2kikoyio
2 coshr sinhr(k? + k2)
1kovie — 1kovon — 21k 10
2sinh®r (k7 + k2)
=ik + 1kiyee — 2ikgyi0

t = : 3.49
¢ 2 cosh?r (k7 + k3) (3.49)

&t (3.47)

69

(3.48)

Thus the lapse and shift perturbations arise by replacing £+ with

éj_ — gJ_ . Li — gj_ .
2A V1
As for the flat case we have that the solution for v, , a priori does not involve A\. Appendix
C shows that this will be always the case for foliations for which "R = 0. Thus we will
also find here that for the case of an outer and inner boundary, A\ remains a free parameter
and the action (2.41) evaluated on the solutions (3.46) will just reproduce the gravitational
Hamilton—Jacobi functional plus the Lagrange multiplier term.

1

R (3.50)

If we consider only the case of an outer boundary we have to impose smoothness
conditions (see Appendix E)

V1o :mfé) + rzaf,? +O(r?), (3.51)
oo =r2aly) + O(1%) (3.52)
Vi :ragé) + rzaf,ze) +0(r) (3.53)

for r = 0 with the remaining metric components starting with agl)))ro coefficients.

(=2) (0) )

Ensuring that a,.~’ = 0 requires again kga;,’ = 0. To make a% vanish we need

k
A= (k2=1)(2a} — 4k—;a§;>) . (3.54)

This leads to a non-vanishing vector component £+ at r = 0:

k2 A
kg — 1) (k7 + k)’

£ (r=0) = i( (3.55)
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which allows us to solve the Lagrange multiplier equation p = £+ (ryy) — €+ (r=0) for \:
1
A=+ 1) (1- 35 ) (€ 0u) =) (5.50

The evaluation of the action proceeds completely parallel to the flat case and we arrive

at
1
—/ngz) = 4/8/5@\/_ (pA (1—|— 82> —2p <1+a—92> 6(2R)) +
i € A B
Z/aAny\/ﬁ <§ Aa—gg N ) . (3.57)

(03 + 0?) and v/h = coshr sinhr,

The cases kg = +1 and ky = 0 again require special attention. For ky = £1 we find
that A = 0 and that thus the action for the field p vanishes. For ky = 0 we have that
¢4 (r=0) vanishes, and that thus A remains undetermined. The on-shell evaluation of the
A—action will therefore give the same result (3.30) as in the flat case.

where now A =

coshr smhr

In summary, we find that the action for the boundary field p features the same insertion
of the non-local differential operator (1 + 9, %) as in the flat case

kS, = i/wzﬂy\/_ (pA (1+ 812) p—2p <1+ 812) 5(2R)) . (3.58)

3.2.2 One-loop correction from the dual field

We have thus found an effective boundary action for the AdS3 background. The kinetic
part is describing a free scalar field on a torus. Additionally we have the operator (1+0, 2)
but we have seen in section 3.1.9, that, apart from suppressing the ky = +1 modes, this
operator does only contribute a constant to the one-loop partition function. But the
Laplace operator A ~ 97 + 97 defined on the torus leads to the one-loop correction [124]

(3.59)
i

where ¢ = exp(i7) with the torus modular parameter 7 = 3=(y —if8). This agrees with the
one-loop correction computed directly from gravity [21] Wlth the structure of the Virasoro
character.
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3.3 Flat space with spherical boundary

We have seen that for the cases with flat boundaries, that is with "R = 0, we need to
carefully take into account smoothness conditions at r = 0, to obtain an effective action,
which can also be interpreted as dual field theory. This effective action does however
differ by the insertion of a non-local operator from the action, which we postulated in
section 2.2.1. This non-local operator plays an important role in transferring correctly the
symmetries of the gravitational theory to the dual field theory.

Let us now consider a case in three dimensions with non-vanishing background intrinsic
curvature 2R # 0. As we consider only boundaries with homogeneous curvature, we have
to change the topology. We will choose a spherical one. Using Regge lengths one can argue
that for a sphere boundary the effective action for the geodesic length should be local® and
that we thus might confirm the action we postulated in section 2.2.1.

We choose as background metric
ds* = dr?® + r*d6? + r* sin®0dy* (3.60)

with spherical boundary defined by r = const. The intrinsic boundary curvature is now
non-vanishing 2R = T,% We will see that this alters the computations in several ways from
the cases with intrinsically flat boundary.

We have furthermore Kcp = 3 Khep and thus K47 — Kh*P = —1K. This gives

A = —(KD°D¢ + *RK) = -2(D°Dc+32)
Dup = —(KD“Dc+ YRK)hap = —2(D“De+ %) hag (3.61)

with K = % and °R = T%

As we have now intrinsic curvature, the differential operators Dy and D, are non-
commuting and we cannot simultaneously diagonalize these operators. However one can
use scalar, vector and tensor spherical harmonics, which allow for the diagonalization of
the spherical Laplacian Agu-1) = hABD,Dp acting on scalars, vectors and second rank
tensors. Furthermore one has certain properties for the divergence of the vector and tensor
harmonics as well as for the trace of the tensor harmonics, see appendix G.

5The reason is that the one-loop partition function for 3D Regge calculus is bulk triangulation indepen-
dent [26]. One can therefore choose the coarsest bulk triangulation available. For the spherical boundary
one can choose a triangulation with only one bulk vertex and where all bulk edges go from the boundary to
this bulk vertex. The edge lengths can therefore be interpreted as geodesic lengths and the Regge action,
which is local, can be identified with the effective action for the geodesic lengths [3].
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We will however not need these harmonics for most of the discussion. It will be sufficient
to know that we can find the inverse of the operators A and D g, e.g. by using the spherical
harmonics to diagonalize these operators.

3.3.1 Solutions to the equations of motion

We again start by solving the lapse and shift components of the equations of motion

Gt = lwai(si : (3.62)

4 Vh
for the lapse and shift components of the metric perturbations. The derivation of the
solutions is now more involved, due to the non-commutativity of the differential operators.
We have collected the essential details in appendix C.2 (for general sphere in flat space)
and reproduce here just the resulting solutions for lapse and shift:

Y1 = 201 (fL—lii) ;
Y8 = Dgp (fL - ———) + hapd &t (3.63)

We again find that the introduction of the Lagrange multiplier amounts to shifting the
vector component £+ to

A 11 A
1 i
=& ———— . 3.64
‘ : 2AVh (3.64)
But different from the cases with flat boundary we now have a A-dependence for the lapse
components 7, . Here it arises due to the fact that vAA is now r—dependent.

Let us also shortly discuss the smoothness conditions for the metric perturbations at
r = 0. Assuming Taylor expandable metric perturbations in Cartesian coordinates and
transforming these to spherical coordinates, see Appendix E, we find that v,, has an
expansion in the r—coordinate that starts with r°, v, 4 components start with an r'-term
and the 45 -components start with 2.

Now assuming that the y45 components start with 72 one will find that the solutions
(3.63) ensure that the remaining conditions are satisfied. This also holds if we include a
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non—vanishing A. To see this, one can use the scaling properties of the differential operators
inr, e.g.

A =r73A , DAB — r3pA B 48 = 4147 ) Vh = 7"2\/% (3.65)

where O is the operator O evaluated at r = 1.

Using these scaling properties we can also deduce that the vector component s
vanishing at r = 0, that is we have £+ (r = 0) = 0 as well as £+ (r = 0) = 0.

Finally we consider the Lagrange multiplier equation, which is now given by

~ ~

1 Tout
P = _/ dryir = fL(rout) _fL(rin>

2 /.
(Tout - Tin)
= éL(rout) - fL(Tin> - (3.66)
2V hA
Thus we obtain as a solution for A
2V hA
A= —— (€L<7aout) - SJ—(Tin) - P) s (367)

(rout - Tin)

where £4(r = 0) = 0.

3.3.2 Evaluation of the action

Let us consider t}}e case that we have an outer boundary at r,,; and an inner boundary at
T As we have - (r = 0) = £H(r = 0) = 0, it will be straightforward to derive from this
the case with only an outer boundary.

For the evaluation of the boundary we need to consider the bulk and boundary term
in (2.41) — the Lagrange multiplier term vanishes on solutions of (3.67). We will however
treat for the moment A as a variable, and only use the explicit solution for A\ at the very
end.

The bulk term gives evaluated on solutions of (3.62)

1 . 1
—kSi = 5 /M Fr\/G Y G = 3 /M Pydr v (r,y)A(y)

2
1 - .
= = d2 A + out) — + in . .
£ A ) — ) (3.68)
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Note that we now have éL appearing, instead of just £+. (In the cases with flat boundaries
(€t — ¢1) is constant in r and we could thus use &+4.)

For the boundary term we find (see Appendix C.3)

1
_KSt()?i)ry = _'%SI({%]) - Z_l /(OM)de)\ (éJ—(rout) - éj_(rin)) . (369)

We are thus left with

e 2wy [ (€ ) — (€ €ow)

M)out
1 out — 'in
= —/@Sﬁfg——/ gy Towt =) (3.70)
4 Jomee  2VREA

Inserting the solution (3.67) for A

2vVhA

A= J_ou_J_in_ 3.71
(o= 1) (& o) =) =) 37
we obtain
1 Vi ~ N
—kSY = —%51({2}——/ dPy————pAp — 2pA (£ (row) — £ (rin)) +
solu 2 (OM)ous (Tout_rin>

(&5 (rous) = €5 (rin)) A (£ (row) — E5(r)) | (3.72)
The terms in S%) , in which ¢+ appears are given by

\/Egl(rout)AfL(Tout) = out\/_€ Tout Af (Tout) and
VhE ) A () = = VRE (r) AE (i) (3.73)

Thus, for r;, # 0 we will not have a cancellation between these terms and

Tout TlIl 1\/_< rout L("qin)) A (£L<Tout) - é.L(Tin)) (374)

appearing in (3.72).

Thus, although (3.72) is an effective action for the geodesic lengths between the outer
and inner boundary, we cannot interpret the p—dependent part as a dual action for gravity.
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This might not be a surprise as the geodesic lengths does only detect the difference between
L (rouws) and €1(ry,), whereas for the evaluation of the gravitational boundary term we need
to know both &+ (7o) and &+ (ry,).

These problems do not appear if we choose to have only an outer boundary, that is
T = 0, in which case we have £4(ry,) = 0. Then we can write

1
kS = RS~ /8 &y [pAp — 20AE (Fout) + € (Fout) AE™ (o)
S / d*yVh (pAp —2p5(°R)) — 1 / PyVhEADape? . (3.75)
2 Jom 2 Jom

The p-dependent part is given by

p

S = —%/d%y\/% (pAp —2p3 (R)) (3.76)
oM

and can be taken as dual boundary field theory, which reproduces the boundary-diffeomorphism
invariant part of the gravitational HJF.

Thus we see that for the case of a three dimensional spherical boundary we produce
exactly the action S, which we derived in section 2.2.1, that is S|, = S,. Different from the
cases with flat boundary discussed previously there is no insertion of a non-local operator
in 57,

Note that there are also special modes, that appear for the spherical boundary. Using
spherical harmonics Y™ one will find that A is vanishing on Y"" with [ = 1. One thus
has three modes | = 1 and m = —1,0,+1 for which S} is vanishing. These modes do
describe the geometric position of the central point at » = 0, which is encoded in the
metric perturbations y45 around r = 0. Thus, we can understand these three modes as
(diffeomorphism) gauge parameters for the gravitational field, which do happen to affect
the geodesic length variable.

As discussed above we can use the Regge calculus set-up to argue that the geodesic
effective action should be indeed local. In (3.72) there is still the term 4D 455, which is a
priori non-local through the expressions of £4 in terms of the boundary metric components
vpc. Using the spherical (tensor) harmonics in Appendix G one finds however that ¢4 is
determined by

r=L" . =14 (3.77)

2 2

where we used an expansion Yap = 7Y U g +Y*®Pap + 1904 and 4 = EVV 4 + 2D of
the metric and vector field into tensor and vector harmonics respectively. Note that W 4p
and $ 45 are a basis for the trace free part of the metric perturbations.
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Chapter 4

Twisted thermal flat space in 4D
with finite boundary

The method to construct holographic duals directly from gravity, which we have employed
in chapter 2, allows to study four dimensional linearized gravity. In this regard, we consider
in this chapter an example of a four dimensional background spacetime which satisfies
the assumptions laid out in section 2.1.1. Four dimensional gravity is not topological,
the (linearized) equations of motion describe propagating degrees of freedom. Thus, the
challenge is to have a description that capture the propagating degrees of freedom.

In four dimensions, the boundary metric perturbations feature a diffeomorphism sector
and a graviton sector (see the discussion in section 2.1.3). The graviton sector is described
by two propagating degrees of freedom. For the diffeomorphism sector, we will find a dual
boundary field theory as effective action for geodesic lengths. This dual theory will turn
out to be in a simple form with a coupling to the three dimensional Ricci scalar.

The example of the background we consider in this chapter also appears in [3], using
the (linearized) Regge calculus certain. There, we considered a very coarse triangulation
and computed directly the effective action for geodesic lengths. Thus the effective action
only approximates very well the diffeomorphism sector of the theory.

As warm-up for later computing the one-loop partition function, we will determine
the Hamilton—Jacobi functional (HJF) expanded around the four dimensional background
which we describe next.
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CHAPTER 4. TWISTED THERMAL FLAT SPACE IN 4D WITH FINITE BOUNDARY

4.1 Twisted thermal flat space with finite boundary

The background geometry we consider here is a generalization of the twisted or spinning
thermal flat space considered in section 3.1 from three to four dimensions. This background
is a solution to Einstein’s equation (with Euclidean signature) with a vanishing cosmological
constant.

The metric of thermal spinning flat space in four dimensions is given by
ds® = dr®+ hapdy?dy® = dr® +r?d0* 4 dt* + dz* (4.1)
with the coordinates subject to periodic identifications
(r,0,t,2) ~ (r,0 + v, t + By, 2) and (r,0,t,2) ~ (r,0 +v,,t,z + 3,) (4.2)

in addition to the usual identification 6 ~ 6 + 27 for the angular variable and r > 0. The
space time is flat, but features moduli parameters (3;, V4, 5.,7.) that turn out to lead to
interesting structure for the one-loop correction.

If the space—time manifold has only an outer boundary at r = ., at a finite distance,
then the radial coordinate takes values r € [0, roy]. The spacetime manifold therefore has
a topology of a solid 3-torus with a 3-torus boundary topology. In the case the space—
time manifold has an outer boundary at r = r, and an inner boundary at r = ry,, i.e.,
T € [Fin, Tout], the resulting topology is a toroidal annulus. A property of these annuli is
that one can glue two of these together (if the outer radius of one matches the inner radius
of the other), and obtain again a toroidal annulus. This gluing operation can be used to
define recursion relations, that can be used to determine the path integral for the toroidal
annulus, along the lines of [125].

The boundary at r = const is flat (with respect to the background metric). This
allows to define a ‘twisted’ Fourier transformation for the metric perturbation components
respecting the periodic identifications in (4.2). The twisted Fourier transformed metric
perturbations is given by

a Tvk 7k 7kz - d ab\T, 9 t z —1(Oko+thi+2kz) , 4.3
’Y b( 0y vt ) \/W /d‘M y7 b ) ( )
where we have the twisted frequencies k;, k. given by
2T z
b= (k- ;—;k(,), k. = B Tk — 7Tk;@) (4.4)
with the Fourier modes kg, ki, k. € Z. The inverse transform is given by
X ol ) AR L )

a 797t7 =
W) = e 3
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Figure 4.1: [From left to right] A solid torus, a toroidal annulus and two annuli glued
together in 3D. The top and bottom are identified in all figures.

4.1.1 Parametrization of metric perturbation

As already discussed in section 2.1.3, the boundary metric fluctuations can be split into a
part (45, which is induced by diffeomorphisms, and a part x4z, which describes graviton
sector. These sectors can be described by projectors which are orthogonal with respect to
to the inner product (2.19) for the boundary metric perturbations.

The diffeomorphism sector is spanned by vector fields (¢+,£4), and the graviton sector
is spanned by two functions w, x such that in the Fourier transformed picture, we obtain

Yap = Cap + Xap = 2K apét +ikalp +ikpéa + Wapw + Xapz . (4.6)

where the components of the graviton perturbations are given by

2 kokik.  kokik. k. 2k ke(K2 — K2)
Xog, Xity Xy Xot, Xo2s Xi2) = 4/ 0,— , S T 3
(Xoo, Xur, o0 Xozs Xiz) mb( (k2 + k2) (k2 +k2) 2 2 7 2(k? + K2)

1
GRS (0,k2,k7,0,0, —k;k.) (4.7)

(W99> M/th sza W9t7 W9z7 Wtz)

and where Ay, ;= " + k24 k? = DAD, is the ‘spatial’ Laplacian. The perturbations W'
and X p are orthogonal to the diffeomorphism sector and also to each other with respect
to the inner product

(07 i= 57 [ Py VRAABI R S s R (k) (48)

kg kK.,

1
Zﬁﬂtﬁz

!The perturbation Wyp = (5A6 Pg where 4,5 € {t,z} and Pi:JF- = 0;j — @% is the 2D transverse
t z

projector in t — z plane.
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where %V := [ d%yv/h = 27p,8.r is the volume for the hypersurface. The x and w param-
eters are therefore given by

<’77 > 1 2 2
= o = T R R
wh/] <[[7 Z > (th kg) ( s v N )
(v, X) 1 /2 [ kokik, ko(k? — k?)
: _ 1/ oy — ) + oo — keves + b2 ) (4
x[’ﬂ <X, Xv> r :b kt2 k? (722 ’Ytt) kzﬁ)/et kt’)/ez ktg k? Ytz ( 9)

We have inverse differential operators (acting along a boundary component) appearing
in Wap and X4p, the projectors constitute therefore non-local operators. The projectors
can be restricted to either the outer and inner boundary component. However, to suppress
bulk gravitons, we need to demand that w = 0 and x = 0 at both boundary components. Of
course, bulk diffeomorphisms can appear even if we set the { —parameters at the boundary
to zero. The HJF will however only depend on the boundary diffeomorphisms, and their
contribution factorizes over the boundary components.

4.2 Dual boundary field theory for geodesic lengths

In section 2.1.4, we have computed the (restricted) Hamilton—Jacobi functional (HJF) for
general backgrounds satisfying our assumptions in section 2.1.1. The second-order HJF
(2.27) is particularly in a simple form and allowed to compute holographic dual boundary
theories in chapter 3 for various three dimensional background space-time manifolds.

Here, we will restrict the boundary metric perturbations (4.6) to the diffeomorphism
sector and compute the effective action for the geodesic distances (corresponding dual
boundary field theory). The computations share many similarities with the 3D case and
so we will be brief.

For our background metric (4.1), the (background) tensor Q4Z which is defined in
(2.23) vanishes and hence the second-order HJF for the diffeomorphism sector is given by

i = g [ duVh (€A~ Dase®) (4.10)

where A = —2(97 + 02) and Dap = —2(07 + 02)hap. The second order HJF is a local

functional given in terms of the diffeomorphism vector fields £* and also separates into
normal and tangential parts.
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Considering the A-dependent action (2.41), the solutions to the equations of motion

Nab LA a b

G 175 707, (4.11)
has been determined in appendix C.1 for manifolds with flat boundaries in any dimension
when the boundary metric perturbations are restricted to the diffeomorphism sector. If
the manifold has one outer boundary with 0 < r < r.y, we can find the solution to the
Lagrange multiplier by implementing smoothness conditions at the origin » = 0. The origin
here describes a two dimensional (¢ and z directions) sub—manifold in the bulk space—time.
The smoothness conditions are

Vab = (1)r+aébr +O(r®) for ab = 10,0t,0z;
Yoo = (2 2+ 0 (4.12)

with the coefficients of the remaining components start with agz).

Restricting to the diffeomorphism sector, the Taylor expansions of the components (, |
and (¢ give a condition on Lagrange multiplier,

1 k2 1 X
fl(()) = 51 _engﬁ = gj_(rout> —p . (413)

Thus the modes kg = 0, +1 and VAA ~ (k? + k?) = 0 need special treatments.

Let us now discuss the modes satisfying |kg| > 2 and (kZ + k?) # 0. The evaluation of
the Lagrange multiplier equation (4.13) leads to the (restricted) effective action

1
kB = kP =7 [ PN E0)
solu oM

1 1
= i (o1 ) e (1 ) sem)
1 Al
Z/ajjgy\/ﬁ (f A8_§€ - DAB!SB) - (4.14)

Here, ¢’ represents the restriction of variations to the diffeomorphism sector (yap = Cap)-

The p—dependent part describing the action for the boundary field p

kDS = }1/85311\/5 (p( aQ)Ap < a2)5’(33)) (4.15)
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features the same insertion of the non-local differential operator (1 + 9,?) just as in case
of a torus boundary in three dimensions.

For the modes ky = 0, A remains a free parameter and hence we do not get a proper
dual boundary theory. For ky = +1, we get the solution A = 0 and the effective action is
PGP (ky = +1) = PSP (kg = +1) . (4.16)
SO

Hence the dual boundary action vanishes in this case. These modes are related to gauge
degrees of freedom and corresponds to null vectors in the Regge setting.

In the case where we have two boundaries, r, < r < 7oy, the Lagrange multiplier
remains a free parameter and we do not get a proper dual boundary field theory just as in
the three dimensional case.

In summary, we have computed the effective action of geodesic lengths (4.15) when
restricted to the diffeomorphism sector in 4D for the dual boundary theory. Surprisingly,
the boundary theory is Liouville-like with a coupling of the (linearized) boundary Ricci
scalar. It also has the same form as its 3D counterpart with same non-local insertion
(1+9,7).

The geodesic length observable which we have used to derive the dual boundary theory
for the diffeomorphism sector is not capable of describing the graviton degrees of freedom.
In the future, we will look for other geometric observables which can capture propagating
degrees of freedom. Nonetheless, we can still compute the Hamilton—Jacobi functional
and one-loop partition function (including gravitons) directly from the linearized action
in section 2.1.2.

4.3 Computation of the Hamilton—Jacobi functional

As we have seen, the linearized Hamilton—Jacobi functional (HJF) is needed to deter-
mine the holographic dual boundary theory and also the gravitational one-loop partition
function. The HJF also serves as ‘perfect action’ for gravity which is invariant under
diffeomorphisms [126].

We will therefore compute here the HJF using the full metric perturbations (4.6) in-
cluding the graviton sector and with Dirichlet boundary conditions. The HJF will therefore
depend on the metric perturbations v4p at r = roy, if we only have an outer boundary
or at r = 1oy and r = 1y, if we have outer and inner boundaries (see figure 4.1). In the
latter case, where we consider a region with two boundaries, the HJF will be shown to
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be invariant under subdivisions in the radial direction, that is, if we ‘glue’ two regions at
a common boundary, the resulting effective action after integrating out the shared bulk
variables will be of the same form as the HJF for each region. (See the discussion in section
4.4.) In what follows, we will give technical details that go into computing the HJF.

4.3.1 Zeroth and First order contributions

The zeroth and first order of the HJF result from the Gibbons-Hawking-York boundary
term and can be determined without solving equations of motions for the metric pertur-
bations. The trace of the boundary extrinsic curvature is given by K = % and hence the
zeroth order contribution from a given boundary component to the effective action gives

1 21063, €
SI%) I /8/\/( d*y eVhK = —Ze% = —ZE@@ . (4.17)

€

where the sum over e is pertained to the boundary components, ¢ = +1 for an outer
boundary and ¢ = —1 for an inner boundary.? Thus, in the case where we have two
boundaries, the zeroth order contributions from both boundaries cancels out and hence
vanishes.

For the background space time (4.1), the first order contribution vanishes for diffeomor-
phisms, whose generating vector field is normal to the boundary, and which can therefore
interpreted as moving the boundary. These boundary normal diffeomorphisms are some-
times referred to as boundary gravitons (not to be confused with bulk gravitons). As shown
in appendix A.2, this vanishing of the first order contribution applies to boundaries and
space—times where (2A —PR) = 0. Thus the first order contribution to the HJF comes only
from the graviton modes:

1

1
SI(;J) =5 Py eVh (KAP — KhAP)y 5 = o Pyew . (4.18)
oM K Jom

where we have used the parametrization (4.6) for the boundary metric perturbations.

4.3.2 Second-order: Equations of motion

The second-order HJF quadratic in the metric perturbations encodes the linearized dy-
namics. Therefore, there will be different types of contributions to the HJF, which arise

2The sum over ¢ is also implicit in the integral over the boundary OM.
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from the split of the metric perturbations into the diffeomorphism sector and the sector
describing (bulk) gravitons.

Let us consider the bulk equations of motion
G =0 (4.19)

for the linearized theory. See appendix C for definition of G, Due to diffeomorphism
symmetry of the action we expect that four of the ten equations are redundant. We expect
therefore only six independent equations — and we can use four to solve for lapse v, | and
shift v, 4, and the remaining two for the graviton modes w and .

Indeed G+ = 0 and G+4 = 0 appear without radial derivatives acting on the lapse
~v11 and shift v, 4 components. We therefore use these equations to solve the lapse and
shift components v, | and v, 4:

_ A Y
(k7 + k2) ’

A ik
— ik 1 TAp 25 0 0
Yo 19(5‘Fﬂ@+w@w)+TLg’*w%@+k9w ’
T ST v o ik N2 Keks
“t‘l“e'+xﬁ+@ﬁ9+@(5 m@+@w> WEe © o

. n rAy 2 1/{72 . 2 k’gkt
- % e adilliis 4.2
s %(f+%@+@ﬁa+@<5 m%+@ﬂ>+lA%ﬂx - (420)

where we have made use of the expansion (4.6). These solutions are valid away from r = 0
and also for (k? + k2) # 0. Thus, the modes satisfying (k7 + k2?) = 0 will require special
treatment.

YL = 01 (28‘1‘

Substituting these solutions for the lapse and shift components (4.20) into the remaining
equations GAP = 0 (the ), we find that these six equations reduce to two equations for the
w- and x-mode respectively:

d—zw—i-liw—A w =0

dr? rdr b ’

d? 1d (k2 + k?) 3 k2

—_— ——x— | A ~t 21— =0 . 4.21
dr2x+'r’drx ( bt r2Ay, ( r2Ab))x ( )

Note that Ay, = 5kj + k7 + k2 = —(50; + 97 + 02) includes an r-dependence.
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The equation of motion for the w—graviton mode is the Laplace equation in 4D polar
coordinates, hence, it is the modified Bessel differential equation whose general solution is
given in terms of the modified Bessel functions®

w = ¢1 Ly (ry/ (K + £k2)) + c2 Ky (1) (K7 + K2)) (4.22)

where ¢; and ¢y are constants to be determined.

The equation for the z-mode can be related to the equation for the w-mode: Expressing
e r-mode as © = —=—--¢ and using this in the z-mode equation in (4.21), we fin
th d \/Z_jr d using this in th d tion in (4.21 find
b

1 d d 1 ? 1d
— 4+ A—— )| =—+-————-A =0 4.23
VAL <dr+ bdrAb) (d'r’2 iy b>q ’ (4.23)
where the differential operator in the second bracket does coincide with the one defining
the equation for the w-mode.

Thus, the general solution for the xz-mode differential equation is given by

1 d d
T= A (C3 kol () (R R2)) - e K (4 (K2 + ki))) : (4.24)

where c3 and ¢4 are constants.

4.3.3 Second order: Hamilton—Jacobi functional

Here we will compute the second order HJF, by evaluating the second-order action (2.15)
on solutions. As the bulk term of the second-order action vanishes for solutions of (4.19),
we can restrict our attention to the boundary terms appearing in (2.15). For convenience,
we rewrite the boundary action, given by

1
—HS&)W =3 / Py VheVa (B Yeq + B3V ved)
oM
where the (background) tensors are

1
Bitbcd _ 5(];(hab o Kab)gcd o hachbdK . hachd + hachd + hbdKac

1
ngecd — 5 ((haehbd o habhed) nt + (hachbe o habhce) TLd o (hachbd . habhcd) ne) ’ (425)

3Tk, (1) and Ky, (r) are modified Bessel function of order kg which are the two linearly independent
solutions to the modified Bessel equation.

29



CHAPTER 4. TWISTED THERMAL FLAT SPACE IN 4D WITH FINITE BOUNDARY

n® is the normal to the boundary and ¢ = +1 denotes the orientation of the boundary

component.

Using the parametrization (4.6) for the boundary metric perturbations, and the solu-
tions (4.20), the second-order action (2.15) evaluated on solutions become

_kS@ — 1/ Py Vhe ({J‘AgL-F E'Dapt® +
oM

sol

-2
2 (2K0a" + €5 0p) w + 24/ N K(0.& — 0,£.)0px +
b

2
Abw(TQAb—l)w+ w(‘hw—£<1— % )x—lxﬁLm), (4.26)

A 2r r2Ay 2

where A = —2(9} + 02), Dap = —2(0? + 02)hap, K =+ and A, = — (505 + 0} + 02). In
terms of Fourier modes we have

ks =YL Y (864 EDune® +

€ k97k£7klz

2
20| (ool — kikol.) — 20 (A€ +ikag?) +
7 Ap

A 1 kg
u‘;zb(l—rzAb)w—irrﬁ)alw—a_c(——ir ¥ )x—fialx)—l—cc, (4.27)

2 2r2A, 2

where we have A = 2(k? + k2), Dap = 2(k? + k2)hap. The bar indicates &(r, kg, ki, k.) =
&(r, —kg, —k;, —k.) and cc stands for complex conjugation. The sum over € is a sum over

orientations of the boundary components.

We see that the contributions to the second-order HJF split into three types: (a) the
first is quadratic in the perturbations describing diffeomorphisms; (b) the second part
mixes diffecomorphism and graviton sector, (c) the third part has terms quadratic in the
graviton perturbations.

The type (a) contribution to the HJF which arises from diffeomorphism induced defor-
mation of the background metric, can be computed for a wide class of backgrounds and
boundaries, (see appendix A.2) and are localized. We have also found a (dual) boundary
field theory (4.15) defined on each boundary component for these diffeomorphisms. In
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summary, we get

_Hsélzg—io—a = 411 Z <(ELA£L + EA,bABgB) (Tout) - (EJ'Afl + EAIZNDABgB)<rin)) + cc

ko k! k

(2) _ 1
_K’SHJ-o-a - 1

(A + E2DapE®) (row) + cc (4.28)
Ko,k k.

1/}7
1ok
where S%)_io_a is contribution for the case of two (inner and outer) boundaries and SI%)_O_a
is the contribution for when we have an outer boundary only (solid-torus).

Type (b) contributions to the HJF mix the diffeomorphism and the graviton sector.
These terms can be read from the second line of (4.27) and are also localized to the
boundary and readily given by

2 ) .
—KSen = 1Y (21,/r2Abx(kzk9§t—ktkafz)—2w (mbgurlkAgA))r_ + cc
ko k) k. "
. 2 _ _ .
S, = 1 2 (2 A (kR — ko) — 20 (rdngh +kag") ) (row) + cc. (4.29)
ko k} k!

The graviton sector

The part quadratic in the graviton perturbations involve radial derivatives, and thus the
solution to the graviton equation of motions. To evaluate the terms appearing in the type
(c) part, we need to fix the constants ¢y, co and c3, ¢4 in the graviton solutions (4.22) and
(4.24), respectively. To this end we have to solve the (Dirichlet) boundary value problem,
so that these constants become functions of the boundary values of the graviton modes w
and x respectively.

We start with the case of two boundaries (toroidal annulus) and abbreviate the bound-
ary values as

w(rin) = Win, w<rout) = Wout, l’(?“in) = Tin, x(rout) = Zout-
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The constants ¢y, co and c3, ¢4 can be readily computed to be

o — Win Kjg) (Pout) — Wout K| (Fin)
I|k9\(rlﬂ)lclko|(r0ut> Ilke\(rout)lc\ke)l( )

6 — Wout Ziky| (Fin) — Win Ly (Fout)
Ilke\ (Pin) Ky (Tout) Litg) (Fout) Kyl (Pin)

Ab(Tin) IC|I<:9\ T2 xout V Ab Tout IC\k9| Tln

dr
¢ = i) o (4.30)
ﬁ-’qkﬂ(rin) ’C|k9|(rout) z-|k0|(r2)drm ,C|k9|(rlﬂ)

Lout \/ Ab(rout Ez\kﬂ Tin — Lin Ab(rin)d,r tI|kg\(rout)
%Lkﬂ (TAin) drout IC\k:9| (Tout) 1-|k9| (rout> drin IC\k:9| (Tin)

drout drout

Cq4 =

drout

where we denote 7; := +/(k? + k2)r; and Ay(r;) == 7 i + k? + k? for ¢ € {in, out}. Using

(4.30) for the quadratic graviton part in (4.27) we obtain the graviton contribution to the
HJF to be

) 1 3 . . .
_KS HJ_iO_C(Touta 7’in) - Zl fin WinWin + fout Wout Wout + fio WinWout +
k97k£7k/z

Jin jinxin + Gout i‘outxout + Jio xinxout) + cc. (431)

where
Fo(Fins ot ) :
io\"'in, Tout = ~ = < ~
' Lol (in) Kig| (Tout) = Zikg| (Tout) Kkl (Fin)
3 A Tin
fin(rina Tout, k) = TinaTin log (fio(rina Tout k)) + ﬁ(T?nAboﬂin) - 1)
fout (Tina Tout k) = _fin<Tout7 Tin, k)
\/Ab Tln Ab (Tout)
Gio (Tina Tout k) - ~
drin I|k9\ (Tln) drout ,C|k,‘g| (Tout> dTouc I|kg| (Tout) 7flin IC\k;g| (Tin)
1 k 1 0
in{/in, Ou;k‘i = -1 —— __in_1 io\!lin» ouyk
o) =3 (14 ) = Zria 108 (i s )
Gout (Tina Tout k) = _gin(routa Tin, k) ) (432)

are the coefficient functions. The functions f, gi, describe a coupling of the w and =z
graviton modes between the two boundaries.
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In the case where we have only an outer boundary at r = ryy, we will require that
the graviton solutions are smooth at the origin, r = 0. By definition, the modified Bessel
function K, ((r) diverges® at r = 0, thus to get smoothness, we set the constants c,
and ¢4 appearing in the graviton solutions (4.22),(4.24) to zero. We therefore, only need to
determine the constants ¢; and ¢3. Using the boundary conditions w(7out) = Wout, T(Tout) =
Zout, We indeed obtain the graviton solutions:

Ap(Tous)  Likg—1(7) + Lig+1/(7)
Ap I|k9—1| (fout) + Z|k9+1\ (fout)

_ I\ka\(f) Weut
I|k9\<fout) ’

x(r) =

Touw ,  (4.33)

where 7 = ry/(k? + k2) and the solutions are valid for all Fourier modes except (k7 +k?) =

0. These modes will require special treatment.

Using the solutions (4.33), and € = +1 for an outer boundary, we get the contribution
to the second order HJF of the solid torus coming from the quadratic graviton part is given
by

1 ~ .
_KS(I?I)J-O-C(TOM) = Z Z (fout Wout Wout + Jout -xoutxout) + cc, (434)
ko K} k!,
where
~ d . Ab(’l"ou )
Jout(rous, k) = Tout g — (log (Zjky|(out))) + Tt(l — oAb (Tout))
ou

1 d

gout(routak) = _éroutm(

. A 1 2 k2
log (Zjky—1/(Fout) + Zikg+1/(Fous)) ) — 5 (1 - m) . (4.35)

out

Modes with ky =k =k, =0

Now, we will determine the contributions to the HJF coming from special modes (k7 +£2) =
0. Note that, the twisted frequencies are given by k; = 26—7;(/{2 — k) and k., = %—:(k; —22ky)
with k = (kg, k}, k) € Z®. Thus (k? + k?) is vanishing, if kg = kj = k. = 0 or if /27 and
v./2m are rational and the momenta satisfy ky = i—’;kt = ?y—sz

Let us consider the modes ky = k; = k), = 0. The components of the (linearized) bulk

4The point » = 0 is a regular singular point for the Bessel equation.
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tensor defined in appendix C have to satisfy the following equations of motion:

rr 1 ArA L 1 2

G = —Zar(’}/tt + 722)7 G = 0, G” = _ﬁar <7tt + 7zz)

R 1 1 A 1 1 A 1

= o, (=0, G0 = =0, (20,7 G = =0, (rd,y 4.36
550 (200). o, (Lo, 0. (0), (436)

. 1 1 1 A 1 1 1

G" = =0, (Yr + 570 — =000 — 702z |, G = =00 (e + Y00 — =000 — T |
2r r r 2r r r

where the index A appearing in the first line stands for A =0, ¢, z.

The solutions to these equations of motion can be parametrized as follows

Yrr = Co + 267"£T7 Yro = 7281"597 YrB = 87“537
Yoo = 21E", Y = —cy log(r) + ca, Vze = c1log(r) + c3,
Yor = cam? + s, Yor = ce T2 + c7, Y. = cglog(r) + cg (4.37)

where B = z,t. Here £ are the components of the diffeomorphism generating vector field
and ¢;,1 € {0,---,9} are additional parameters appearing in the solutions.

Substituting the solutions (4.37) into the second-order action, the bulk term vanishes
and the boundary term evaluates to the second-order HJF. For the case where we have two
boundary components, an inner boundary at » = ry, and an outer boundary at r = rqy,
the second order HJF is given by

kS = % (Cy (r2 — 72) + Co(10g(rows) — 10g(rin)) + Cs(10g(row)? — log(rin)?) ) (4.38)
where the coefficients are given by

C1 =2(cs®> +cs?), Co = ciler — 2cy + 2c3) + calcg +4eg), Csz=2(c1? +¢s?). (4.39)
Using the Dirichlet boundary conditions, we determine the constants ¢; to be

_ ’Ytt(rout> - Vtt(rin> o fyzz(rout) - 72z<rin)

C = = ,
! log(rrout> - log(rin) 1Og(rout) - log<rin)
o Vit (Tout) 10g<rin) - %ﬁt(ﬁn) log(rout) o ’Yzz(rout) 1Og(rin) — Y2z (Tin) log(rout)
C = 3 C3 = )
1Og(rin> - log(rou‘ﬁ) log(rin) - 10g<rout)
~ Y0e(Tin) — Yor(Tout) — Yor(Tous) i — Yor (Tin) Tt
Gy = 2 2 ) Cs = 2 2 )
Tin = Tout Tin = Tout
o Yoz (rin) — Yoz (rout) o Yoz (rout)r?n — Yoz (rin)rgut
¢ = 2 2 ; Cr = 2 2 ;
Tin =~ Tout Tin — Tout
z\l'in) = Jtz\! ou z\!ou 1 in) = Jtz\'in 1 ou
g = Ve (Tin) — Ve (Fout) 7 Co = Y1z (Tout) 108(7in) — 712 (rin) 108 (Tout) (4.40)

log(rin) - log(rout) log<rin) - 1Og(rout)
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In the case of only an outer boundary, we will again require smoothness of the metric
perturbations at the origin. We find that for the solutions (4.37), some parameters have
to vanish

1 = 0, Cs = O, Cr = 0, Cg = 0 . (441)

The contribution to the Hamilton-Jacobi Functional is then given by
1

HSI(_IQJ)‘I@:O = 2 ((ca — e3)* + colea + c3) +4cg +4(cy + )riy) - (4.42)
where
_ _ o o 79t(rout) o Yoz (Tout>
Co = ’Ytt(rout) , C3 = ’y,zz(rout> , Cog = ’Ytz(rout) , C4 = 7“2— , C6 = 7’2— (443)
out out
and cg can be determined as
Yoo (T
co = Yrr(Tout) — {ar eer( )} . (4.44)
T=Tout

We have therefore determined in this section the continuum gravitational (linearized)
HJF for space—time regions with topology of a toroidal annuli and also a solid 3-torus.
In the next section, we will discuss a computation of path integrals for diffeomorphism
invariant systems and for regions with boundaries via recursion relations method. This
method will be used to determine the gravitational one-loop correction.

4.4 Path integrals via recursion relations

For regions with boundaries, we can ‘glue’ the path integrals for two neighbouring regions.
In our case, we consider the path integrals Z(ry,re) and Z(rq,r3) for the regions with
radial coordinates r € [ry, 73] and r € [ry, 3], respectively. This means, we can obtain the
path integral Z(ry, r3) by integrating the data associated with the shared boundary

Z(rsry) = / Di(van(ra)) Z(rs, 1) Z(rair1) . (4.45)

where Du(vap(r)) is a measure over the induced metric perturbations on the r = const.
hypersurface. On the classical level we can ‘glue’ the HJF’s for these two regions and
obtain the HJF for [rs, rq]:

Sg}(rg,rl) = extremize <SI({2}(T3,T2)+SI({2}(TQ,T1)> , (4.46)

vaB(T2)
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where we extremize the sum of the HJF’s over the induced metric perturbations y4p(r2).

These convolution properties motivate to define and compute the HJF and the path
integral via a discretization: the input is here the path integral for a region with radial
coordinate r € [r;, 7;41] where (1,41 —7r;) are small. One requires smallness as one most often
can only provide an approximation to the path integral, but hopes that the approximation
error are small for small regions. Note that for a gravitational theory, this smallness for
the radial coordinate could be seen as a rather meaningless requirement, as the physical
lengths of the [r;,r;11] segments are determined by the metric, which is a variable. Thus
the segments could become arbitrarily large. This turns out to be a key problem for the
discretization of diffeomorphism invariant theories.?

One can however use the convolution properties (4.45) and (4.46), and starting from
an initial guess °Z(r;,1,7;)) and OS%)(riH,n), compute Z(r; o, ;) and ISI?}(ri+2,ri). If
we can do this computation for general values for the radii r;, we can see that operation
as either refining the discretization or as coarse graining. With the refining interpretation,
"Z(Tout, Tin)) and ”Sl(f J) (Tout, Tin) give better and better approximation for a region with fixed
radial interval [ri,, Tout]-

In the limit n — oo we can expect to obtain the continuum limit for both the HJF and
path integral. Thus, *°Z(7out, Tin) and O"Sg} (Tout, Tin) satisfy the fixed point conditions

O02’7(70011& Tin) - / DM(’YAB (Tsub)) OOZ(Touty Tsub)ooz(rsuby Tin) ) (447>
and
“SI(%) (rg,r1) = extre(mi)ze (OOSI%) (rg,re) + OOSI%) (g, r1)> (4.48)
YaB(12

respectively. One can actually attempt to directly solve the fixed point conditions and
in this way obtain (a certain part of) the path integral and the HJF. This strategy has
been proposed in [125] and has been successfully tested for the harmonic and anharmonic
oscillator.

This strategy applies only to the part of the path integral and the HJF, which describe
the propagating degrees of freedom, that is in our case the graviton modes. Indeed, for
the second order HJF described in section 4.3.3, we only obtain non-trivial fixed point
relations for the type (c) contributions. The contributions (a) and (b) localize to one
boundary component, and come for an outer and inner boundary with different signs, and

5In the expansion used here, the background metric provides a meaning to “small”
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thus cancel out for the glued boundaries. The fixed point condition (4.48) is therefore
automatically satisfied for these contributions.

Let us illustrate how this procedure [125] works for the construction of the one-loop
partition function, restricted to a graviton mode w with fixed momenta (ky, k;, k). One
starts with an ansatz for the path integral

1
OZw(routa Tin) = Oﬂ’(routa Tin) €exXp <_E Sl(i])w(ka Tout Tin)) ) (449)

where
OSI(EI)W(ka Tout Tin) - <Ofin (Touty 7“in) wiQH ‘I’ Ofout(routa rin) wgut + 0fio (Touta Tin) winwout> ) (450)

and the °f (rout, Tin) coefficients can be for instance constructed from a discretization of
the Lagrangian describing the w-mode dynamics. (See section 4.3.3.) We have chosen the
measure term %u(rou;, 7in ), to depend only on the evolution parameter r and not for instance
on w. This choice is justified as the form of the path integral will be stable under the
iteration. The convolution property (4.45) for the path integral leads then to the following
recursion relations for the "f(rou, 7in) coefficient functions and measure "u(7out, T'in):

("fio(Tsub, Tin))

fin(Tout, Tsub) + “fout (Tsub, Tin))

(nfio(Tout, Tsub))2
Tout; Tsub) + "fout (Tsub, Tin))
_ "fio(Touts Tsub)"fio(Tsubs T'in)

2 ("fin (Touts Tsub) + "“fout (Tsubs T'in))
_ VIR Yu(Touss Tsub) "H(Tsubs T'in)

21/ ("fia(Touts Tsub) + "fout (Tsubs 7))

n+1fin<rout7 Tin) = nfin<rsub7 7’in) - 4(

n+1fout(routa /rin) - nfout (rout’ rSUb) - 4 (nf (
in

n+1fio (Tout ) Tin) =

n+1

M(routyrin) (451)

)

where for the measure term, we considered Du(w(rsup)) = dw(rsub) 1(Tout, Tsub ) (Tsubs Tin) -

Here one can choose 7,1, to be some point in the interval (i, 7out ), but we can expect to
obtain a better convergence for a regular subdivision, e.g. rg,, = %(rin + rou). For n — oo
we obtain the fixed point condition — which has to hold for any choice of reu, € (i, Tout)-
Instead of applying the recursion relations to obtain (an approximation to) the coefficient
functions *°f one can also directly attempt to solve the fixed point conditions. For an

example see [125].

67



CHAPTER 4. TWISTED THERMAL FLAT SPACE IN 4D WITH FINITE BOUNDARY

We have already computed the coefficient functions f and ¢, appearing in the HJF for
the w- and xz-modes respectively, in (4.32). These coefficient functions do indeed satisfy
the fixed point conditions derived from (4.51).5

4.5 The one-loop correction

Here we will utilize the convolution property (4.45)

Z(rs, ) /Du Yag(ra)) Z(rs,m2)Z(re, 1) (4.52)

to determine the one-loop correction M (rq,r;) for the partition function

Z(ra, 1) (HM (k,ra,m1 ) exp (—% (Sg}(rg,rl) + SSJ)(rg,rl) + SI%)(TQ, 7“1))> (4.53)

for a region with two boundaries. We exclude the null mode kg = ki = k. = 0. Du(vyap(r))
is a measure over the induced metric perturbations on the r = const. hypersurface. After
Fourier transform we can assume that this measure is of the form

Du(rap(r)) = [ []mk r) dyas(k) (4.54)
A<B k

where m(r, k) is some positive function of the radius r and the momenta (kq, k;, k7).

Next we will use the parametrization of the metric components v45 in terms of the
diffeomorphism parameters (£, ¢4) and the graviton modes (w, r), see (4.6) . The corre-
sponding transformation of the measure is given by

I dvask) = 2v2r'(k} + k2)V/A, d¢ (Hdg >dwdm : (4.55)

A<B

As we have chosen Wyp and X,p with components in (4.7) to be, modulo constants,
orthonormal vectors spanning the graviton sector. We can understand the determinant to
arise from the transformation acting on the diffeomorphism sector.

We can now discuss separately the integration over the diffeomorphism modes and the
integration over the graviton modes.

6As a consistency check, we have checked that gluing a cylinder space-time region to an annulus space—
time region (see figure 4.1), the resulting HJF is given by that of a cylinder and moreover, the coefficients
satisfy fixed point conditions.
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4.5.1 Gauge sector

As we discussed in section 4.4, gluing the HJF’s for two regions [ry,rs] and [ry, 73] along
r9, the contributions coming from the diffeomorphism sector drop out, and we are only left
with a non-trivial integration over the graviton modes.

Thus the diffeomorphism parameters (€7, &%, €4, €%) are indeed gauge parameters, which
parametrize non-compact gauge orbits. To obtain a finite partition function we set the
integration over these orbits to 1. To this end we will assume that the measure over the
gauge orbits is

Dyo(y) = q(ﬂH(dfTHd&A) : (4.56)

so that

Du(vap(r)) = Dyoly) X H %2\/@“4(1@2 + E2)V/Ay dwdr (4.57)

We split the one-loop correction M = D x G into a contribution D associated to
the diffeomorphisms and a contribution G associated to the gravitons. Requiring the
convolution property (4.52) to hold, leads to the following condition on M

D(k,r3,r1)G(k,r3,m1) = 2\/5%7"3(1@2 + k‘g) Ap(re) D(k,rs,m9)D(k,re,11) X
2
F(k,r3,72,71)G(k,73,72)G (K, 72,71) (4.58)

where F'(k,rs,ro,71) results from the integration over the graviton modes. Demanding
that the diffeomorphism and graviton contributions separate, we obtain the requirement

G(k,r3,m1) = F(k,73,79,71)G(k,73,72)G (K, 72,77) (4.59)

for the graviton modes and

1 ((r)a(rs) L o0

D(k,ry,m1) = .
(k,r2,m1) 2V2(k? + k2) \/m(k, ro)m(k,r1)r3r? A (ry) Al (ry)

for the diffeomorphism modes.
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4.5.2 Graviton sector

The recursion relation (4.59) describes the one-loop correction associated to the graviton
sector. The factor F' results from a Gaussian integration, defined by the second order
contribution to the HJF by the w- and x graviton modes, see (4.31). Inserting this factor
we obtain

7h mh
Gk, 3, 1) = \/ n(ro72) + Jomrira)) \/4<gin(r3, )+ gl o T r2) Gk, 72,7, (4.61)

where fin, fout, Jin, Jous are the coefficients for the second-order HJF defined in (4.32). Note
that we have suppressed their dependence on the Fourier modes kg, k;, k.. The correspond-
ing fixed point condition is solved by

Gk, 2,11 = \/—2 fio(r2,71) \/—2 Gio(72,71) (4.62)

7h 7h ’

where fi, gi, are coefficients in (4.32) that couple the two boundaries.
The one-loop correction for a toroidal annulus region (4.53) is therefore given by

M(k,ra,11) = q(r1)q(r2) 1 )\/—ino(m,rl)\/_QQiO(TQ,Tl)

Vm(k,ra)m(k,r)r3rd 0y /2(k2 4 k2)AL (r) A (1) mh mh
(4.63)
where
Folri, 72, B) &
io\T1, T2, = ~ ~ ~ ~
b I|k9|(7’1)/C|k0‘(7“2) _l'|k0|(r2) K\ke\(rl)
Ap(r1)Ap(r2)
gio(rh T, k) ~ ~ N N . (464)
Tty (71) F=Kopkg) (P2) = =Tk (2) 7Kg (F1)

4.5.3 Case for solid 3-torus with one boundary
Let us consider the case for one boundary. We will make use of the previous results by

gluing a cylinder region with one boundary at r = r; to an annulus with two boundaries
r € [r1,rs], such that the following convolution property holds:

Z.(ry) = / Dilvap(r)) Z(ra,m)Z.(r) (4.65)
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This determines the one-loop correction M (ry) for the cylinder to be

Z,(rs) ~ (HMT(JC,Q)) exp (—1 (Sr2) + S r2) + 55 (2))) . (4.66)

Here, we will use the form of measure given in (4.57) and also the one-loop correction
M, = D, x G, into a diffeomorphism contribution D, and a graviton contribution G,.
The convolution property (4.65) therefore, lead to the relations

B m(ry, k)
D-(h,ra) = 2v2 q(r1)

GT(]{?,T‘Q) = F(l{?,TQ,Tl)G(k?,TQ,Tl)GT(kJ,Tl) s (467)

where the factor F' again results from integration over graviton modes. These relations
do not specify D, and G, uniquely. For example, one could multiply these terms by an
r—independent factor and still satisfy the recursion relations.

ri‘(kf + )/ Ap(r1) D(k,7o,71) D (k, 1)

Using (4.60) for the contribution from the torus annulus, we get that the relation for
the diffeomorphism part is solved by

Do (k) = ! a) 1 (4.68)

V20 + R2) /mE ) Al ()

Inserting the factor from integration of the graviton modes, the relation for the graviton
contribution is given by

mh mh

GT(]{?,TQ) = = = G(kﬁ,’l"g,?“l)GT(k’,Tl), (469)
4(fin(re,m1) + fout(r1)) 4(gin(12,71) + Gour(r1))

v~vhere fin, gin are the coefficients of the HJF that couple the two boundaries (4.32), and

fout, Jout are the coefficients (4.35) from the one boundary case. Using the solution (4.62)

and the properties of the modified Bessel functions, we find that the fixed point condition

is solved by

1
Ag (1)
iI\kel (7:1>

dri

(4.70)

by

q(r1) 1
kT /32 4 K2) A ()
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Apart from the ambiguities in the recursion relations (4.67), we also expect some gauge
parameters for the special modes ky = 0,+1, as found in [3]. We do not discuss these
special cases here. However, we have demonstrated using the recursion relations method,
one can compute the gravitational one-loop partition function for 4D gravity including
gravitons. It is of much interest to know the one-loop correction (4.71) in the limit of small
r1 and compare results in discrete gravity [3] using Regge calculus.

We will conclude this section with the following remarks:

By construction the one-loop correction and the HJF computed via the recursion re-
lation are invariant under subdivisions in the radial intervals. Thus the path integral
and Hamilton—Jacobi functional are also discretization invariant in the radial direction
and therefore, serve as a ‘perfect propagator’ and a ‘perfect action’ for gravity respectively.
The results for the graviton sector is quite involved, i.e., it include modified Bessel functions
and so it cannot be “guessed”, but rather needs to be computed. For discretized gravity,
the procedure which we have employed here will help restore diffeomorphism symmetry
(not only under linearized diffeos, but in moving around subdivision in r-intervals).

We used Fourier transformation in (6,t, z) directions, and for second order the gravi-
tational system reduces to a one parameter system in radial direction, for which we can
define a perfect discretization. The Fourier transform defines a regular subdivision in the
(0,1, z) directions. Changing to a more irregular lattice is in principle possible, but would
lead to much more complicated expressions.
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Chapter 5

Discussions and Outlook

In this work we determined holographic boundary theories for linearized metric gravity
in three dimensions and for the gauge sector in four dimensions. We found these dual
boundary theories directly by computing the effective action for a geometric observable
as determined from the gravitational action. This geometric observable is the geodesic
distance from the boundary to some centre or central axis and describes so—called boundary
degrees of freedom [18,127,128], or boundary gravitons. This degree of freedom encodes
the shape of the (fluctuating) boundary in the embedding space time. Together with
the holographic boundary theories we also determined the Hamilton—Jacobi functional for
linearized gravity, for a large class of boundaries.

The resulting boundary theories depend on the chosen type of boundary and the choice
of cosmological constant. It is known that Liouville theory arises for an asymptotic AdS;
boundary [14,16,18,129]. We have shown that the effective theory for the geodesic lengths
leads to Liouville like theories also for finite and more general boundaries. In particular
one can always expect a Liouville-like coupling to the Ricci-scalar of the boundary. The
reason is that the first variation of the Ricci—scalar is proportional to the first variation of
the lengths of geodesics that start normal to the boundary.

For the examples we have considered, the boundary theories are furthermore defined
by a quadratic form given by A = 2(K“P? — Kh®?)DcDp — "RABK 4. For background
space—times with vanishing boundary intrinsic curvature, this gives a (non-degenerate) flat
Laplacian for the torus boundary in AdSs space and a degenerate Laplacian for the torus
boundary in flat space. For a spherical boundary in 3D flat space we obtain a differential
operator proportional to the Laplacian on the sphere, but also a mass term resulting from
bRAB KAB~
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We have seen that in the case of a manifold with a torus boundary the derivation of
the effective action for the geodesic lengths requires some subtle procedure. This is the
imposition of smoothness condition at the central axis at » = 0. It leads to the insertion
of a non-local operator (14 9,?) into the effective action.

This has an important consequence, namely that the modes ky = +1 describe a gauge
freedom of the boundary field theory. Indeed this follows from diffeomorphism symmetry
modes, which affect the precise definition of the central axis. Accordingly the geodesic
length at these modes is a gauge parameter and the geodesic effective action is independent
of the boundary field and just given by the gravitational Hamilton—Jacobi functional, which
does not depend on the boundary field, for kg = 1. The ky = 0 mode is also affected by
diffeomorphism symmetry — but here it is a diffeomorphism along the central axis, which
to first order does not affect the lengths of the geodesics. In this case the geodesic effective
action is given by the gravitational Hamilton—-Jacobi functional, but with the addition of
the Lagrange multiplier term, which imposes that the boundary field mode reproduces the
geodesic length at kg = 0.

This illustrates an interesting interplay between the bulk and the possibly asymptotic
boundary. It deserves further study: for instance the inclusion of a point particle at
r = 0 should change the smoothness conditions, and in fact break the gauge symmetry
at kg = £1. Correspondingly one would expect that the one—loop partition function now
reproduces a massive BMS3 character instead of the vacuum one, see also [32,130]. This
has been confirmed in the Regge calculus certain [131].The one-loop partition function
which we have computed for the flat torus also reproduces the vacuum BMS;3; character
(the symmetry group at asymptotic infinity).

Another interesting direction is to investigate other geometric observables. For the
asymptotically flat [17] and AdS boundaries [16] one can employ certain angle variables,
which are better suited to capture the BMS or Virasoro symmetry respectively. It would
be interesting to see whether one can also identify germs for these symmetries at finite
boundaries. It would also be interesting to study Lorentzian space—times, null boundaries,
BTZ black holes and different boundary conditions [132-134].

The method to construct holographic duals directly from gravity, which we employed
here allowed to study the 4D case. In this regard we have computed the geodesic length
effective action for a 4D generalization of twisted thermal flat space. We restricted to
boundary conditions which impose flat perturbations, that is excluded propagating bulk
gravitons and the resulting boundary action is then however a straightforward generaliza-
tion of the 3D result, that is given by the same action with a Liouville like coupling to the
boundary Ricci scalar and a degenerate kinetic term. The next step is to study how the
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inclusion of bulk gravitons affects the geodesic effective action, and in particular whether
non-localities arise [2]. One might also be led to introduce additional boundary fields,
which encode (better than the geodesic length) the dynamics of the bulk gravitons. A key
question will be which kind of geometric observables are best suited for such boundary
fields.

To compute the gravitational one-loop correction, we introduced a new method which
relied on recursion relations. This method was motivated by the convolution property of
the gravitational path integral. This allowed us also also to compute the so called perfect
action and perfect propagator for discrete gravity. This is the first time such a computation
has been carried out for a 4D theory involving graviton degrees of freedom. (See [135]
paper for earlier results, which include scalar fields, vector fields but only 3D linearized
gravity.) The results show that perfect actions for theories with propagating degrees of
freedom cannot be guessed but rather need to be computed in a suitable truncation scheme.
Discretization of gravitational systems usually break diffeomorphism symmetry [126]. Our
method applied to discrete gravitational systems can help restore the broken symmetries
and also ensure discretization independence.

We hope that these investigations will help for the understanding of the renormalization
flow of quantum gravity models, e.g. [136—138]. A key issue is to find suitable truncations,
as one otherwise has to deal with an infinite dimensional space of possible couplings. The
framework introduced in [38,139-141] employs boundaries and boundary Hilbert spaces to
determine dynamically preferred truncation maps. Here a crucial question is to identify
geometric boundary observables which encode efficiently the bulk dynamics, which is also
a key point in the quasi-local holography program.
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Part 11

Quantum geometry based on area
variables

76



This part of the thesis is based on materials from the following two papers:

e The Degrees of Freedom of Area Regge Calculus: Dynamics, Non-metricity, and
Broken Diffeomorphisms (with Bianca Dittrich and Hal M Haggard) [4].

e Effective Spin Foam Models for Four-Dimensional Quantum Gravity (with Bianca
Dittrich and Hal M Haggard) [5].
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Chapter 6

Actions for discretized gravity

Regge in [25] formulated a discretization of gravity based on a simplicial decomposition
of the continuum manifold. Here, we introduce a different discrete theory inspired by
Regge calculus and playing a prominent role in the dynamics of spin foams. In this theory
areas (instead of lengths) are taken as fundamental [43]. This leads to quite a different
dynamics from length Regge calculus. The original version of area Regge calculus [43]
suffers from ambiguities. These ambiguities appear due to certain configurations with
right-angles make the action based on area variables ill-defined. We cure this problem by
constructing a first order formulation for area Regge calculus. We will also analyze gauge
symmetries and dynamics of the linearized area Regge calculus. Our analysis will lead to
tools to distinguish between length and area Regge dynamics in (the semi classical limit
of ) spin foams.!

Let us start with a review of Length Regge Calculus (LRC). In LRC one substitutes
the metric by lengths [, assigned to the edges e of a triangulation A of a four dimensional
manifold with a boundary triangulation 0A of the boundary manifold. The [, determine
the triangle areas A;(l.) and the 4D (internal) dihedral angles 67(l.) in 4-simplices o.
Varying the LRC action

SLre = Z mA(le) + Z 2m Ae(le) — Z Z Ay(Le)07 (L)

tedA teEA o tDo
= 1) Sille) + > Sie) + Y Selle) (6.1)
tEOA teA o

! Although this can be generalized to Lorentz signature, here we adopt Euclidean signature geometries.

78



CHAPTER 6. ACTIONS FOR DISCRETIZED GRAVITY

with respect to the bulk lengths leads to the dynamics

0A:(l, : o
%et(le) =0, with ¢ =271— Z 07 (L), (6.2)

tDe oDt

where the deficit angle ¢, is a measure of the curvature concentrated on the triangle ¢. The
boundary term is known as the Gibbons-Hawking-Hartle-Sorkin boundary term [142] which
is analogous to the Gibbons-Hawking-York boundary term in Einstein Hilbert action. In
the limit of a very fine triangulation one recovers Einstein’s equations [143].

In part IT of this thesis, we will mostly employ a formulation in terms of area variables.
We, thus, define the Area Regge Calculus (ARC) action [43] for 4D triangulations, whose
value on configurations with A; = A;(l.) agrees with the LRC action

SArc = %ZS{‘(At) + ZStA(At) + ZSf(At), (6.3)

teoA teA o

where S#(A;) = 2mA; and S24(A;) = A, 07(Ay). Strikingly, freely varying the bulk areas
one finds the equations of motion ¢; = 0, which impose flatness. This is due to the Schlafli
identity [144] (for a modern symplectic proof see [145])

> A7 =0 (6.4)

tCo

which holds for arbitrary variations 667 of the dihedral angles in a simplex ¢ and, in effect,
leads to a vanishing of the variations of the deficit angles ), A; de; = 0.

The dihedral angles 67 are uniquely determined from the (flat) geometry of the simplex
o, which is defined by its 10 edge lengths. The action (6.3), however, requires the dihedral
angles as functions of the 10 triangle areas of the simplex. Unfortunately, the 10 areas
of a four-simplex do not uniquely determine the 10 length variables. This is due to the
fact that the areas are quadratic functions of the edge lengths. A particular example of
this ambiguity is the “Tuckey—configuration,” which has all edge lengths equal to 1 except
for one edge with length v/b, [43]. For both the values b and 4 — b, triangles sharing the
latter edge have equal areas. Nonetheless, in configuration space and away from right angle
configurations, one can locally? invert the 10 functions A;(l.) that give the simplex’s areas
in terms of its lengths. We will denote the resulting functions LZ(A), where A collectively
signifies the 10 areas associated to o.

2These functions also depend on a discrete parameter that accounts for the multiple roots that appear
in the inversion of A;(l.). This discrete parameter appears as a summation variable for the (constrained)
Area Regge path integral. To ease notation we will suppress this parameter.
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To cure the problem with the ambiguities of the action we will consider first order Regge
calculus. An alternative, presented in section 6.2, is to replace flat simplices by simplices
with homogeneous curvature. This framework is useful for modeling space-times with a
cosmological constant. We will work here mostly with the flat simplex version. There are
also other versions of Regge calculus based on area and angle variables [44], which we do
not consider in this chapter.

6.1 First order Area—Regge calculus

To circumvent the problem of finding the dihedral angles as functions of the areas we will
treat these dihedral angles 67 as independent variables. This amounts to a first order
area Regge calculus. First order frameworks for the standard length Regge calculus were
defined by Barrett [146] for the flat case and in [147] for the case of homogeneously curved
simplices.

The mechanism behind our first order formulation is the same as in [146], with the im-
portant difference that here the equations of motion impose flatness. On a given simplex
the full set of dihedral angles and areas provides more data than necessary to determine
the geometry of the simplex. Hence these variables cannot be specified completely inde-
pendently, or the dihedral angles might not be compatible with the areas. Consistency of
these data will be imposed by an equation of motion that follows from the variation of the
dihedral angles.

The dihedral angles of a (flat) simplex are also not independent. Define the angle Gram
matrix

] for i— i
G = o (6.5)
—cos(0F;) for i#j

where 7,5 € {1,...,5} label the five vertices of the simplex ¢ and 07; is the dihedral angle
opposite the edge connecting vertices ¢ and j. Then the dihedral angles must satisfy the
constraint that the determinant of the angle Gram matrix G vanishes. In Appendix I we
prove this claim and give a general structural characterization of the Gram matrix.

As in [146], we impose this constraint on each simplex using a Lagrange multiplyer A,.
The action is

Sroa = Y TA Y 2mA =Y D AL + > AydetG7 (6.6)

tEOA teA o tDo o
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This action leads to the equations of motion

0A; - et:277—29?:0 ,

oDt
oA, : detG7 =0 ,
Jdet G°
007 : Ay =ANg ———— 6.7
t t 67 (6.7)
In Appendix I we find the derivative of the determinant of the angle Gram matrix
0det G° oy .
000 [cViV;)(67,) sin 07 = [CVilR) (6.8)
ij

where V; is the volume of the tetrahedron obtained by removing from o the vertex ¢ and
Vi; is the area of the triangle obtained by removing vertices ¢ and j. The coefficients ¢ and
¢ are defined in Appendix I and depend on the full simplex. They are dimensionful, as we
have a dimensionless quantity on the left hand side of (6.8). On the right hand side we
have made the dependencies on the angles 87 explicit, but, as the dihedral angles cannot
determine the scale of the simplex, it is only the combined quantities in square brackets
that are well defined functions of the dihedral angles.

Thus, the last equation of motion in (6.7) does, in fact, impose that the dihedral angles
are compatible with the areas. This will be more manifest in the homogeneously curved
case considered below. The second equation of motion imposes that the dihedral angles
come from a simplex. In general (away from right angles) the last two equations of (6.7)
can be solved for the dihedral angles and the Lagrange multiplier in terms of the areas.
This can be achieved locally on each simplex.

6.2 Area Regge calculus for homogeneously curved
simplices

A second approach is to use homogeneously curved simplices. For a curved four-simplex,
the curvature scale breaks the overall scaling symmetry of the flat case and both the
edge lengths and the areas can be expressed as functions of the dihedral angles. Actions
that impose the dynamics for length Regge calculus with homogeneously curved simplices
have been investigated in [147], see also [148—158] for spin foam models and loop gravity
techniques based on homogeneously curved simplices.
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Homogeneously curved simplices allow for a simple solution to the dynamics of length
Regge calculus with a cosmological constant. While in the flat case it is intricate to arrive
at expressions for the Hessian of the action, they are immediate in the constant curvature
case. This will allow us to easily find a second order formulation as well. In the first
order action it will not be necessary to introduce a Lagrange multiplier as the cosmological
constant and curved Schléafli identity address the associated issues completely.

The first order action with cosmological constant A = 3k is
Sue= Y mA+Y 2mA =D 3 A0] +36D V(07) . (6.9)
teoA teA o to o

Here V,(07) is the volume of the simplex o, viewed as a function of all of its dihedral
angles. The curved Schlafli identity gives the variation of this volume under an arbitrary
variation of the dihedral angles

3k0V, = Y Al . (6.10)
tCo

Note that this properly reduces to the flat Schléafli identity, Eq. (6.4), in the x — 0 limit.
Using the Schlafli identity, we have

oV, 1

= —A,(0° 6.11

S = A (6.11)
and the equations of motion follow immediately
6/415 . €t — 0

59t : —At + At(ea) = 0. (612)

The second of these equations imposes the area agreement, namely, that the independent
area variables A; agree with the areas determined by the dihedral angles A,(07).

In anticipation of the more complicated linearization of the next section, we conclude
this section by briefly considering linearization of the constant curvature area Regge cal-
culus. First, split the variables into background values and perturbations

At = A?—I—at s
07 = (09)° +v97 . (6.13)

The quadratic part of the action can be written as a contribution for each simplex

Siie = D Siico (6.14)
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with the quadratic simplex action
(2) o o a . o UaAtl o
Stite = — > _ @l + Zﬂfaeaaev o = Zatﬂ 219 dor Ve
tCo tt'Co t,t'Co
(6.15)

where in the second equality we have used the curved Schléfli identity (6.11) again. The
inverse function theorem guarentees that, at least locally, the Hessian

S, OA(0°)
U/ - - . ].
007005 007 (6.16)

is invertible and has inverse

o007
0Ay
These explicit forms allow us to integrate out the 97 to obtain the second order linearized
action

(H7)y = (6.17)

1
Si = - a(H)lay . (6.18)

While we have found A;(67)y analytically, see Appendix H, inverting these functions
to 67 (A:) has so far remained impractical. Nonetheless the Hessians are straightforward
to work with numerically and our results on the homogeneously curved case are found this
way.

6.3 Linearized theory

To analyze the symmetries of the theory and distinguish between physical and gauge de-
grees of freedom we will consider the linearized theory for flat simplices. (We have also
tested some features for the curved simplex case, which we will comment on throughout.)
To this end we will assume a background given by a flat and metric configuration. Flatness
is imposed by the equations of motion. Metricity means that all the areas are determined
from a consistent set of length variables. In chapter 8, we consider more general back-
grounds, and we will see that this is a very special choice of background with an enhanced
symmetry content. This is closely analogous to the special character of flat backgrounds
in length Regge calculus [120,121].
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Let us consider splitting the variables into background plus perturbations

At = A? + (07 y
AN = Ag + A
07 = (07)° +97 . (6.19)

The quadratic part of the action can be written as a contribution for each simplex (with
a boundary there might also be a linear boundary term for the expanded action)

Sion = 5 (6.20)
with
Odet G° 0% det G°
= — 97+ N\, 9 —99 . 21
S Z ag t + Z aeg- t Z t 600603 t (6 )
tCo tCo t,t'C
This can be written as
1
== a] + 3 > WIHZ 07 (6.22)
ioo t,t

where we have introduced the extended index ¢ = (0,¢) with ¥7_, = A, and a;_, = 0. The
matrix (H?)z is given by

. Odet G
" 0% det G°
and Htt’ = ASW . (623)

Generically (away from right angles) this matrix can be inverted, that is, we can integrate
out the dihedral angles and the A variables. This gives an effective simplex action expressed
in terms of the area perturbations alone

1
= —= Z CLt HU tt’ ap = —5 Z a ((HU)_I)tt/ ay (624)

{{ t,t'Co

where ((H?)™")u are the tt'-components of the inverse of the full matrix HZ,.

84



CHAPTER 6. ACTIONS FOR DISCRETIZED GRAVITY

Leveraging the bordered structure of HZ,, the matrix ((H?) ")y satisfies the condition

e

Odet G°

0 = 2 8—927((}]”)‘1)75,5,
= > dA°) (H) D, (6.25)

where in the second line we used (6.8). We are hence looking for a set of vectors {v'}, which
are orthogonal to the vector with components the areas, w' = A;. The Schlafli identity
does indeed provide such vectors: v' = §07 for any variation 6. Additionally ((H°)™ 1)y is
a symmetric matrix, which suggests

067

o\—1
(H) e = 51 (6.26)
This is confirmed by the fact that the same Hessian arises from the second order action
(6.3) for one simplex, which also shows that 067 /0Ay is a symmetric matrix. Note that
we obtain the same expression for the Hessian in the flat and in the homogeneously curved
cases. The difficulty for the flat case is that the functions A;(07) are ill-defined—only
07 (A;) can be expected to exist locally in configuration space. However, there is no explicit
expression available for these functions, and thus the route to obtain expressions for (6.26)

is by inverting HZ,, the matrix of (double) derivatives of the angle Gram matrix.

From a computational perspective calculating the first and second derivatives of the
determinant of the angle Gram matrix is straightforward (see Appendix I) and the matrix
H? can be inverted numerically on explicit backgrounds. The alternative of computing
00/0l and multiplying with the (numerically obtained) inverse of A/l is cumbersome;
although explicit expressions for 90/0l are available [159], they are quite involved.

6.3.1 Identifying metric and non-metric perturbations

Generically, a three- or four-dimensional triangulation will have more triangles than edges
and therefore we have more area variables than length variables. A single four-simplex has
the same number, namely 10, of length and area variables and given the areas we can—
modulo ambiguities arising from right angle configurations—compute its length variables.
But, already for the case of two glued four-simplices we have 16 area and 14 length variables.
Computing the lengths for each of the two simplices one will find that the lengths of the
edges of the shared tetrahedron do not necessarily agree. We will refer to configurations
with such a mismatch of length variables non-metric.
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Figure 6.1: The space of length perturbations maps under I' to the space of metric area
perturbations. The complement defines the non-metric perturbations.
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For the linearized theory, and for a general triangulation, we consider the matrix of
derivatives
04
0L,

. . (6.27)
where A; are the areas and L. are the length variables. We assume a metric background
and thus the (background) length variables L. are well defined. We will use I' to identify
the vector space of non-metric area perturbations as the space spanned by its left null
vectors. Note that we can apply this characterization to all lengths and areas of a given
complex, or to only the set of boundary areas and boundary lengths. In the latter case we
will speak of boundary non-metricity.

In more detail, if we call the space of edge lengths L and that of the areas A then I' can
be seen as a linear map I' : T — T A; these spaces are illustrated in Fig. 6.1. In addition
to the usual kernel of this map, which is spanned by the right null vectors of the matrix
I't., we will also consider the cokernel, namely the quotient space TA/im(T"). Equivalently,
this cokernel can be characterized as the kernel of the transpose map 'l : TA — TL.
Thus it is spanned by the left null vectors of I'Y,. The cokernel can be thought of as the
extra combinations of areas that go beyond the edge lengths in a given simplicial complex.
More precisely, it measures the degree to which I fails to be surjective.

The dimensions of the kernel and cokernel of a linear map are not independent,
dim coker(I") = dimTA — dimim(T") = dim T A — dim T'L + dim ker(T"), (6.28)

which serves as a useful sanity check when you find the various null spaces.
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6.3.2 Gauge Symmetries

We turn to potential gauge symmetries of the linearized area Regge action. A quadratic
action features gauge symmetries if its Hessian has null modes that can be localized to
the bulk degrees of freedom. The presence of these null modes means that the solution
under consideration is not uniquely determined by the boundary data—a gauge choice is
required to uniquely specify the solution.

As emphasized in [52] the choice of background on which the Hessian is evaluated is
important. The number of null modes, and therefore the number of gauge symmetries,
might depend on the solution being considered. In this section we consider metric (back-
ground) solutions, while in Section 8 we consider more general backgrounds. On the latter
backgrounds we show that the gauge symmetries of the metric backgrounds are broken.

Because of the equations of motion the deficit angles ¢, vanish on all bulk triangles.
Thus the background is given by a flat piecewise linear geometry. For any vertex v in
the bulk we can translate its position in the embedding flat geometry without changing
the fact that the geometry is flat; in our four-dimensional triangulation there are four
possible directions in which to do this. This will affect the lengths of the adjacent edges
le = lo+ 6., with I = 1,...4. These translations maintain zero deficit angles and leave
the boundary areas and dihedral angles invariant, that is, they do not change the intrinsic
or extrinsic geometry of the boundary. Thus the area Regge action remains invariant under
(bulk) vertex translations. This gives four gauge symmetries per bulk vertex.®> Note that
the same kind of argument can be made if we use simplices with homogeneous curvature
and the appropriate action (6.9).

In our investigations of Hessians on various metric backgrounds we did not find any
additional gauge symmetries. Examples can be found in section 7.1. As the equations
of motion impose flatness and would seem to suggest a topological theory, which would
require more gauge symmetries, one could ask why there are not more gauge symmetries.
In fact, the action

Spr = »_Are(Le) (6.29)

constructed by Baratin and Freidel [41], is topological. Here the L. are lengths associated
to the edges of a triangulation, and €,(L.) is the deficit angle calculated from these lengths.
The A; are not areas a priori, but are treated as independent variables. Thus the A; are

3Redundancies could occur, but only globally and thus depending on the topology of the manifold. For
the four-sphere there are 10 such symmetries, 6 rotations and 4 translations.
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Lagrange multipliers imposing the vanishing of the deficit angles. The equations of motion
arising from variations of the length variables are

ZZAtgii =0 . (6.30)

o teo

One class of solutions is provided by the Schlafli identity (6.4): choosing A; = aA.(Le),
where « is a constant, ensures that Eq. (6.30) is satisfied. These solutions are called Regge
solutions in [41].

Baratin and Freidel analyze the symmetries of this action on the Regge backgrounds.
Apart from the vertex translation symmetry discussed above, there are also three symume-
tries per edge. These arise from perturbations of the Lagrange multipliers A; — A;+en; !

with I =1,2,3. The nf/’l are specific perturbations satisfying

70
an ’Iazt =0 foralle, (6.31)

and therefore constitute an additional three gauge symmetries per edge. There are local
redundancies between the gauge parameters, which are thoroughly discussed in [41].

Are there similar symmetries for area Regge calculus? It turns out there are not. Here
we have to consider the Hessian de;/0A; . This Hessian can be obtained from

aEt 89;’

0L, 4~ 0Lg (6.32)

by multiplying the Hessians associated to each simplex by 0LZ/0A;. However, for the
action (6.29), the condition L? = L, is imposed on all edges, which is not the case for the
area Regge action. Instead when we multiply these Hessians by 0L%/0A; there are more
equations to satisfy, precisely one for each triangle.

Indeed in the numerical examples studied in the next section we find that de; /0L, has
the (left) null vectors resulting from Eq. (6.31) whereas d¢;/0Ay has only the null vectors
(which are null from the left and right) resulting from the vertex translation symmetry. The
disappearance of the left null vectors in going from Oe; /0L, to O¢;/0Ay is a consequence
of the fact that there are more areas than length variables and thus more conditions to
satisfy in order to be a left null vector.
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Chapter 7

Covariant and Canonical analysis

Here, we shall consider certain aspects of the dynamics of linearized area Regge calculus
both in the covariant formalism and the canonical formalism. In the covariant analysis, we
shall employ the ‘Pachner moves’ which are local changes of the bulk triangulation that
finitely generate any change of the bulk triangulation, [160].

The canonical framework which we will be employing, [45], uses discrete time evolution
steps. The action will serve as a generating function for the canonical transformation that
represents the time evolution [161]. This has the advantage that the covariant equations
of motion are exactly reflected in the canonical framework. The symmetry content is also
mirrored exactly [45], and thus we will find that the vertex translation symmetry leads
to (first order) constraints. The latter can be used to define a notion of continuous time
transformations. (Again here we consider metric background solutions and these features
will only hold on such backgrounds.)

7.1 Pachner moves

We will now study the equations of motion of linearized area Regge calculus on small
simplicial complexes, those that support Pachner moves.

In d dimensions there are (d+ 1) different types of moves referred to as (d+1) —1,d —
2,---,1—=(d+1). An x — y Pachner move with x + y = d + 2 changes a complex of z
d-simplices into a complex of y d—simplices. A y — x move is the inverse of an x — y move.
In four dimensions we have therefore the 5 — 1 move, the 4 — 2 move, their inverses, and
the 3 — 3 move. The subsections below treat each of these moves in turn.
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The Pachner moves allow us to efficiently check the symmetry content of the theory.
We also compare the behavior of the area and length Regge calculi under Pachner moves
and find that there are significant differences. This could be a useful test to classify spin
foam models.

Note that for this analysis we only consider the linearized theory on flat and metric
background solutions. Explicit expressions for the Hessians we have used can be found
in our open-source Area Regge Calculus (ARC) Mathematica code, available at https:
//github.com/Seth-Kurankyi/Area-Regge-Calculus.

7.1.1 5—1 move

We start with the 5-1 move. Its properties in area Regge calculus turn out to be very
similar to the 5-1 move in length Regge calculus. The 5-1 move starts with an initial
configuration of 5 four-simplices sharing a common vertex in the bulk of the triangulation
and removes the bulk vertex to get a single simplex (see Fig. 7.1). As in length Regge
calculus, a solution with 5 four-simplices is most simply constructed by subdividing a single
flat simplex. There is a free choice in this subdivision, namely where to place the bulk
vertex. This leads to the four-dimensional gauge symmetry discussed above and can be
seen as a remnant of the continuum diffeomorphisms.

ot
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Figure 7.1: A 1-5 move splits a 4-simplex into five 4-simplices by introducing a bulk vertex
0. The 5-1 Pachner move is the inverse and reduces the five 4-simplices on the right to the
one 4-simplex at left by removing the bulk vertex and its associated bulk edges (dashed).

The simplicial complex for the initial configuration of the 5-1 move has 20 triangles
and 15 edges. Of these, 10 triangles and 10 edges are in the boundary, which coincides
with the boundary of a four-simplex. Thus we have 5 bulk edges and 10 bulk triangles.
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We label the vertices of our background solution by (0, 1,...,5), with 0 the bulk vertex.
The background edge lengths are chosen to be lpq,y = 1 for edges (7,7) and lpux = /2/5
for edges (0,7) with ¢, 5 € {1,...,5}. The effective Hessian matrix describing the linearized
action in terms of area perturbations is

Mg = =5 () D (7.)

as described in section 6.3, and can be found explicitly for our background.!

As expected, see the discussion in Section 6.3.2, the bulk part of the Hessian has exactly
four null vectors; these correspond to the four vertex translations of the bulk vertex and are
the discrete remnant of diffeomorphism symmetry. The full Hessian has five null vectors:
the four null vectors describing vertex translations and a global scaling symmetry, that
affects also the boundary areas.

We have also considered the (linearized) theory with homogeneously curved simplices.
In this case one also finds four null vectors for the bulk Hessian. There is however no global
null vector, as the scaling symmetry is broken by the homogeneous curvature. Again see
the ARC code for the explicit computations in both the flat and homogeneously curved
cases.

Metricity

As explained in Section 6.3.1, the area perturbations split into metric and non-metric
types. For the 51 move all boundary area perturbations are metric (away from right angle
configurations). Conversely, the boundary length perturbations determine the boundary
area perturbations uniquely. Considering the full complex, including bulk areas, there are
5 non-metric area perturbations.

On our chosen background the solutions to the equations of motion are orthogonal to
these non-metric directions. In fact, this holds for general 5-1 backgrounds due to the
subdivision construction introduced above: The boundary data specify (away from right
angle configurations) a metric 4-simplex and thus do not admit non-metric directions.
Meanwhile, the equations of motion impose flatness for the deficit angles appearing in a
subdivision of this metric simplex. Thus the subdivision determines a 4-parameter set of
flat and metric solutions.

!This, and all other explicit calculations can be found in our open-source Area Regge Calculus (ARC)
code.
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This argument shows that, like the length Regge action, the area Regge action is in-
variant under the 5-1 Pachner move. In particular, evaluating the action for a complex
consisting of five simplices on the solution for the bulk variables we find the same value as
for the final configuration consisting of only one simplex.

7.1.2 4-2 move

The 4-2 move starts with a configuration of four 4-simplices sharing a common edge and,
by removing the common edge, ends up with a configuration of two 4-simplices glued along
a (new) shared tetrahedron.

2

Om 2, 05

2aN 1

4 4

Figure 7.2: The 2-4 Pachner move takes two 4-simplices ¢ = (1,2,3,4,5) and
o' = (0,2,3,4,5), which share the boundary tetrahedron (2,3,4,5), to four simplices
02,03, 0% o° by introducing a bulk edge e(01). The inverse procedure gives the 4-2 move.

The 4-2 move in area Regge calculus has quite different properties from that in length
Regge calculus. The main reason is that the boundary of the complex, which agrees
with the boundary of two glued 4-simplices, admits non-metric data. As we will see this
possibility will be responsible for the non-invariance of the area Regge action under the
4-2 move. The boundary data for the 4-2 move in length Regge calculus, which are given
by the lengths of the edges of the two glued simplices, do not induce curvature. This
means that the solution for the initial configuration of the 4-2 move is flat, and leads to
the invariance of the length Regge action.

The simplicial complex for the initial configuration of the 4-2 move has 20 triangles
and 15 edges. Of these, 16 triangles and 14 edges are in the boundary, which coincides
with the boundary of two glued four—simplices. Thus we have one bulk edge and four bulk
triangles (see Fig. 7.2).
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Again we label vertices (0,1,...,5) with (01) the bulk edge. Consider the background
edge lengths lpq,y = 1 for edges (4, j) and edges (I,7) with é,j € {2,...,5} and I € {0, 1}.
For the bulk edge (0, 1), lpux = 1/5/2.

The solution for the bulk areas is unique, that is, the bulk Hessian has no null vectors.
The full Hessian has one null vector corresponding to a global scaling symmetry.

Metricity

Amongst the 20 area perturbations of the full complex, five combinations describe non-
metric directions. These are determined by the left null vectors of the matrix I'¥,. When
restricted to the boundary triangles and edges, there are two null vectors and hence two
non-metric directions. In both cases there are no right null vectors, which means the metric
area perturbations determine the length perturbations uniquely.

Let us first consider a restriction to metric boundary perturbations. (We remind the
reader that these are over a metric background.) We again find a solution by subdivision
in a flat embedding. The embedding determines the bulk edge of the subdivision and as
before the action is invariant when restricted to metric boundary data.

However, this changes if we consider non-metric boundary data. These can be isolated
through a variable transformation for the boundary variables; the new variables will also be
useful for the analysis of the 4-valent tent move in section 7.2. The 16 boundary areas can
be taken to define the areas of two simplices ¢ = (0,2,3,4,5) and o' = (1,2,3,4,5) that
share a tetrahedron 7 = (2, 3,4,5). This allows us to consider the following transformation

({aoi;}, {aai} {ari}) — o} {00}, s} {oa}, {anis}) (7.2)

where the indices i, j, k take values in {2,3,4,5}. The variables ¢2 with o € {1,2} are
two 3D dihedral angles at non-opposite edges in the tetrahedron 7 and are determined by
the areas of the simplex o°. The ¢}, describe dihedral angles at the same edges, but are
computed from the areas of the simplex o!. Finally the [,,, are the edge lengths between
vertices m and n. We can construct such a transformatlon by splitting it into two steps: For
each simplex we first transform the 10 areas to the 10 length variables. We then consider
separately the 6 length variables [;;, which determine the tetrahedron 7 in ¢° and in o'
From these 6 length variables we can define the four areas ay;; and the dihedral angles (bg

and ¢!. See Appendix J for the explicit transformation needed in the second step.

Clearly, we have a non-metric configuration if ¢2 # ¢!, as these dihedral angles describe
the same geometric quantity, but are computed from the data of different 4-simplices. The
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metricity condition is thus that these 3D dihedral angles in the shared tetrahedron coincide.
This is analogous to the metricity condition for tetrahedra identified in [44], which demands
that the 2D dihedral angles of shared triangles should coincide.

We can now introduce two variables t, = ¢L — ¢° which isolate the non-metric direc-
tions. For boundary data that give non-vanishing ¢, the action will fail to be invariant
under the 4-2 move. Interestingly, the effective action for the configuration with four sim-
plices couples the angles ¢! and ¢2. This coupling cannot appear for the action with two
simplices, as it is just a sum of two terms S(¢°) and S(o!') which only depend on the
quantities in ¢ and o' respectively.

In summary, for general boundary data the area Regge action is not invariant under the
4-2 Pachner moves and the reason is that the boundary admits non-metric perturbations.

7.1.3 3-3 move

The 3-3 Pachner move transforms a configuration of three 4-simplices in a triangulation
to a different configuration also made up of three simplices. See Fig. 7.3.

In length Regge calculus the 3-3 move is the only one that admits curvature. The
boundary lengths can be chosen such that the bulk triangle has a non-zero deficit angle.
Note that there is no bulk edge and hence no equation of motion to impose in length
Regge calculus. The presence of curvature leads to non-invariance of the action under 3-3
Pachner moves [26].

This leads to a puzzling question for area Regge calculus: if we can choose boundary
data that lead to curvature in the bulk, how are the equations of motion, which demand
flatness, imposed? The resolution will be a subtle interplay between the geometric data
described by the boundary areas on the one hand and the geometric data described by the
boundary lengths on the other.

There are only 19 triangles in this complex—the triangle (3,4,5) does not appear.
There are 15 edges and the boundary includes all 15 edges and 18 of the triangles. There
is one bulk triangle.

We consider again the vertices (0, 1,...,5) and the three four-simplices 0(01234), o(01235)
and ¢(01245) which share the bulk triangle ¢(012). For our background solution the edge
length are lyq,y, = 1 for edges (¢,j) and (/,J) with 4,5 € {3,...,5} and I,J € {0,1,2}.
The edges (I, 7) have length lyq,y = 1/2/3.

With our background solution we find that the solution for the bulk area is unique and
that the full Hessian has one null vector corresponding to the global scaling symmetry.
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Figure 7.3: The 3-3 Pachner move changes a configuration of three simplices with one
bulk triangle £(0,1,2) to a different configuration of three simplices with a bulk triangle
t(3,4,5) keeping the boundary geometry fixed.

Metricity

As before the surfeit of area variables allows for area perturbations that are non-metric.
These behave much as before and rather than treat them in detail we will focus on an issue
that is unique to the 3-3 move.

We have just shown that the boundary data uniquely determine the bulk triangle.
Thus even for a metric boundary perturbation of the areas that one would expect to lead
to boundary edge lengths that induce curvature we find a particular bulk triangle. As all
area solutions require flatness, it seems the only possibility is that this solution is non-
metric.

However, it turns out that this is not the case!

Considering I'*. we have now to take into account one triangle less than for the other
complexes. It has a co-image of dimension four, but, none of these non-metric perturbations
has a component in the bulk area. The co-image is orthogonal to the vector describing the
solution (i.e. the bulk row of the effective Hessian).

Restricting I, to boundary triangles and boundary edges we find, surprisingly, that
although it is an 18 x 15 matrix, it has a one—dimensional kernel. This means that despite
their number, the 18 boundary areas do not uniquely determine the 15 boundary edge
lengths. If we add the bulk area to the boundary areas—and the resulting set is metric—it
will uniquely determine the (boundary) length perturbations.

Thus, if we solve the equations of motion for a fixed and metric area-perturbation,
we actually fully determine the corresponding (boundary) length perturbation, and, as it
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must, it determines a zero curvature solution.

Considering the background solution cited above one finds that the area Regge action is
invariant under the 3—3 move. That is, the actions for both configurations of the 3—3 move
agree after one has included, for each configuration, the bulk area. However, this invariance
is due to the highly symmetric nature of the background. We have studied less symmetric
backgrounds and found that the area Regge action is not invariant. This can again be
traced back to the non-metric boundary perturbations.

7.1.4 Summary: Pachner moves in area vs. length Regge calcu-
lus

In summary, we have found that both for length and area Regge calculus only the ini-
tial configuration of the 5-1 move features gauge symmetries; these are remnants of the
diffeomorphism symmetry. Both actions are also invariant under the 5-1 move.

For the other Pachner moves one finds however differences: the boundary configuration
for the 4-2 Pachner moves admits non-metric directions. This leads to a non—invariance
of the area Regge action. In contrast, the length Regge action is invariant under the 4-2
Pachner move as the boundary configuration admits only flat solutions.

The 3-3 move is the only one under which the length Regge action is not invariant. The
reason is that the boundary length data generically prescribe a non-vanishing deficit angle
for the bulk triangle. A vanishing deficit angle requires special boundary data. There is
no bulk edge and thus no equation to solve in length Regge calculus.

There is however a bulk triangle and thus an equation of motion—imposing flatness—
in area Regge calculus. Given the fact that the length boundary data generically induce
curvature one might wonder how this flatness is realized. It turns out however that the
area boundary data do not fully determine the length boundary data even though there
are 18 areas and only 15 lengths in the boundary. In fact, it is exactly the bulk area that
is needed to fully determine the boundary lengths, and its value is fixed by the equation
of motion which demands a vanishing deficit angle.

Nevertheless, the area Regge action is also (generically) not invariant under the 3-3
move. The reason again is that non-metric area perturbations can appear in the area
boundary data.
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7.2 Tent moves

We now analyze the linearized dynamics of area Regge calculus in a canonical framework.
This will tell us whether, apart from the constraints expected from the vertex translation
symmetries, there are any further (e.g. second class) constraints, that would reduce the
number of physical degrees of freedom. We will find that this is not the case, and that,
as the number of area variables is typically larger than the number of length variables,
area Regge calculus has a larger number of physical degrees of freedom than length Regge
calculus.

With the discrete time evolution steps that we will employ here for the canonical
framework, we need to decide how to evolve the triangulation stepwise. We use local
evolution moves, which do not change the connectivity of the spatial triangulation, and
are called tent moves [162]. Consider all tetrahedra {7;} that share the vertex vy in the
triangulation of an equal time hypersurface. The union of these tetrahedra defines the
three-dimensional star of vg. We glue an edge e(vg, v1)—the tent pole—to vy and thus
obtain a new vertex v;. This new vertex will be connected by new edges with all vertices
adjacent to vy in the initial (equal-time) triangulation. For each 7; we glue a simplex
o; onto 7; so that all these simplices share the tent pole e. The tent moves change the
geometric data of the triangulated hypersurface by replacing the three-dimensional star of
vg with the three-dimensional star of v;.

The canonical framework developed in [45] provides a setting in which to analyze these
tent moves.? To this end one needs to consider the action St associated to the triangulation
piece T that is glued onto the hypersurface during the tent move. This piece of triangulation
carries 4 types of variables:

(a) Variables associated to the ‘lower’ boundary of T that will be glued and thus ‘dis-
appear’. These variables are associated to the initial time and the simplices sharing
the vertex vyg.

b) Exactly the same number of ‘new’ variables are associated to the ‘upper’ boundar
y Yy
of T, and can be associated to the final time.

(¢) There will also be variables associated to the corner of the tent T; these are variables
that appear at both the initial and final time. They do not change under the tent
move evolution and, hence, are non-dynamical.

2The more general framework of [45] also allows for Pachner moves of the spatial triangulation. These
can be seen as time evolution steps in which the number of degrees of freedom change.
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(d) Finally, there are variables associated to the bulk of the tent T. In length Regge
calculus the only such variable is the length of the tent pole, while in area Regge
calculus there are all the areas of the triangles that hinge on the tent pole.

The bulk variables can be incorporated into the canonical framework, but the conju-
gated momenta will always be constrained to vanish. This imposes the equations of motion
for the bulk variables, and coincides with the covariant equations of motion. Using the
solutions in the remaining equations gives a reduced phase space. Equivalently one can
integrate out the bulk variables from the action. This leaves only the variables of the types
(a), (b) and (c). We will proceed along the latter path and denote by St the (effective)
action with the bulk variables integrated out.

The ‘corner’ variables, type (c), are non-dynamical and do not have associated mo-
menta. For the remaining variables, z{ at the initial time and z} at the final time, the
equations

. 9 . 05
Po = ozt P = ozt

(7.3)

serve both to define the momenta and as equations of motion. Solving for the final data
(x%,p?) in terms of the initial data (zf, p}) proceeds in two steps: the first set of equations
in (7.3) is solved for the z and then these solutions are used in the second set to find the
pi-

It can, however, happen that a solution of the first set of equations in terms of z? is
not possible. Similarly one might not be able to solve the second set of equations for x{.
This will be the case if the matrix

D*St

i Qo
Oxf0zy

(7.4)

is not invertible, i.e. we have a degenerate Lagrangian system. The matrix will thus have
left null vectors Y7. By contracting the first set of equations in (7.3) with such a null vector

o .08
;Y;pa = —ZYI a; (7.5)

we can project out any linear dependence on perturbations in the variables wjl around
points where (7.4) is non-invertible. In fact, for a linear theory these equations (7.5) are
linear and thus they will lead directly to constraints.® These constraints are equations (of

3An in-depth analysis of the various types of constraints that can appear can be found in [163].
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motion) that hold between the configuration variables and momenta at one time. Thus
left null vectors of (7.4) lead to constraints for the data at the initial time. Similarly, right
null vectors Z} of (7.4) will lead to constraints at the final time. Gauge symmetries, which
correspond to localizable null vectors for the (bulk) Hessian of the action, always lead
to constraints [45]. The gauge constraints are preserved by the time evolution, or more
precisely, initial data satisfying the initial constraints will be mapped to data satisfying
the final constraints. Correspondingly, the equations of motion will not lead to a unique
solution for the final data in terms of the initial data. Instead we have a gauge freedom,
involving the same number of parameters as we have constraints. This is an expected
consequence of the gauge symmetry of the action.

The main result of our tent move analysis is that we find only constraints resulting
from the gauge symmetry of the action. As in the continuum, we will differentiate between
gauge and physical degrees of freedom. The evolution of the physical degrees of freedom—in
contrast to that of the gauge degrees of freedom—is determined by the tent move equations
of motion. More precisely these are phase space functions that Poisson commute with the
constraints (with the canonical Poisson structure {z,p’} = 6 between variables at one
time).

Note that the definition of a physical degree of freedom depends on the notion of tent
move. For example, we might find that tent moves have physical degrees of freedom,
whereas a more global notion of time evolution might find only gauge degrees of freedom.
The reason is that we consider the ‘corner’ variables (type (c) above) as constant and thus
freeze gauge symmetries that affect these variables (or variables outside the region of the
tent move). In contrast, the notion of a gauge degree of freedom will remain the same even
with a more global time evolution.

As an example, consider the degrees of freedom of length Regge calculus in (2+ 1) and
(3 + 1) dimensions. The (2 + 1)-dimensional Regge calculus is topological: using a global
time evolution one finds that the number of physical degrees of freedom does not depend on
the size of the triangulation, but only on the topology of the underlying space. There are
no local physical degrees of freedom. However, a tent move over a vertex with n adjacent
edges, which we call an n-valent tent move, will have n — 3 physical and three gauge
degrees of freedom. The appearance of physical degrees of freedom for the tent moves is,
nevertheless, consistent with the finding that there are no local physical degrees of freedom
under a global time evolution. The tent moves show that there are three constraints (or
three gauge degrees of freedom) per vertex and modulo a topological constant this agrees
with the number of edges in a two-dimensional triangulation.

Similarly, for (3 4+ 1)—dimensional Regge calculus an n—valent tent move gives n — 4
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physical and four gauge degrees of freedom. In this case, one also finds local physical
degrees of freedom under global time evolution—the reason is that for a sufficiently large
three-dimensional triangulation the number of edges is generically greater than four times
the number of vertices.*

In the examples considered here we find no additional constraints, beyond those result-
ing from the vertex translation symmetry. There are more dynamical area than dynamical
length variables, and so we have more physical degrees of freedom for area Regge calculus
than in the length calculus. This will also hold in a global time evolution, as generically
there are more triangles than edges in three-dimensional triangulations. We have thus more
kinematical variables in area than in length Regge calculus, but the same gauge freedoms
(in the theories linearized on a metric or flat background respectively).

Here we have studied the 4-valent and 5-valent tent moves in detail. These already
exemplify all the dynamical features that appear in length Regge calculus and those that
we expect to appear in the area calculus. In length Regge calculus the 4-valent tent move
only admits a flat dynamics and all four dynamical degrees of freedom turn out to be gauge.
In contrast, in the area calculus version the 4-valent tent move has six dynamical degrees
of freedom, of which four are gauge and two are physical; the latter represent non-metric
degrees of freedom.

The 5-valent tent move in length Regge calculus admits curvature and out of the five
dynamical degrees of freedom one is physical. In area Regge calculus we find four gauge
and five physical degrees of freedom. Four of these physical degrees of freedom describe
non-metric motions.

One can obtain the equal time triangulated hypersurfaces for higher valent tent moves
from those for lower valent tent moves by subdividing tetrahedra adjacent to the vertex
vo with 1-4 Pachner moves. In going from an n-valent to an (n + 1)-valent tent move
you add one edge and three triangles all adjacent to vg. This counting shows that an
n—valent tent move has (3n —6) dynamical area variables, which can be compared to the n
dynamical length variables in the length calculus. As we have found no indication of gauge
symmetries beyond vertex translation nor additional (possibly second class) constraints for
the 4-valent and 5-valent tent moves we expect that there are only four gauge degrees of
freedom for all the tent moves. This leads to (3n — 10) physical degrees of freedom for an
n—valent tent move in area Regge calculus, significantly more than the (n — 4) physical
degrees of freedom one finds in length Regge calculus.

4The exceptions are so-called stacked triangulations of the three-sphere, see [45].
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7.2.1 The 4-valent tent move

For a 4-valent tent move at a vertex v we glue four 4-simplices that share the tent pole
onto the 4 tetrahedra that make up the 3D star of the vertex v, see Fig. 7.4. As these
four simplices share an edge they turn out to coincide with the 4 simplex configuration of
the 4-2 Pachner move. The bulk areas that appear in the 4-2 move are the ‘lapse’ areas
of the triangles sharing the tent pole. Thus the effective action for the 4-2 move defines
also the effective action for the tent move. We will denote this action by S,y. Because we
integrate out all bulk variables, Sy only depends on the variables in the boundary of the
complex.

-,
-,
-,

4—valent move
 ——

4

Figure 7.4: A tent move at the 4-valent vertex 0. Introducing a tent pole e(01) and
connecting the vertex 1 to the vertices in 7(2345) yields the final configuration. This
introduces four bulk areas.

This relation with the 4-2 Pachner move allows us to work again with the background
introduced in Section 7.1.2. (In that background the two simplices that make up the final
configuration of the 4-2 move have positive orientation. For the tent move it is more
typical to consider one simplex with positive and the other (initial) simplex with negative
orientation. This describes a larger tent being erected on top of a smaller base. However,
the tent move is well defined for any choice of orientation. The background chosen here
corresponds to putting up a tent over a pit.)

With a tent move like that depicted in Figure 7.4 we have the following configuration
variables:
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(a) At time 0 we have six areas ag;; (we will use 7,7,k € {2,3,4,5} and a € {1,2}). In
length Regge calculus we have four lengths ;.

(b) At time 1 we also have six areas ay;; and four lengths [y;.

(c) In addition there are four areas a;;; that are non-dynamical ‘corner’ variables, and
appear at both times. There would be six such variables [;; in length Regge calculus.

As for the 4-2 move, we have 16 area variables in the boundary of the tent move complex
and 14 length variables.

The boundary of the tetrahedron 7(2,3,4,5) defines the ‘corner’ for the tent move.
We therefore have to keep the four areas of this tetrahedron constant, as its boundary
defines the ‘corner’ for the tent move. This is different from length Regge calculus, where
all six edge lengths of this tetrahedron are fixed. Hence there are two degrees of freedom
associated to this tetrahedron that are dynamical in area Regge calculus but not in the
length calculus. As the areas have to be constant we can identify these two degrees of
freedom as 3D dihedral angles hinging at two non-opposite edges. (Four areas and two
non-opposite 3D dihedral angles determine all the lengths of a tetrahedron, see Appendix
J.) The fact that the 3D dihedral angles can change is key to non-metricity: changing an
angle affects the lengths of the edges of the tetrahedron. These edges are however part of
the ‘corner’ which constitutes the boundary of both equal time hypersurfaces.

We will therefore apply the same variable transformation as in the discussion for the
4-2 move, that is, (remember i, 7, k € {2,3,4,5} and a € {1,2})

({aoij}s {arij} {aie}) = {loi}s {oa) {hid {oa}s {ani}) (7.6)
where the (ly;, ¢%) and the (l1;, @) appear now as dynamical variables at time 0 and time
1, respectively. The ay;; are the non-dynamical ‘corner’ variables.

The canonical evolution equations have the following form

0S4y
Py = _az4» = =Y MYl — ZMOO O -S M (7.7)
0 J (jkl)
ISy
Pho = " 9¢0 :Z_ZMOO loj — Z Oﬁ% Z 16% Z m%kl (7.8)
@ J (jikl)
0S.
Py = (954‘./ = ZM11519+ZM11 =D Mijuam (7.9)
li J (k)
dSav

pb = o = > M+ Z MLeh + Z M%% + > Mba, (7.10)
@ J

(Jk0)
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Here we made use of the fact that the mixed time block of the Hessian for the action,
expressed in terms of 2% with A = 0,1 at time 0 or 1 respectively,

0*Syy

MY .= 11
IJ ax?ax}] 9 (7 )

has four left and four right null vectors. These are given by the length perturbations ly; and

l1;, respectively. These null vectors result from the vertex translation symmetry discussed
in Sec. 6.3.2.

The presence of these null vectors can be explained as follows: Consider an extension
of the tent move triangulation so that, e.g., the vertex v; appears as a bulk vertex of the
extended triangulation. Such an extension can be obtained via a second tent move from
time 1 to time 2. The action for the extended triangulation is a sum of two terms Sy,
and Sijo—one for the first tent move from time 0 to time 1 and one for the second tent
move between times 1 and 2. As discussed in section 6.3.2, the Hessian of the full action
So1 + S12 has four null vectors corresponding to the vertex translation symmetry of vy,
and thus these null vectors have entries only for variables at time 1. (We assume we have
integrated out all lapse like variables.) Being null vectors for the full Hessian they are
also annihilated by the non-diagonal block M%! of the Hessian for the action Sy + Sia,
which coincides with the non-diagonal block of the Hessian for Sy; alone. Likewise the null
vectors are annihilated by the non-diagonal block M?' of Sj,. By time translating the
argument we have that M has at least four left null vectors and at least four right null
vectors.

We have not found any further null vectors for the Hessian (7.11) evaluated on the back-
ground described above nor on the other backgrounds we investigated. For the background
described above Mi?g vanishes, but this is due to the high symmetry of this background
and we did find non-vanishing entries on more general backgrounds.

The null vectors of MP} correspond exactly to the perturbations described by the four
length variables [y, or [;;, as these are independent parameters for the gauge action resulting
from vertex translation of vy or of v;.

Thus equation (7.7) only involves variables at time 0 (including the non—dynamical
variables), whereas equation (7.9) only involves variables at time 1. These constitute
constraints

Gt = P+ (DAY ME L+ (DAY MR+ (1Y MPam (7.12)
j a (k1)
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and these constraints are also preserved by time evolution. The constraints (at a fixed
time) are first class, i.e. they Poisson commute. This follows from the fact that the matrix
MZ%A is symmetric.

This also means that given a set of initial data that satisfy the constraint equations the
length variables at time 1 are not determined by the equations of motion (7.7). We can
rather choose these freely. These four length variables represent the lapse and shift gauge
degrees of freedom and describe the position of the ‘tip of the tent’, by giving its distance
to its (four) adjacent vertices.

Non-trivial dynamics will be confined to the angle variables ¢7. Changes of these
variables under time evolution means that non-metricity is being generated.

We can however alter the dynamics and impose constraints that ensure ¢2 = ¢.. This
can be done by hand, but a more elegant procedure is to replace the action we were
considering by the action S := S(0°) + S(c') for the 2 simplex configuration of the
4-2 move. (Remember that the effective actions for the 4 simplex and the 2 simplex
configurations agree when projected onto the space of metric boundary perturbations.) By
defining the dynamics using the action S, all variables at time step 0 decouple from the
variables at time step 1. This leads to constraints for the momenta conjugated to the angle
variables. These momenta at, say, time 0 would only involve the action of the simplex o°.
The angle variables at time 1 will now also appear as gauge parameters and can be chosen
to agree with the angle variables at time 0.

7.2.2 5—valent tent move

Next we will discuss the 5-valent tent move. In length Regge calculus this move has one
physical degree of freedom and the canonical data, or equivalently, the boundary data,
can be chosen so that the configuration has curvature. As area Regge calculus imposes
flatness, we expect that—as in the 3-3 move—the boundary areas do not completely fix
the lengths on the boundary.

To be more precise we consider a tent move that puts up a tent pole between 0 and
1. The triangulation at time 0 can be obtained from gluing two simplices (02345) and
(02346) along the tetrahedron (0234). Note that this shared tetrahedron (0234) is not part
of the 3D ‘equal time’ hypersurface. In particular, the triangle (234) will not be part of the
boundary data. However, the edges (23), (24), and (34) are part of the tent move complex.

The tent move is performed by gluing 6 simplices (01ij5) and (01ij6), with i,j €
{2,3,4}, onto the ‘equal time’ hypersurface. The background we will be considering is
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4

Figure 7.5: A five-valent tent move at the vertex 0 starting from a configuration of two
simplices 0% = (0,2,3,4,5) and ¢° = (0,2, 3,4,6) and gluing six simplices on the 3D star
of vertex 0.

given by LOZ' = L05 = L06 = L” = Li5 = L’L'G =1 and Lli = v/ 9/2 as well as L15 = L16 = 2.
The length of the tent pole can then be computed to be Ly = 1/3/2.
In the following table 7.1 we give the number of triangles for the full tent move complex

and for the various sub-triangulations (7" = 0 and 7" = 1 indicate the vertices 0 and 1 and
again i,7 € {2,3,4}):

Full complex | Boundary Equal time: bulk Equal time: boundary
Areas 29 24 9: {aTij, agpi5, aTig} 6: {aijg), al'jﬁ}
Lengths 20 19 0: {lTi7 ZT5, lTG} 9: {lij7 li5, llﬁ}

Table 7.1: Number of edges and triangles for the 5-valent tent move complex

The boundary of the tent move complex has 24 triangles and only 19 edges. Considering
the I'*, matrix of derivatives of areas with respect to lengths we find one right null vector
and six left null vectors.

Restricting to the data at time 7" = 0 we have 15 = (9 + 6) triangles and 14 = (5 + 9)
edges. For this case we find that I'*.|7—g has one right null vector and two left null vectors.
The right null vector can indeed be identified with the ‘missing’ area asss. That is, it
represents the linearized expression for this area in terms of the length perturbations. The
two left null vectors can be identified with the differences between a pair of 3D dihedral
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angles in the shared tetrahedron as computed from the 4-simplex containing v = 5 and the
4-simplex containing v = 6, respectively.

Hence, as for the 3-3 move, the area boundary data do not completely determine the
(length) geometry of the boundary. This allows for a dynamics that imposes vanishing
deficit angles.

The fact that one of the areas is not available makes a transformation, similar to the
one we performed for the 4-valent tent move, impossible. We already have non-metric
degrees of freedom at a single time step, those picked out by the two left null vectors of
I'.(0) or of I'*.(1). Additionally there are non-metric degrees of freedom that can occur
upon gluing the two time step complexes together.

As in the case of the 4-valent tent move we find exactly four null vectors for the Hessian
block between variables at time T" = 0 and at time 7" = 1. These four null vectors represent
metric perturbations as they are in the image of the map I'. Hence there are four constraints
that result from each of the vertex translation symmetries of vy and vy. This leaves five
physical degrees of freedom that split into a metric perturbation (the fifth edge length)
and four non-metric perturbations. The latter describe the (two) non-metric degrees of
freedom appearing within an equal time hypersurface and another two degrees of freedom
describing non-metricity due to time evolution. We also encountered this last type in the
4-valent tent move.

Length Regge calculus has only one physical degree of freedom in the 5-valent tent
move: four of the edge lengths can be viewed as gauge parameters and the fifth as the
physical degree of freedom.® In area Regge calculus we have four additional degrees of
freedom that arise from the various ways non-metricities can occur, namely, within an
equal time hypersurface and as a result of time evolution.

5 A pair of phase space functions that commute with the constraints and thus represent Dirac observables
can be defined using the methods of [28]. These observables can be made to give the values of the fifth edge
length and its conjugated momentum at the point in the gauge orbit where the other four edge lengths
have prescribed values.
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Non-metricity breaks diffeomorphism
symmetry

For our explorations of the dynamics and of the symmetries of area Regge calculus we have
so far assumed a metric background solution where the length variables can be consistently
defined. For each four-simplex ¢ (and away from right angle configurations) we can define
10 functions LZ, which depend on the 10 area variables A;, and evaluate to the length of

the edges e of the simplex. Metric configurations are such that the length functions for the
same edge, but coming from different four-simplices, agree.

The presence of gauge symmetries depends on the solution one is considering: the gauge
symmetries specify in which ways we can deform this solution and still obtain a solution
to the equations of motion (with the same boundary data).

The dependence of the number of gauge symmetries on the solution appears, in partic-
ular, if we consider discretizations of continuum systems with gauge symmetries. Often,
and certainly for diffeomorphism symmetry, discretization breaks these gauge symmetries.
There may be, however, special solutions, e.g. flat space in (length) Regge calculus, which
exactly mirror a solution of the continuum theory. In this case the gauge symmetries
around this solution are preserved. A necessary and sufficient criterion for the existence
of gauge symmetries is that the Hessian of the action, evaluated on this solution, has null
vectors localized to the bulk degrees of freedom. Moving away from these special solutions
there is no guarantee that the gauge symmetries still exist.

For (length) Regge calculus reference [121] identified the vertex translation symmetries
as gauge symmetries using a flat background. This work also showed that the vertex trans-
lation symmetries can be matched in a continuum limit to the diffeomorphism symmetry
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of the continuum. Motivated by these findings, [164] and other references argued that the
vertex translation symmetries exist generally for (length) Regge calculus, i.e. for arbitrary
backgrounds.

This turned out not to be the case. Reference [120] considered solutions with curvature
and explicitly evaluated the Hessian of the Regge action on these solutions. This showed
that the vertex translation symmetries are broken by curvature. More precisely, in the
example considered in [120] the lowest eigenvalues grew quadratically with a deficit angle
in the bulk of the triangulation.

The breaking of diffeomorphism symmetry has considerable repercussions for discrete
quantum gravity approaches such as Regge calculus and spin foams [120, 165].

In a canonical quantization, diffeomorphism symmetry leads to constraints. A long-
standing problem has been to provide an anomaly free representation of this constraint
algebra in the quantum theory. The breaking of diffeomorphism symmetry by discretiza-
tion, which is often used as a regulator, leads to inconsistent constraints. An alternative
formulation, that of ‘consistent discretizations’ [161], is what we used here. In this frame-
work broken gauge symmetries lead to pseudo-constraints, which are equations of motion
that weakly couple the canonical data of neighboring time slices. (Constraints are equa-
tions of motion that involve the data of only one time.) The replacement of the constraints
by pseudo-constraints means that one has more propagating degrees of freedom than in
the continuum. Degrees of freedom that are gauge in the continuum are now physical.
For example, in Regge calculus the position of the vertices in the embedding space-time
become physical if vertex translation symmetry is broken.

In the covariant formalism, breaking diffeomorphism symmetry leads to an unwanted
dependence on the choice of triangulation. In fact, in [125, 126] it was conjectured that
diffeomorphism symmetry and triangulation invariance are equivalent and shown that
diffeomorphism symmetry implies triangulation invariance for one-dimensional systems.
Restoring diffeomorphism symmetry is crucial in order to remove discretization or regula-
tor dependence [165].

To regain diffeomorphism symmetry the work [126] suggested the construction of an
improved dynamics by coarse graining. The key point here is that, given fixed boundary
data,! refinement of the triangulation leads to smaller deficit angles as the fixed total
curvature is distributed over more simplices. Diffeomorphism symmetry is then violated to
a lesser extent, and potentially restored, for an infinitely fine triangulation. One constructs

'Refinement and coarse graining of the boundary also plays an important role in the coarse graining
process [139].
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an effective action for a coarser triangulation by taking into account the dynamics of
the finer one. As the coarse lattice now reflects the dynamics of the refined one, it also
exhibits the same amount of diffeomorphism symmetry. Thus one can hope to restore
diffeomorphism symmetry for the effective action in the infinite refinement limit.

This was illustrated successfully in [126] using the example of three-dimensional Regge
calculus with a cosmological constant. Starting from a discretization with flat simplices,
in which diffeomorphism symmetry is broken, the coarse graining procedure yielded as
its fixed point an action describing simplices with homogeneous curvature. This action
features diffeomorphism symmetry, is triangulation invariant, and leads to an anomaly
free constraint algebra [23,126].

This has triggered the development of a program for coarse graining spin foam mod-
els [115,135,141,165-170]. Here the hope is to construct amplitudes for which the regulator
dependence is removed and that explicitly display diffeomorphism symmetry. As discussed
above, one dynamical quantity that leads to a breaking of diffeomorphism symmetry is cur-
vature, [120]. Spin foam models so far seem to display non-metricity (see the introduction
section 1.2). The question we answer here is whether non-metricity can also lead to break-
ing of diffeomorphism symmetry. That it does could be expected due to the connection
between triangulation (non-)invariance and (breaking of) diffeomorphism symmetry, and
the fact that we found that the area Regge action is not invariant under two of the Pachner
moves. Below we show explicitly that diffeomorphism symmetry is broken for non-metric
solutions. This is important for spin foams as it necessitates understanding the dynamics
of the non-metric degrees of freedom. It also explains the breaking of diffeomorphism sym-
metry and the triangulation dependence of the spin foam models conjectured to admit no
curvature degrees of freedom. We explore the implications of these findings in more detail
in the discussion, Section 10.

8.1 Constructing a non-metric solution

To analyze diffeomorphism symmetry for a non-metric solution we have to construct these
solutions explicitly. We then evaluate the Hessian on such a background and check whether
there are any vanishing eigenvalues. We could, for instance, consider two consecutive 4-
valent tent moves such that we have a bulk vertex at the intermediate time step. But, there
is a short cut we can exploit: in Section 7.2.1, where we analyzed the 4-valent tent moves,
we showed that null vectors for the bulk Hessian lead to null vectors for the non-diagonal-
in-time block of the Hessian for the piece of triangulation that is glued onto the initial
triangulation. This piece of triangulation coincides with the initial configuration of the
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4-2 Pachner move. It is therefore sufficient to consider this initial Pachner configuration
and to evaluate a certain part of the Hessian of the associated action to see if any of its
eigenvalues vanish.

To construct a solution with a non-metric area configuration we must first construct
non-metric boundary data for the initial 4-2 Pachner move configuration. To this end we
consider the matrix of derivatives I, = 0A;/OL.. Recall that this matrix identifies the
vector space of non-metric area directions. Restricting to the set of boundary areas and
boundary edge lengths of the triangulation, the left null vectors n{)dry of the corresponding
matrix (I''¢)pary describe the boundary area non-metric directions. Here I labels which
null vector is being considered.

Starting from a metric set of boundary areas A;, we generate a set of non-metric
boundary areas by adding multiples of these null vectors

Abdry - Agdry - Abdry + Kr- nédry? (81)

with r; arbitrary, but small parameters. The set of areas Ay, , for non-zero xy, are non-
metric in the sense that the corresponding edge lengths are not well defined (i.e., the length
of a single edge will have different values depending on which simplex it is computed from).

Having fixed the non-metric areas (8.1), we use them to construct a solution to the
equations of motion. Here we use the equations of motion (6.7) derived from the first
order action (6.6). These are solved for the dihedral angles (67)*, a Lagrange multiplier
A% for each four-simplex o, and the bulk area variables Af ;.. By construction, the set
of dihedral angles computed in this way will automatically be compatible with the areas
and will satisfy the closure condition for each simplex . The equations of motion impose
flatness for each of the bulk triangles.

We consider the initial configuration of the 4-2 Pachner move (see Fig. 7.4). The
boundary of this configuration is made up of the two simplices ¢ = (1,2,3,4,5) and
ol =(0,2,3,4,5), which share the tetrahedron 7 = (2,3,4,5). There are 16 triangles and
14 edge lengths contained in this boundary. As in section 7.1.2, we consider the variable
transformation (with 4, j,k € {2,3,4,5} and «a € {1,2})

({461 A% H {455 ) = (L6 {(@) L AL {(@)" {48 ) . (82)

but now for the fully non-perturbative variables (see Appendix J). Here (®2)" and (@)~ are
the 3D dihedral angles for any choice of two adjacent edges in the tetrahedron shared by the
two simplices in the final configuration of the 4-2 Pachner move, the first viewed from o
and the second from o2. The difference between these dihedral angles, A®% := (&L — &%)~
will make non-metricity transparent (c.f. Fig. 8.1).
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We have chosen an asymmetric, metric background configuration with boundary edge
lengths Ly; = Logs = Los = 1, Lgo = \/g, and Loz = \/g, with ¢ € {2,3,4,5}. The matrix
(T*¢)pary for this configuration has two left null vectors nj,y,, (I € {1,2}), the non-metric
directions for these boundary areas. Using these null vectors, we construct the non-metric

areas A} using (8.1) and then transform them to length and 3D dihedral angles, as in Eq.
(8.2).
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® o
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-0.02 —0o0r o 0.01 0.02" -0.02 -0.01 e, 0.01 0.02"!
.......... ®e
....... -02) -02 e,
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____ ~04 ~04
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1 2

Figure 8.1: Differences of the 3D dihedral angles A®" = ®%(g%) — &% (a!) of tetrahe-
dron 7(2,3,4,5) computed from the simplices ¢ and ¢! as functions of the non-metricity
parameters Kj.

In Figure 8.1, we have plotted the two parameters A®® against x; for the edges (24)
and (25). Fixing ko = 0, A®¥ increases linearly with x; while A®% decreases, see panels
(a) and (b). On the other hand, fixing k1 = 0, A®% grows monotonically with ko and APF
decreases monotonically, panels (c) and (d).
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8.2 Breaking of diffeomorphism symmetry

Having produced a non-metric boundary configuration, we numerically solve for the bulk
variables (Af ., (67)%, A%). These bulk variables belong to the configuration consisting of
the four simplices 02,03, 0%, and ¢° that share the bulk edge (01). We can now evaluate
the Hessian of the area Regge action on these solutions, and, as in Section 7.2.1, com-
pute an effective, linearized action for the 4-valent tent move, but now on a non-metric
background. We find that the mixed time block of the effective Hessian is not singular for
non-vanishing non-metricity parameters. In particular, all eigenvalues of the mixed time
block of the Hessian are non-vanishing.? The gauge symmetries (vertex translation) are
therefore broken by the non-metric boundary data.

A 2
0.02
. 0.0005
0.4 ~0.2 0.2 o7 A
~0.02 Y
A -0.06  —0.04  —0.02 .7 | T 0.02 0.04 006 A%
~0.04 . <Az
’ *Aq . . A
—0.06] . s 0.0005 . Ay
_0. s
-0.08 2 Dk Ay
04 o9 .02 04
—0.10f 2] ~0.0010
-4.x107,

(a) The smallest eigenvalues as a function of  (b) The smallest eigenvalues as a function of
AP} with k1 = 0. A®E with ry = 0.

Figure 8.2: Eigenvalues of the mixed time block of Hessian as a function of A®%. The

lowest eigenvalues are zoomed in at the bottom right corner of (a) and the top right corner
of (b) .

The panels of Figure N.1 show the four smallest eigenvalues as a function of the non-
metricity parameters A®%. We observe that all these eigenvalues, including the lowest
eigenvalue A4 (shown with a separate scale), grow quadratically with the non-metricity
parameters. Panel (a) is plotted at fixed k; = 0, while panel (b) is for k3 = 0. Similar
behaviors appear for the other two combinations of non-metricity parameter and x;. All

2Using the highly symmetric background from Section 7.1.2 as a starting point, one finds that 1 of
the 4 eigenvalues, which vanished on a metric background, remains zero under a deformation to a non-
metric boundary. Here we have a less symmetric configuration but, as it is close to the very symmetric
background, one of the eigenvalues is growing slowly compared to the others.
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the eigenvalues vanish identically only in the metric case APF = ADL = 0 (or k; = 0).
In practice the eigenvalues are computed numerically and never exactly vanish; at k; = 0
the two non-vanishing eigenvalues are seven orders of magnitude larger than the largest
‘vanishing’ eigenvalue.

We thus can conclude that the vertex translation symmetry, which is present on metric
backgrounds, is broken for non-metric backgrounds. In the examples we considered here,
the relevant Hessian eigenvalues grow quadratically with our non-metricity parameter, the
difference of 3D dihedral angles seen from two different 4-simplices. This is similar to the
findings on diffeomorphism breaking in length Regge calculus [120], where the eigenvalues
also grew quadratically with one of the deficit angles in the bulk triangulation.
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Chapter 9

Effective Spinfoam models

As already discussed in the introduction section 1.2, the quantization of quantum geometry
based on areas as fundamental variables give a discrete area spectrum. This is because the
area variables are conjugated to compact angles variables.! In spin foam models, which are
discrete geometry path integrals derived from loop quantum gravity (LQG), area variables
are fundamental and have discrete spectra. Area variables also play a central role in
holography [58,59], in particular, for the reconstruction of geometry from entanglement
[60,61]. Discrete area spectra are also key in many approaches to black hole entropy
counting.

There is however, a tension between the choice of area variables and the dynamics of
general relativity (GR): the area variables must be constrained to avoid a suppression of
curvature. In this chapter, we will show that the discreteness of area spectra hinders the
sharp imposition of these constraints.

Here we tackle directly the question of whether a discrete, locally independent, area
spectrum is consistent with the dynamics of general relativity. To this end we propose a
family of ‘effective’ models that (a) incorporate a discrete area spectrum, (b) impose the
constraints between the areas as strongly as allowed by the LQG Hilbert space structure,
and (c¢) use—more directly than current spin foam models—a discretized gravity action for
the amplitudes.

These effective models allow us to show that the flatness problem can be overcome,
but to do so also imposes certain restrictions involving the discretization scale, curvature
per triangle, and the Barbero—Immirzi parameter, which controls the area spectral gap.

'We are considering here Euclidean signature geometries.
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Future work will show whether this is sufficient to ensure general relativistic dynamics in
the continuum limit.

9.1 Discrete, locally-independent areas

We will propose a path integral for 4D quantum gravity regulated by a triangulation of
space—time. We work with quantum amplitudes for Euclidean signature simplices, leaving
the Lorentzian case to future work. Our key assumption is that the areas have a discrete,
prescribed spectrum. Further, we will take these area eigenvalues to be independent, more
precisely (apart from triangle inequalities) the measured values in the kinematical Hilbert
space will not depend on the state away from the measured triangle.

The particular area spectrum we work with is

A(J) =G5+ 1) ~ B +1/2), (9.1)

where j is a half-integer (spin label), {p = /87hG/c? is the Planck length, v is the
dimensionless Barbero-Immirzi parameter, and ~ indicates the large-j asymptotic limit.
We focus on the equispaced asymptotic spectrum. This form for the area spectrum was
first established in LQG [49-51,55-57], but discrete area spectra have been also discussed
in the context of black hole spectroscopy [62].

Before taking up the path integral, we review the use of area variables in simplicial
discretization of GR. These discretizations were first considered by Regge [25] and used
length variables. A wide array of reformulations have been considered [3,43,44,46,47,146,
147,171], and we use descriptive adjectives to capture the variables used in each form.
The change from length to area variables turns out to be far more subtle than one might
expect. A treatment in the more transparent context of Regge calculus will illuminate the
issues before discussing the path integral.

9.2 Actions for discretized gravity

To make this section self-contained, we will repeat and summarize discrete actions for
gravity which were partially discussed in chapter 6. In length Regge calculus (LRC), the
fundamental variables are lengths [, assigned to edges e of a triangulation. The [, determine
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the triangle areas A;(1) and the 4D (internal )dihedral angles 67 in each 4-simplex 0. The

action
Stre = ) mrAl) =YD ADEW = S+ 5, (92)

o tDo

is a discretization of the Einstein-Hilbert action and the corresponding equations of motion
approximate Einstein’s equations [143]. The factor n, € {1,2} allows for triangulations
with boundary and is 1 for triangles on the boundary and 2 for triangles in the bulk.

The 4-simplices, which are the basic building blocks of the triangulation, each have
10 edges and 10 triangles. One can thus (locally) invert the 10 functions A;(l) to give
a simplex’s areas in terms if its lengths. These functions will also depend on a discrete
parameter that account for the multiple roots appearing in the inversion of A;({). This
discrete parameter is a summation variable for the (constrained) Area Regge path inte-
gral. To simplify notation we suppress this parameter here. We will denote the resulting
functions LZ(A), where A collectively signifies the 10 areas associated to o. This allows to
define the Area Regge Calculus (ARC) action whose configuration with A, = A;(l.) agrees
with the LRC action

Sarc =) S+ 5] (9:3)
t o

where S# = nywA; and S4 = SL(L9(A)). Strikingly, freely varying the bulk action one
finds the deficit angles ¢, = 27 — > __, 67, which measure curvature, have to vanish (see
also chapter 6). That is the ARC equations of motion impose flatness.

Despite these equations of motion, the theory features propagating degrees of freedom,
which are, however, of a non-geometrical nature. We have analyzed this is detail in section
6.3.1. These arise because the number of matching conditions, when gluing two 4-simplices,
differ between LRC and ARC. For this gluing we need to identify the data of the shared
tetrahedron. As it has six edges and four triangles we match six pairs of lengths in LRC,
but only four pairs of areas in ARC.

This mismatch can be resolved by introducing 3D dihedral angles ®77 associated to
edges e in the tetrahedron 7. These angles are determined by the lengths of the tetrahedron,
and can also be expressed as functions of the areas A; of the 4-simplex o. They allow us
to introduce two constraints per bulk tetrahedron

CP7lA) = ®77(A) - 277 (4) i=1.2, (9.4)

where (e, e2) is any choice of a pair of non-opposite edges in 7. Together with matching of
the four areas, the two matching conditions (9.4) ensure that the geometries imposed on
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7 by o, on the one hand, and by ¢’ on the other, agree. Varying the ARC action (9.3) on
the corresponding constraint hypersurface gives equations of motion equivalent to LRC.
(See Appendix L) The constraints (9.4) involve pairs of 4-simplices, and this makes the
specification of free boundary data difficult.

This can be alleviated by introducing auxiliary variables that allow one to localize the
constraints onto pairs of tetrahedra. Indeed, as the constraints feature 3D dihedral angles,
it is natural to introduce these as explicit variables? ¢7.,i=1,2. We demand for each pair
(1,0) with 7 C o the new constraints

CI7(6,A) = 67, — ®I°(A) i=1,2. (9.5)

This imposes the constraints (9.4) for each bulk tetrahedron and adds for each boundary
tetrahedron two dihedral angles as boundary data as well as two constraints. In contrast to
(9.4) the constraints (9.5) localize onto 4-simplices. This allows path integral amplitudes
that factorize over the 4-simplices.

An even more local reformulation of the constraints isolates the conditions on the
3D boundary data. It uses the matching for the geometry of a triangle ¢ induced by
the neighbouring tetrahedra 7 and 7/, respectively. This geometry is specified by three
variables, in addition to the area matching we need two constraints

CLT(9:4) = a6, 4) =i (6,4) k=12, (9:6)

where af;; denotes the 2D angles at two vertices vy, vy of ¢, determined by the geometric
data of 7. Imposing the constraints (9.6) for all 10 pairs of neighbouring tetrahedra (7, 7")
in a simplex o is equivalent® to imposing the constraints (9.5) for all 5 tetrahedra in o [44].

The original form of Area Angle Regge Calculus (AARC) [44] featured the constraints
(9.6). These specify in concrete terms the enlargement of the LQG phase space [53, 71]
as compared to the LRC phase space [45]. We will however see that it is much easier to
implement the versions (9.5) into the path integral. Armed with these understandings, we
take up the path integral.

9.3 Path integral

Next, we construct a path integral quantization, which is based on the Constrained Area
Regge formulation. To incorporate a discrete area spectrum (9.1), we parametrize areas

2Here we introduce two dihedral angles per tetrahedron. One can also introduce all six dihedral angles,
but would then have to add four closure constraints per tetrahedron [44].
3There are (10) redundancies between the (20) constraints (9.6) associated to a simplex.
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by spins, and thus sum over the spin labels j;:

z = > ) ][[AD A6 ] 677 6)- (9.7)

{7} t T€blk

Here
Ay = exp(iy X7(ji + 3)) (9.8)

is the weight for the bulk (with X = 2) and boundary (X = 1) triangles. The simplex
amplitude is

A, = exp (—wZ@e " %>ef<j>) T.(j). (9.9)

teo

where T,(j) = 1, if the lengths defined by the areas satisfy the generalized triangle inequal-
ities!, and is vanishing otherwise. The precise form of the measure factor u(j) will not be
important for the discussion here.® The product over the A, and A, amplitudes gives the
exponentiated Area Regge action.®

The factors G2 implement the constraints (9.4), and are therefore crucial for imposing
the dynamics of length Regge calculus (LRC) instead of area Regge calculus (ARC).

However, imposing the constraints (9.4) sharply, i.e. setting G2?(j) = 1 if the con-
straints are satisfied, and Gi""( j) = 0 otherwise, leads to a severe problem: As we allow
only discrete (asymptotically equispaced) values for the areas, the constraints (9.4) consti-
tute diophantine conditions for the spin labels. These can only be satisfied for a very small
set of labels with accidental symmetries, e.g. if all 10 pairs of labels match. The resulting
reduction in the density of states prevents a suitable semiclassical limit.

One way out is to weaken the constraints (9.4), e.g. by allowing a certain error interval.
But, one has to navigate between Scylla—reducing too much the density of states—and
Charybdis—imposing a dynamics which does not match GR.

Here we will take guidance from loop quantum gravity. The associated phase space in-
cludes areas a; and 3D dihedral angles ¢7 as variables [53,66,67]. Crucially, the 3D dihedral

4The squared volumes of the various sub-simplices of o and of ¢ itself, as defined by the appropriate
Caley-Menger determinants, has to be non-negative.

5Tt can be specified by requiring a discrete remnant of (approximate) diffeomorphism invariance [26].

60ne can also describe a version where one sums over orientation and thus the exponential is replaced
by a cosine.
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angles at two non-opposite edges (eq, e2) in a tetrahedron 7 do not Poisson commute

: t,T : t,T
B 7 _ €2 SN ) _ S oy 7 9.10
{¢61 } Pry At (]t + %) ( )

where o/ is the angle between (ey, €5). (See appendix K for a proof.) This non-commutativity”
arises as the geometry of a tetrahedron is encoded into the set of normals to its triangles,
which are then quantized as (non-commuting) angular momentum operators [55, 56, 173,

175,176].

Respecting the uncertainty relations resulting from (9.10), we can impose the con-
straints only weakly. To achieve an as-strong-as-possible imposition we will employ coher-
ent states in the angle variables. There are different constructions available for tetrahedral
states® that are coherent in the two degrees of freedom encoding the 3D dihedral an-
gles, but are eigenstates for the area operators [77,177-179]. We will denote such states
Ko (01, oo; P1, Py), where (¢1, o) are the arguments of the wave functions and (P4, $o) are
the angles on which the wave function is peaked. With the associated measure dyi-(¢1, ¢2)
we define

= > ulj) /H@K:HA Hﬂ' (9.11)
{je}
where the new simplex amplitude? is given by
Al (4, ¢ ) ] K-(07: 277 () - (9.12)
TEO

Integrating out the dihedral angles for the bulk tetrahedra we regain—modulo boundary
contributions'®—a path integral of the form (9.7) where now

G (5) = (K- (5 L7 () | K- (5 57 (7)) - (9.13)

This inner product is peaked on the matching conditions (9.4) and provides a precise sense
in which these conditions are weakly imposed.

"This Poisson bracket (with o = 1) also appears in the Kapovich-Millson phase space describing linkages
[172]. This phase space can be used to describe the space of shapes of a tetrahedron with fixed areas
[55,56,173]. This non-commutativity was anticipated early on in the length picture [174].

8These are states on the intertwiner Hilbert space H(;,; = Inv (®§:1Vji), where V} is a spin-j repre-
sentation space for SU(2) and Inv denotes invariance under the global SU(2) action.

9Here we assume that the tetrahedra have an outward orientation. Changing the orientation leads to
a complex conjugated /C;.

10T hese are given by a coherent state I, for each boundary tetrahedron.
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To further simplify the models we can approximate GZ7" by, e.g., Gaussians in the angles
®7:7. Even more drastically, to count the number of configurations not suppressed by the
G2 factor we approximate it with a Heaviside function. That is, we allow (@7, (ID;’_"/) to
mismatch by as much as

. t, T . t, T
SIN Oty SIN vy
o(®) = B4/ L= L 9.14

Here we have introduced a parameter 5 which can be tuned between (unconstrained) Area
Regge dynamics and a sharp imposition of the matching constraints.

We have also used this criterion to determine the number of allowed configurations on
a complex of two glued 4-simplices, see Appendix M. The configuration we have studied
is symmetry reduced wtih 3 length and 3 area parameters on each of its simplices. For
the two glued simplices there are 4 length and 5 area parameters. The number of length
configurations for the two glued simplices, with area values A; € {%, 1,---, N}, scales as
N103xP where p = 3 for 8 = 0 (the shape matching constraints hold exactly), and p = 5
for 8 = oo (the shape matching conditions need not hold). A scaling with N* arises for
f = 0.15. We also considered just one (symmetry reduced) simplex with p = 2,3 and 4
lengths and area parameters. The number of configurations scales with N193*P_ This test
suggests that the weakened matching condition (9.14) does lead to a reasonable number of
configurations.

9.4 Relation to spin foams

Spin foams arise from a discretized SO(4)-gauge formulation of GR [54]. The main object
is a simplex amplitude [76] depending on the spin labels j; and, for the more recent models
[180], on intertwiner labels associated to the tetrahedra. A number of key works have
shown that in the limit of large spins the simplex amplitude includes saddle points peaked
on the cosine of the Regge action [85,86,89,113,181,182]. The cosine results from a sum
over orientation, in addition there are further saddle points describing degenerate simplex
configurations. In practice the large spin limit is already obtained with spin values around
= 10.

The simplex amplitudes require, however, a huge effort for their numerical evalua-
tion [183], and this has hindered deeper insight into the dynamics of spin foams, including
a resolution of the flatness problem [83,88,105-109]. Other open questions include whether
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summing over orientations'! or including degenerate configurations prevent a suitable semi-
classical dynamics [109, 184, 185].

Here we rather propose to test a key assumption of LQG, namely a Hilbert space de-
scribing independent area variables with a discrete (asymptotically equidistant) spectrum.
As we have argued, this allows only a weak imposition of the shape matching constraints.
It is not clear whether such a weak imposition is consistent with a (semiclassical) gravita-
tional dynamics. To tackle this question, we need workable amplitudes. Thus we propose
to use, instead of the involved spin foam simplex amplitudes, the exponentiated (Area)
Regge action'? together with a mechanism to impose the shape matching constraints. If
it becomes clear that such a model leads to a gravitational dynamics, one can go to more
complicated versions, and e.g. study the effects of including a sum over orientations.

In the following we will elaborate more on a possible relation of our proposed family
of models to various spin foam models. Note that the large j limit of the spin foam
amplitudes reveals only a limited amount of information. For example, one finds that for
the EPRL-FK models the saddle point conditions include the shape matching equations
(9.6) for non-degenerate configurations [85,86,89,113,181,182]. However, it is not known
how weakly or strongly these constraints are imposed [109]. Another possible source for
flatness problems is the imposition of the closure (Gauf}) constraints [83,88,105-109]. Here
we disregard possible issues with the Gaufl constraints and assume that the shape matching
constraints are as strongly implemented as allowed by the LQG kinematics.

The first spin foam amplitude, known as the Barrett-Crane (BC) model [76], featured
only a sum over areas (no sum over 3D dihedral angles). In this model amplitudes factorize
over simplices and thus cannot include a gluing factor G2, as in our proposal (9.7). It
is therefore conjectured that the BC model describes the dynamics of ARC [3,43]. Thus,
including the factors (9.13) can be seen as correcting the BC model."

A newer class of models [180], known as EPRL-FK; include a summation over area and
angle variables. Crucially the boundary Hilbert space for these models is the LQG Hilbert
space. With the assumptions outlined above for these spin foam models, we conjecture
that our model (9.11) describes the behavior of these models for larger spins, if sums over
orientations and degenerate configurations can be ignored.

HTn 3D the sum over orientations still allows for a semiclassical and continuum limit, which reproduces
continuum GR [35].

12 Another possibility is to not take the exponentiated area Regge action as the simplex amplitude A,
but an action resulting from a gauge-reduced SU(2) BF theory, which involves areas and 3D dihedral
angles and leads to a topological theory.

13This would also lead to a boundary Hilbert space coinciding with the LQG Hilbert space (with v = 1).

121



CHAPTER 9. EFFECTIVE SPINFOAM MODELS

A special feature for our model (9.11) is that it includes an integration over two dihedral
angles per tetrahedron. These two dihedral angles are encoded into only one quantum
number (e.g. if one uses a spin network basis). This is why the coherent states are crucial:
using a Segal-Bargmann (like) transform one can change the amplitudes and integration
from two variables to one quantum number per tetrahedron. This will then allow a more
direct comparison with the EPRL-FK amplitudes.

Instead of a gauge formulation, one can also employ a higher gauge formulation to study
gravity [6,186,187]. A related topological state sum model [6, 188] features an amplitude
factor given by the cosine of the Regge action (without having to take a semiclassical limit).
But the model sums over both (discrete) area variables and (continuous) length variables.
Constraining the areas to be functions of the lengths one does obtain a formulation of
gravity. However, insisting on discrete areas leads to the same problem as discussed here
[187], namely a drastic reduction in the density of states. In fact, a canonical analysis [189]
reveals that the corresponding constraint system is, like the shape matching constraints,
second class.

9.5 On the flatness problem

We now take up the question of whether the constraints are implemented sufficiently
strongly to avoid flatness. We consider a first test case consisting of a triangulation where
we can control the scale for the bulk area variable and the bulk curvature through the
boundary data. Specifically we consider a complex consisting of three 4-simplices sharing
a (bulk) triangle. There are no bulk edges, thus no bulk variables to sum over in LRC, and
the (bulk) deficit angle is determined by the boundary lengths. Nonetheless in ARC, there
is one bulk variable to sum over, which imposes a vanishing deficit angle for the internal
triangle.

The shape matching constraints restrict the (effective) summation range for the area
variable and the question arises as to whether this restriction is sufficient to allow for a
non-vanishing expectation value for the bulk deficit angle.

In the following we will perform a more detailed analysis and identify a regime in which
curved configurations can dominate. We will be applying only scaling arguments and ap-
proximate the imposition of the constraints with Gaussians. For the minimal triangulations
investigated here, the boundary spins j and the bulk spins ju have similar scaling, that
is J ~ Jpi; future work will show how these scales separate in larger triangulations.

From (9.14) we see that the G- functions come with a deviation scaling as o(®) ~ 1/+/7
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for the 3D dihedral angle, where we assume that the boundary areas have approximately
equal values determined by the spin value j. Meanwhile, as the dihedral angles ®(j)
and deficit angles €(j) are dimensionless, their derivatives scale as 0®/Jj, ~ 1/j and
0¢/jpic ~ 1/j. Thus the deviation o(jpi) for the (bulk) spin labels and the deficit angle
e will scale as

. od(j
o(Jou) ~ [%

o(e) ~ {86(%11{)

OJbik

| o) ~ix 2 = Vi,

1
]XU(]blk)NEX\/__\/j' (9.15)

As angles are invariant under global rescaling, we can choose boundary data that induce
a given deficit angle €, and then choose a sufficiently large scale j, so that the e = 0 value
is outside the deviation interval. Thus by going to sufficiently large spins j, the constraint
part of the amplitudes can peak sharply on non-vanishing curvature values.

1.0[. 1.0f

05 0.5+

0.0} (YN

-0.5}

-1.0 -1.0}

110 115 120 125 130 135 14 1240 1260 1280 1300 1320

(a) j = 99.5 (b) j = 999.5

Figure 9.1: The G function (dashed), which imposes the matching conditions weakly, and
the real part of the product of the amplitude factors A; and A, as a function of the bulk
spin jp. The solid graphs show the amplitude for € ~ 0.5. Larger v’s lead to a more
oscillatory behaviour. This example is described in more detail in Appendix B.

The oscillatory behavior resulting from the variation of the action over the o(jp)
interval should also be considered, see Fig. 9.1. Having a highly oscillatory amplitude, the
expectation value for the deficit angle will average out to some value different from the one
in LRC. As the action scales with the spin 7, this in particular applies in the large j-limit
(away from the stationary points of the ARC action).

This large j-limit is often identified with the semi classical limit for spin foams. The
condition for stationary of the ARC action leads to the flatness—and thus to the flatness
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problem. To avoid this mechanism, we demand a bound n the variation of the action. The
corresponding contribution to the LRC path integral is rather given by a fixed value of the
amplitude, therefore, we demand that

1 9(Sarc)

= i x o (Gome) ~ ve/7 S O(1) (9.16)
P

0(—3?;:0) _

Thus, whereas the scaling for the deficit angle (9.15) requires a choice of larger j, (9.16)
demands that with growing j we choose smaller 7. These expectations are confirmed by
an explicit example, see Appendix N.

To distinguish a small € from a vanishing ¢ we also need—due to o(e) ~ 1/y/j—a
scaling with |e| ~ 1/4/j. Thus choosing smaller 7, which makes the area spectrum denser,
allows for a larger range of accessible curvature angles.

We can also interpret (9.16) as a bound on the curvature per triangle ¢ < 1/(yv/7),
which—uncharacteristically—decreases with increasing j, the discretization scale. Note
that a similar bound has been derived by [190] for the EPRL model using an improved
version of the saddle point analysis. Here we have shown that this restriction holds for a
broad range of models, which implement a (locally independent) almost equidistant area
discrete spectra as encountered in LQG.

We have considered the simplest triangulation that differentiates between LRC and
ARC. As we only employed scaling arguments, the conclusions apply also for larger tri-
angulations. For larger triangulations, however, the scale set by the boundary spins will
not determine a unique scale for the bulk spins that lead to significant amplitude contri-
butions. Larger triangulations must, therefore, be studied explicitly. In future work we
will investigate examples including bulk edges and bulk vertices. Finally, to make definite
conclusions on the continuum limit it will be necessary to see how the implementation
of the constraints changes under refining and coarse graining. The models proposed here
simplify this task considerably.
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Chapter 10

Discussion

With the aim of reaching a better understanding of spin foam dynamics, we have revisited
area Regge calculus. We have provided a well-defined action principle for flat, as well as
homogeneously curved, simplices and analyzed certain aspects of the covariant dynamics,
in particular, the behavior of area Regge calculus under Pachner moves. The invariance
properties of area Regge calculus under these moves differ from those of length Regge
calculus. Obtaining a semiclassical limit of Pachner moves seems feasible for spin foams
[102,191-193], and so our results can be used as a test to differentiate between the different
types of dynamics in spin foam models.

Interestingly, the equations of motion can impose flatness in the 3—-3 move even when
boundary data would seem to induce curvature. This is due to the surprising fact that,
although there are more area than length variables in the boundary, the boundary areas
do not always uniquely determine the boundary lengths.

We have also performed a canonical analysis of area Regge calculus using tent moves.
For the linearized dynamics over a metric background we find the constraints resulting
from the diffeomorphism symmetry of the (linearized) action. The same constraints arise
for (linearized) length Regge calculus on a flat background. We have not found additional
constraints. As there are generically far more areas than lengths, area Regge calculus has
far more physical degrees of freedom then length Regge calculus. In particular, for an
n—valent tent move we expect 3n — 10 physical degrees of freedom in area Regge calculus
and n — 4 physical degrees of freedom in length Regge calculus. We have provided an
in-depth analysis of how the non-metric degrees of freedom appear and discussed how they
can be parametrized in the 4-valent tent move. Our results suggest that the differences of
3D dihedral angles as determined from different four-simplices is a good measure for the
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non-metricity in general.

We analyzed the gauge symmetry content of area Regge calculus and found that on
metric backgrounds area Regge calculus features (discrete remnants of) diffeomorphism
symmetry. These symmetries are broken if one considers non-metric backgrounds. The
breaking can be quantified via the size of the eigenvalues of the Hessian evaluated on
these backgrounds. There is a quadratic dependence on our non-metricity parameter, the
difference of certain 3D dihedral angles.

We also considered in the quantum theory a path integral formulation with discrete area
spectra. Area operators are central in a number of approaches to 4D quantum gravity, no-
tably LQG and holography. Discrete area spectra are a key result of LQG and crucial for
various black hole entropy countings [62-65]. To achieve a quantum dynamics that repro-
duces GR constraints between the areas need to hold. This is, however, hindered if areas
have an asymptotically equispaced spectrum and are (kinematically) locally independent.

The imposition of these constraints is pivotal in spin foam quantization. This leads
to highly involved amplitudes, which has so far prevented a satisfactory resolution of key
dynamical questions, most pressingly whether the models suppress curvature excitations.
Here we proposed a class of effective models, with a transparent encoding of the dynamics
and much more amenable for numerical investigations. In these models the constraints
are imposed as strongly as allowed by the LQG Hilbert space structure, from which the
discrete, locally independent, area spectra result. We emphasize ‘locally independent’
for the following reason: strong imposition of the constraints (that is, first solving the
constraints classically and then quantizing the reduced phase space) should also lead to a
discrete area spectrum. This follows from Bohr’s correspondence principle, as the areas
are also conjugated to (dihedral) angles on the reduced phase space. However, the Dirac
brackets, which define the canonically conjugated pairs, have a non-local structure [53,66,
67,189] and one would expect a reflection of this non-locality in the resulting Hilbert space.

Insisting on the local structure of the (kinematical) Hilbert space and a prescribed area
spectrum we can impose the constraints only weakly. Whether such a weak imposition
of second class constraints leads to the correct dynamics is not understood (even in much
simpler models than gravity) and should be further tested. In particular, for spin foam
models, a too weak imposition of the constraints could lead to suppression of curvature.

Using the effective spin foam models we have found that for triangulations in which
the scale for the areas can be controlled, curvature is not necessarily suppressed. This
result comes with restrictions connecting the average area a ~ (%vj, the Barbero-Immirzi
parameter v, and the curvature ¢; per triangle. The peakedness of the constraints on a
given curvature value does improve with growing spin j, as 1/4/7, but is independent of .
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And, to avoid a highly oscillatory behaviour of the amplitudes over the regime allowed by
the constraints, we need vy/j¢; < O(1). Not surprisingly, this last condition prefers small
v, and hence a small spacing in the area spectrum. Furthermore, it can be seen as a bound
on curvature, one which is more stringent for larger spins.

In our example, in Appendix N we need large spin values (and correspondingly small
) to obtain an expectation value for the deficit angle that approximates well the classical
value. This justifies our focus on ‘effective’ models, where we replace the full spin foam
simplex amplitude with its large spin asymptotics, given by the cosine (replaced here with
the exponential) of the Regge action. It has been argued in [194], that a double scaling limit
that takes v small and spins j large, with 7j fixed, reproduces the Length Regge equations
of motion. Here, we find also that + should be small and j large, but that we need for
the combination v+1/j€; to be of order one or smaller. Such a combination, and the related
bound on curvature has also been identified in [190], based on a generalized stationary
phase analysis of the EPRL/FK amplitudes. Using much simpler inputs, we have shown
that such a bound does not depend on specific choices for the spin foam amplitudes. The
reason for this bound is rather tied to the LQG Hilbert space and the area spectrum it
leads to. On this Hilbert space the shape matching constraints are non-commutative and
can therefore be imposed only weakly.

The conclusions for the expectation value of the deficit angle hold in general, but assume
that we can control the scale of bulk spin and deficit angles, e.g. via the choice of boundary
data. This is not necessarily the case for larger triangulations. Moreover, to understand
the continuum limit, we would have to investigate how these arguments are impacted by
a coarse graining and renormalization process [195]. The investigation of corresponding
continuum actions [196], in which the geometricity (simplicity) constraints are also imposed
only weakly, might elucidate how these constraints behave under renormalization.

The effective models presented here will make the study of the coarse graining and
renormalization flow [195] much more feasible than for the full spin foam models [180] and
will help to establish whether loop quantum gravity and spin foams allow for a satisfactory
continuum limit.
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Appendix A

Proof of results for diffeomorphism
induced perturbations

In this appendix, we will give a proof of Results 1 given in equations (2.22) relating the
diffeomorphism induced perturbations (45 and the components £+, 40, = €l of the dif-
feomorphism inducing vector field. The result holds for a background space-time satisfying
the vacuum Einstein equations. We shall also give a proof of the first and second order
Hamilton—Jacobi action Results 2 in equations (2.27).

A.1 Vector basis for induced perturbations

From (2.18) we see that a vector field €19, + £49, acting on the background metric leads
to an induced perturbation

Cap = 26" Kap + Daép + Dpéa, (A1)

where K5, D4 and &4 = hap&P pertain to the background.

Our first claim is:

Claim:
M48¢4p = A&t +2DP(PRyp)E! where (A.2
HAB — DADB _ DCDChAB _ bRAB 7 (A3
A = 2(K*P - Kh*P\D,Dp —2"RY¥P K, p . (A4)
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Proof:

For any background and dimensions we have

(DAD® — DeDEhABY(Daép + Dpéy) = (DADP — DBD*Dpéy +2DP(DaDp — DD 4)Et
= 2DB("R,p&t) . (A.5)

Using bRAB(DASB + DBfA) = QbRABDAfB, we get that
M48(Daép + Dpéa) = 2DP(PRap)E™. (A.6)

which vanishes for our (background) homogeneous boundary assumption. Now for the
term proportional to £+, we obtain

(DAD? — DeDChP) (2K apét) = 2D4Dp(74P¢H)
= 278D, Dpet (A7)

where 748 = (K4P — KhAP) and for the second lines we have used the momentum con-
straint D742 = 0 (which follows from the (L A)-components of the Einstein equations).
Putting together equations (A.6) and (A.7), we obtain

425 = A6t + 2DP(PRAp)EL . (A.8)
This proves our first claim. [l

We also get the first result in (2.22) if we apply the homogeneous curvature assumption.

Our second claim is the following:

Claim:
2780 ' 4, = DA P — 2D (PRAPY¢ + QP Dpet where (A.9)
D5 = 27" (DcDphyy — "R cpp)
QP =2 (27P°KE — 7P Keph'?) . (A.10)
Proof:
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We consider the term with the variation of the boundary Christoffel symbol given by

27895 T = #P°h*P(Dplep + Delsp — Dppe)
= 73 (DpDcép + DpDptc + DeDiép + DeDpés — DpDpéc — DpDeés)
+ 2779 (Dp(KAE) + De(Kjgh) — DA (Kpegh)) (A.11)
Using the momentum constraint D 748 = 0, the Gauss-Codazzi condition DyKpe —

DpKac = 0 and the formula for boundary Riemann tensor in term of spatial covariant
derivatives, we can simplify the variation of the boundary Christoffel symbol further:

275C5' The = 2879 (DpDeé® — "RApept”) + 2Dp(7P Kg)et
+2 (27P°KE — 7P Keph™?) Dpet (A.12)

Using the contracted Guass-Codazzi relations, the third term in (A.12) is equal to —2Dp(PRAB) ¢+
and then we finally get

2756 The = Dpé” —2Dp("RYP)ET + QAP Dpet (A.13)

where we have used the definitions in (A.10). Hence we have proved our second claim. O

We get the second result in equation (2.22) if we apply the homogeneous curvature
assumption. Now, using 7Kg = (KPYKS — KK*P), 7°PKep = (K“PKep — K?)
from the Gauss-Codazzi relations and the assumptions on the background, we have

QY = 2 ((thAB — 2PRAP) — 2AE§ — i);hAB) . (A.14)

Note that Q4% vanishes identically in three dimensions since two dimensional metrics
satisfy "R4P = ZPRRAB.

Also, we can expand the boundary Riemann curvature in the D4 term using the Gauss-
Codazzi relations to get

DA = 27°PDeDphiy 42 (RACKBC — RKp + % (Kg‘ — ﬁmg&)) (A.15)

A.2 Restricted Hamilton—Jacobi functional

Here we shall prove the equations for the first and second order Hamilton—Jacobi functionals
given in Results 2.
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A.2.1 First order Hamilton—Jacobi functional

Using the parametrization v, = Lega for the (projected) boundary metric fluctuations,
the first order of the on-shell action evaluates to

1 -
Dng) — o / d(dfl)y\/ﬁe WAB(VAfB + VB€a)
K Jom

1 -
= —/ d(d_l)y\/ﬁe 7TAB (DA&B + KABéL)
oM

K

1

~ —/ d(d_l)y\/ﬁe(—DAﬁABSB‘|‘7~TABKAB€J_)
K Jom

. / d““Vyvhe (2A - "R) &+ . (A.16)
K Jom

where ~ represents modulo corner terms and we have used the Gauss—Codazzi relations
(2.10) and (2.11) to arrive at the last line.

A.2.2 Second order Hamilton—Jacobi functional

We consider a (d — 1)—dimensional boundary dM of a d-dimensional space—time satisfying
the vacuum Einstein equations. We assume the parametrization (A.1) for the (projected)
boundary fluctuations (4p in terms of the diffeomorphism generating vector field £*. We
will furthermore assume that the boundary has homogeneous curvature.

The second order of the (restricted) Hamilton—Jacobi functional is then given by

DSI({2J) = _i d(d_l)y Vhe (fL(A + QABKAB)fL + QP DAl — EAQ P Dpet — fADABfB)
M

(A.17)
where

A = 278D,Dp —2°RYP K 5
D5 = 27°P? (DeDphiy — "Rcpp) (A.18)
QAB - 9 (zﬁBCKg o %CDKCDhAB)
We remind the reader that we defined the extrinsic curvature tensor through the foliation,

which with our choice of Gaussian coordinates amounts to K p = %0 ' hag. We thus in-
troduced €, which is equal to +1 for boundary components where the outward pointing
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normal in the background geometry is given by n = 0, (that is the outer boundary), and
¢ =—1if n = —0, (that is the inner boundary).

Proof: We have to evaluate

1

"Siy = —/ A" Vyed' (VhE*)Cap - (A.19)
oM

2K
with 6’hap = Cap = 2Kapét + Dalp + Dpéa.

Let us also use the abbreviation 748 = (K4 — Kh*?) for the spatial tensors, then we
find for the integrand in (A.19)

Fo= 8 (VR Cap
1
= Vh <§ﬁAB(ABhCD5’hCD + 6 (74PCup) — ﬁABé’CAB> (A.20)

Now we will use that by definition 0’¢ét = §¢4 = 0 and that 742 D4£p is, modulo a total
divergence, given by D748, where D 74P is the momentum constraint and hence
vanishes. Thus also the variation of 748D &5 vanishes. We also have that the variation

§(D4€p) = —£c0" TS 5 and we get :

F =~ Vh (74P Kaph®hop + 20 (74P Kap) €8 — 27485 Kapet + 274800 TG ,) . (A.21)

We have used ~ to indicate equivalence up to total divergences. Now let us consider the
variation appearing in the second term above

5/ (ﬁ_ABKAB) — 6/ ((hAChBD . hABhCD)-KABKCD)
= 278§ K p — 279K P’ hep . (A.22)

Therefore, the integrand simplifies to
F o~ Vh (¢ (7P Kaph® = 272 °KEY) ' hep + 6 (RAPKap) €8 + 27 P06 9,) . (A.23)

The first two terms in the integrand above can be written as —%fLQABCAB using the
expression in (A.10). We also have that 748K, 5 = 2A — "R and hence &' (74P K 5) =
§'(°"R). The variation of the boundary Riemann curvature satisfies ¢'(°"R) = TI4B(,p.
Thus, we can use the results in (A.2). For the last term, we will use the results in (A.9)
and then get

F o~ —Vh (€50 (°R) + 16-Q"Pup — €4Q P Dt + 264 Dp(P"RAP)e: — €4DacP) . (A.24)
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This form of the Hamilton—Jacobi action holds for a generic boundaries without any as-
sumptions on the boundary space—time. Now if we assume that the boundary curvature is
homogeneous, Dg(PRAP) = 0, and then we finally get the second order restricted Hamilton—
Jacobi functional

1
DSI({QJ) _ _ﬁ/ d(d—l)y \/EE (gJ_(A + QABKAB)gJ_ + é-J_QABDAgB .
oM
£4QP D&t — fADABfB)
(A.25)
Hence the proof. O

The explicit forms of the background tensors and the boundary differential operators

appearing in the second order functional are given in Appendix A.1 with simplified terms
in equations (A.14) and (A.15).
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Useful formulas

In this chapter, we will derive some formulas that will be needed for computations in the
next appendices. We mostly use the Gauss and Codazzi relations which are given in section
2.1.1 and the metric (2.2) given in Gaussian coordinates to derive these formulas here.

B.1 Expanding space—time covariant derivatives

First, consider the metric in Gaussian coordinates with the Christoffel symbols (2.4) given
in terms of the extrinsic curvature.The space-time covariant derivatives can be expanded

as

Vayis
Vavis
Vavsc
Vivap
Vivia

Dayi1 —2K57.18,

Davip — Kivpe + Kapviy,

Davpe + Kapyic + Kacyis,

d1v4B — KE’VBE - ngAE,

divaL — KXvig, (B.1)

where the spatial covariant derivative D4 acts on only the spatial indices B. Note that
V 17vap involves only the spatial metric perturbations.

Employing the equations above (B.1), we can expand the following expressions quadratic
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in the covariant derivatives:

VaVeyep = DaDpyep + Da(Kpeyip + Kppyic) + KacDpyip + KapDpyic
+KaVivep + (KacKpp + KapKpe)vi1 — KacKfvpe — KanKjver,
VoVevis = DpDevip+ Dp (Kpevil) — Dp(K&yse) + KepVivis + KppDeyiy
—2KEKppyie — Ky (Devse + Kpevie + Kepvis),
VeVivep = DeVivep+ KpcVivip+ KppVivic
—K§ (Devep + Kepvip + Kpevic ) - (B.2)

B.2 Radial derivatives of boundary tensors

With the abbreviation 747 = K48 — KhAB the contracted Gauss relations satisfy
#PKap = 20 —-"R (B.3)

2A
~ AC 1B AB _ bpAB
TV Ka = h*® — "R : B.4
C ( d—1 ) ( )
The contracted Codazzi relation is also given by D742 = 0 and its equivalent to the
momentum constraint of the Einstein equations. We have assumed the boundary space—
time is homogeneous and hence D4 (7P¢Kpc) = 0 and DA(7PPK§) = 0.

We will compute the radial derivatives for various background boundary tensors. Our
convention is such that the boundary extrinsic curvature is given in terms of the radial
derivative of the boundary metric, that is 0, hap = 2K a5 and 0, k48 = —2K4B.

The Ricci equation adapted to the Gaussian coordinates satisfies
Rapt = 0T —T9pl6,
= —01Kap+ KacK§ . (B.5)

Using for maximally symmetric solutions R4+ = %h AB, We obtain the derivative

of the extrinsic curvature to be

2A
0 Kap = KacK§g— ———————hap . B.6
Contractions of (B.6) with the boundary metric and its radial derivative give the following:
0K = —KYKup— 2
AB AC 1B 27 AB
8J_K = 3K KC — mh
0,747 = B("R*P) = "RIAP — K77 4 20T (B.7)
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where we have used the Gauss-Codazzi relations to simplify the last expression.

For the radial derivative of the boundary Christoffel symbols we compute

1
0. Tge = §hAE (Da0 hpg + Dp0ihag — DpOihag)
= W (DyKpp+ DpKap — DpKag)
=, DuK{=DcKy=D"Kpe . (B.8)

Consider the abbreviation HABCP = pABRCD _ pACRBD The following identities hold for
contractions with the extrinsic curvature

HABCDKCD _ _ﬁ_AB’ HABCDKBC — O, HABCDKgKCE -0 (B9>
H"PCP(KEDpypr + K Dever + KfDpvep + K Devsr) = (0L HYP“P)Dpyep .

Also, using the Guass-Codazzi relations repeatedly we obtain

L0, H*PPYDyDgKep = 0
HOLHAP“P)DsDp(Dcép + Dpée) = 2(Kep"RAPPC +PRACKE) DAty
LOLHAPP)Kop = 2"RAP —PRIAP — KP4+ 20 =5 (B.10)

B.3 The commutator between radial derivative and
spatial operators

To commute radial derivatives and spatial derivatives, we will make use of the derivatives
of Christoffel symbols in equation (B.8) to get

01Dsép = Da01&p — 01 (TGp)éc = Dad1és — DaK§Ec
01 Davpe = Dadivpe — DaKfvor — DaKlvpe (B.11)
01 DsDpyep = DadiDpyep — DaKiDpvep — DaKEDpypr — DaKEDpryer

We will also need the following commutator

[00,A7"] = —A7 9., A] AT (B.12)
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where A = 2748 D, Dy — 2PRABK 4 5. This commutator can be simplified by considering
its action on a scalar function f. The radial derivative acting on the differential operator
A satisfies

OLAf = NI f =27 BDy(KS)Def +20, (7*P)DsDpf — 20, ("RAPK o) f
= AJ f —2Ds("RAP)Dpf + 20, (#*P)DsDpf — 20, (PRP K ,5)f . (B.13)

where we have used the identities in (B.11) to commute radial and spatial covariant deriva-
tives. Let us consider the case where the intrinsic geometry on the boundary is flat, i.e
PR = 0, then the commutator simplifies to

0, A]f = (—QKﬁAB + 4A%hf‘3> DaDgf=~KAf +402DAD, 1 (B.14)

where we have used the formula for 9, 747 given in (B.7) and also that A = 274D Dy
for flat boundaries.

In the case where the boundary geometry is a spherical S¥!, the extrinsic curvature

and boundary Ricci curvature satisfies K p = %h 45 and PRAB = ( dil)thAB = (dr;f)hAB
respectively. Hence we get the following radial derivatives
o 7P =174 9 PR =0 |, 0 Kap=-1Kap (B.15)

Using these identities, we can simplify the equations in (B.13) to get the commutator
00, Alf = 27DuDpf +2RYKpf = —1Af + 2745 DDpf (B.16)

which holds for a spherical boundary.
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Solutions to equations of motion

Here, we will give a general procedure for solving the (linearized) Einstein equations of
motion and then specialize to the cases for which the background boundary is a) flat and
b) spherical. In both cases, we shall consider the diffeomorphism sector of the equations
of motion and find solutions to the lapse and shift (¢, and {, 4) metric perturbations.

The second order gravitational action with Lagrange multiplier term (2.41) is given by

1
—KS/(\Q) — §/A4ddx\/§ Yab (Vabcd/ycd + %Gabcdefvcvd,yef) +

1

5 / d(d—l)y\/ﬁeﬁyab ( (Bl)abcd,ycd + (BZ)abecdve,.ch) +
oM

1 _

5/ d“"Vy Ay) (p(y) = Lelyo1]) (C.1)
(aM)Tout

where we have

Vabcd

Gabcde f

abed
B 1

abecd
B 2

DO | —

1 ab . c ac ab . c ab pc ac c pa
|:§(R_2A)<g bgd_2g gbd)_Rbgd_gde+2(g Rbd+gde)
abgcegdf +gadgbcgef +gaegbfgcd o gabgcdgef . gadgbfgce . gafgbdgce
(Khab o Kab)gcd_ hachbdK_ hachd+hachd+hbdKac

Q

N~ DN

((haehbd o habhed) nt + (hachbe - habhce) nd o (hachbd o habhcd) ne) ) (C2)

The derivation for the second order expansion of the boundary term can be found in [23].
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Using the form of the Ricci tensor and Ricci scalar for vacuum solutions, we can write

A

Vabcd — (2gacgbd . gabgcd) ) (CS)
d—2

The variation of the action (C.1) with respect to the metric perturbations 7, leads to the

equations of motion

1A(y)
4 Vh
One can show that v, = V.& + V¢, satisfies (C.4) for A = 0. Here we want to solve
the equations including the Lagrange multiplier term. As explained in section 2.3 it is

sufficient to solve the (L1) and (L A) components of the equations of motion and solve
for the lapse and shift perturbations.

G = (V' + LGV Vyyey) = atay (C.4)

We therefore, consider the Hamiltonian constraint
H = —2VLJ‘Cd Yed — GJ'J_Cdef chd%f y (05)
as well as the momentum constraint

MA = 2vJ_Acd Ved + GJ_Acdef vcvd’)/ef ) (C6)

To rewrite the constraints we will make use of the fact that we have a maximally
symmetric background solution (2.6) and that the Gauss—-Codazzi relations (2.9,2.10,2.11)
hold. Using the shorthand HABCP = pABRCD — pACKBD e simplify the constraints as

H = (%M‘B%B + HABCDVAVBVCD)

MA — ((d4_A1)hAB’7J_B + HABCD(VBVJ_’Y(JD + VDVC’}/J_B)> . (C7)

We will make use of the formulas in (B.2) to simplify further the space—time covariant
derivative terms in the Hamiltonian and momentum constraints. After some algebra these
constraints become

H = #PKapyis + 28" Dayip — 7201948 + H*PPDaDpyep + R Pyap, (C.8)
M#* = 2°RABy g+ 78 Dpy,, + H*PP(DpDeyip + 0. Dpyep — Dp(KEvsE))
+ % (3LHABCD) Dpyep . (C.9)

153



APPENDIX C. SOLUTIONS TO EQUATIONS OF MOTION

In deriving these equations, we have used the formulas in equation (B.11) to commute
radial and spatial covariant derivatives and also the last identity in (B.9) to simplify the
momentum constraint. In the case of vanishing A one can solve the Hamiltonian and
momentum constraint equations for the lapse and shift perturbations which will determine
the solutions to the equations of motions (C.4).

The divergence of the momentum constraint M# can be simplified further by using the
following :

H*P“PDyDpDevyip = (D*D” — DPD*) Dpvip =0 (C.10)

which is satisfied since the curvature tensors in its expansion cancel out. Furthermore

HABCP D, KE = 0 as we have DAKE = DpK%¥ = DPK ,p due to the Codazzi relation
(2.11). The following identity also holds:identity

D4(H*P“Pd, Dpyep + 30, HP“PDpyep) = H*PP9,DaDpyep + 20, HP“PDoDpryep
= 9. (H*”“PDaDpvep) — 50 HPP D oDpyep
(C.11)

We therefore obtain the divergence of the momentum constraint
DaM* = 2°RYDyvy 5+ 7P DaDpyis 4+ 0. (H*PDaDpyep) — 20, HYP“PDyDpryep (C.12)

where we have also used that the boundary is homogeneous, that is D,?R4? = 0.

C.1 Equations of motion for flat boundaries

We will now restrict to the case where the background boundary has vanishing curvature.
The divergence of the momentum constraint in this case satisfies

DuM* = LA~ =0, (1"Py45) — 20, (H*PP)DaDpryep (C.13)

where A = 2748 D, Dp and '8Py, = —HAB“P D, Dpyep, which apply for a flat back-
ground boundary. We have assumed that the operator A is invertible and hence we can

easily find the solution of the lapse v, from the divergence of the momentum constraint
(C.13).

We will now consider the restriction to the diffeomorphism sector where we adopt a
parametrization

Yap = Cap = 2Kapé™ + Daép + Dpéa (C.14)
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for the boundary metric perturbations such that we have I8 5 = A&t

The last term in the divergence of the momentum (C.13) restricted to the diffeomor-
phism sector can be simplified using the formulas in (B.10) applied to flat boundaries to
get

10, (H*PCPYDADgCep = 0. (HAPPYKopDaDpét = (—2K 747 + 4A gj i’ hAPYD,Dpé* (C.15)

using the parametrization (C.14). The term on right hand side of (C.15) is equal to the
commutator [0, A] which we have computed in (B.14) for the case of vanishing intrinsic
curvature. Hence we get from the divergence D4 M, the solution for the lapse

(i1 =206 (C.16)
We now insert this solution into the linearized Hamiltonian constraint
H = 7#PKupCi, +27PDyCp — I8¢5 — 7480, (s . (C.17)

Substituting furthermore (|4 = D&% + hap0, P, and making use of the identities we
have derived in Appendix B one gets H = 0. To take into account the Lagrange multiplier
term consider the ansatz (| 4 = Daé* 4+ hap0, P +t4. We then have to solve

Pl A
H =27"BDtp = N (C.18)

Choosing tg = —DBi\/iﬁ we see that we satisfy this equation. The addition of such a tg
to (1 p does leave the momentum constraint (C.9) invariant, if we use that boundary Ricci
curvature tensor vanishes and spatial covariant derivatives commute. Hence the general

solution of the lapse and shift perturbations for the case where the boundary manifold is
flat, i.e., PR = 0 is given by

CJ_J_ = QaLfLy CJ_A - DA (fj_ - i%) + hABGLé‘B . (019)

In three dimensions or in the case for vanishing cosmological constant we get from (B.14)
the commutator

LA 1, A 1)
mA[ AaLJ_ N \/_ =0 (C.20)

where 8, vVh = —K+v/hand d, \ = 0. Hence, in three dimensions or in d > 3 with vanishing
cosmological constant, the lapse solution can be accommodated by

(L1 =20, =20, (fL - i%) : (C.21)
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C.2 Equations of motion in spherical coordinates

Here we will consider the diffeomorphism sector of the equations of motions with Lagrange
multiplier term (C.4) for the case with spherical boundary embedded in Euclidean flat
space-time, where we have non-vanishing intrinsic curvature. The metric in spherical
coordinates is given by

ds® = dr® + hapdydy® = dr? + r?dQga1 (C.22)

where df)sa-1 is the metric on the spherical boundary. The extrinsic curvature is given by
Kaip = %h 45 whiles the Ricci curvature is PRap = ﬁth AB = (dj) hag, hence we have

the identities

RAB + %ﬁ_AB = 0 , %aJ_HABCD — _%HABCD . (023)

Using the definitions of the Hamiltonian H in (C.8) and the divergence of the momen-
tum D4M* in (C.12), we obtain

1 1A 1 1
DAMA + ; (H -+ iﬁ) = §A'YJ_J_ - 8J_(HAB’YAB) — TraL(HABCD)DADB’VCD
1 AB LA
_- - .24
TH YAB + 2 Vi (C.24)

Now consider the induced perturbation with v45 = (ap restricted to the diffeomorphism
sector in (C.14). We can use the equations (B.10) and the form of the curvature tensor for
the sphere to express the following

101 (H*PPYD 4 Dp(Deép + Dpéc) = 2(Kep"RAPPC + PRACKE)Daép =0 (C.25)

since PRAPBCK p = %{AB holds for a spherical boundary. Using the last expression in
(C.23) and the fact that the left hand side of (C.24) vanishes, we get

bae o s lact e LA
QACJ_J_—aJ_Af +TA§ Tﬂ' DaDpgé 27“\/5 . (C26)

The commutator [0, , Al for the spherical boundary is given in (B.16) and hence the solution
for the lapse for a spherical boundary space-time is given by

(L1 =20.8" - AV (C.27)
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Inserting the lapse solution (C.27) and (14 = Daét + hapd EP + tp into the L1
component of the equation of motion (C.4), we get
H=—-— "7 K, p+ 278D tp = RABKAB—— + 278Dty = 1A (C.28)

rAv/h AVh 2vVh
which is again solved by tg = —Dgﬁ\/lﬁ. Thus the solution to the shift perturbations are
given by
Cia = Dal€" — gr—) + hapdi€” (€29
1A — A IA \/ﬁ ABO | . .

These solutions can be inserted into the spatial-spatial part of the Einstein equations, and
one will find that these evaluate to zero, GA% = 0. This can be also expected from the
fact that the divergence of the Einstein equations, including the Lagrange multiplier term,
vanishes identically.

For the geometry of a sphere, we have the scaling properties A = r3A, vVh = r? “Wh
where A and vV are both independent of the radial coordinate r, and hence we have

1 A (4-d)1 A
o (x2-) =492 (.30)

In summary, we obtain that for three dimensions, for all the backgrounds we consider in
chapter 3 of the thesis, the solutions are given by

Cli = 2006, Cia=Dalt + hapd £P (C.31)

with

&=t (C.32)

Sl

1
2A
and ¢+ and ¢4 defined in (2.22).

C.3 Lagrange multiplier dependent boundary terms

We have considered the Einstein equations with Lagrange multiplier term

G = lwéﬁdﬁ : (C.33)
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computed from G+ and G+4 equations, the lapse and shift perturbations v, and v, 4.
In all the examples we consider, we find that the solutions of the diffeomorphism sector
can be expressed as

11 A
(i = 2006 +B-——F= |

r A/
Cia = Da&t + hapdi&® (C.34)

where
iy 1 A
= —= (C.35)

and 8 = 0 for background with a flat boundary and § = 1 for a spherical boundary. The
components &% are understood as functionals of the spatial metric perturbations vy4p, as
defined in (2.22).

Here we are going to evaluate the (second order) boundary term on solutions of the
form (C.34). We already know the result for A=0 (see Appendix A.2), we therefore need
only keep track of the A-dependent terms.

These terms only arise through the lapse and shift components. The only terms where
these appear in the second order contribution to the boundary action (C.1) are given by

Cap (BYPHCL + BIPCYPY (i p + B3P Vpce )

_ CAB (_%ﬁABCJ_J_ + (hAChBD o hABhCD)vCCJ_D)

= Cup (377 — H*PPDcCip) (C.36)
where 748 = K48 — KhAB. For boundaries with vanishing intrinsic curvature ¢, is
independent of A whiles for spherical boundaries we have PRAB = —%ﬁAB . Using the

definition of IT47 in (2.23), we get that the A—dependent terms are of the form

1 A
1~AB ABCD AB
5 - H D = I1 — _
Cap (377¢C10 cCip) = Can (QA \/ﬁ) : (C.37)
for all the background examples we consider. We therefore obtain the A—dependent bound-
ary term

1 1 A 1 A
= A Dy he C4pITAE (——) = = / Ay vVhe (AP Cup) =
2/6M y CaAB SNV 1o y ( CAB)\/E
1
= / d4 Dy e et (C.38)
oM



Appendix D

Geodesic length to first order in
metric perturbations

We are interested in the geodesic distance between two fixed coordinate points, for a given
(Euclidean) metric. The full metric will differ from a background metric by a perturbation,
and we need the expansion of the geodesic distance in the metric perturbations to first
order.

The background metric is g4, and the background geodesic z%(7) with 7 € [0, 1]. The
full metric is g,, and the g-geodesic will be called x(7) = x(7) + d=(r). We will assume
that «x is affinely parametrized, so it has constant modulus w.r.t g and thus satisfies

d
Vi =0 —(2"a’g,,) = 0. D.1
=0, (@i, (D.1)
These equations continue to hold under variations.

We will consider the variation of the square of the geodesic length

1
H:/mw%%. (D.2)
0
This is indeed the square length as z(7) has constant modulus. The variation is given by
2 ! d a.b a d -b C ~a b -a b
0L = [ dr [2—((5:1: z gab) — 20 —(gabx ) + 0209y a” + 270 g, (D.3)
0 dr dr

1 1 1

=2 [éwa:tbgab} — 2/ dr 02 (Vid,) + / dri®ibsg,, (D.4)
7=0 0 0
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APPENDIX D. GEODESIC LENGTH TO FIRST ORDER IN METRIC PERTURBATIONS

where second and third term in the first line combine to the covariant derivative in the
second line.

Since dx vanishes at the end points, we can drop the first term. Furthermore as x is an
affine geodesic, we can also drop the second term and are left with

1
SL* = / dr %y (D.5)
0

where 0g,, = Vab-

With 2% = (7in + (Tout — Tin) 7, 0, 0) we therefore have for the first order perturbation of
the geodesic length

1 1 1 Tout
)/ A7 (Fows — Tin)? Y11 = —/ dryii(r) . (D.6)
0 r

2(7nout — Tin 2

ly :=0L =

in
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Appendix E

Smoothness conditions for the metric
at r =0

Consider the metric perturbations 7, expressed in Cartesian coordinates (x,y,t) such
that the components of the metric v,, are smooth at the origin and can thus be expanded
in a Taylor series in the coordinates. We shall transform the metric from flat into po-
lar coordinates (r,6,t) and spherical coordinates (r,0, ) and study the behaviour of the
metric components near the origin » — 0. Let us denote the components of the metric
perturbations in polar or spherical coordinates by .

In polar coordinates, we have the transformation of the coordinates and the components
of the metric are given by

w A
x=rcosf, y=rsinb, 'yab:’yﬂy%% (E.1)
The components of the metric in polar coordinates are therefore given by
Vil = Aewcos®O+ Yoy sin® 0 + Vay SiN 20,
Yoo = r? (%m sin® @ + Yoy cos? 6 — Vay SIDL 29) ,
Yee = Vit
Yo = 7 (3sin(20)(vyy — Vaz) + Vay 08 26)
Yit = Yar €086 + 7y sin b,
Yor = T (Vyeco860 — Yysinh) . (E.2)

Given that the metric components (Vaz, Yyys Vets Vays Vat, Yyt) are smooth functions near the
origin, a Taylor expansion of the metric perturbations around the origin for the thermal
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flat spinning space is given by

Yab = (0) + a((lb) T+ a(g) r? +O(r?*) for ab = rr,tt,rt;
Yob = (1) r -+ agb r? +O(r*) for ab =16, 6t;
Yoo = aé% r?+ 00 . (E.3)

In spherical coordinates, we have the coordinate transformation
x =rsinfcosp, y=rsinfsinp, t=rcosl . (E.4)

The components of the metric in spherical coordinates are given by

Vi1 = sin®0(qeg cos*p + Yy, SIN2Q) + Y c05%0 + Yy, sin®0 sin2¢ + sin20(7,; Sing + Y, cosp),

g0 = 12 (cos?0(Vze COS2Q + Yy SINZQ) + Yy 8IN20 + 75, 0520 8iN200 — $iN20(7,; SiNPY + Y4 cOSQ)) |
i yy y y

ol = 72 (sin®0(ry,q sin?p + 7, cos%Q) — Va4, sin® sin2¢p) |
wp vy Yy

Yig = 7(58In20(7,, 08”4+ Yy SIN*P — Vi + Vay (sin2¢ + c0826)) — 2 8in*6 (7, cosp + Yy sing))

Vi = 7sin’0 (5sin2¢(vyy — Yew) + Yay cOS7P)
Yo, = 17sin26 (3 sin20(vyy — Yaz) + Vay cos>)

The Taylor expansion for the metric perturbations in spherical space—time region around
the origin r = 0 is thus

v = a9 +alr+aPr?+ 0>
Yab = gb)r—i—am 2—k(’)( %) for ab =10, ry;

Yab = agb 2 +O?) for ab= 00, 00,00 . (E.6)

The Euclidean AdS3 space—time can be described as a hyperbolic hypersurface in a four
dimensional Euclidean manifold R* with a pseudo-Riemannian metric r,, = diag(—, +, +, +)*
described by

AdSs = {z# = (t1,tg, 21, x5) € RED | — 2 142 422 4 22 = —1} (E.7)
The hypersurface can be parametrized by

ty, = coshrcosht, xy =sinhrcosf,
to = coshrsinht, x9=sinhrsinf . (E.8)

Tn Lorentzian AdS; space—time, the metric is R(2:2)
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Since we are only interested in the coefficients of the radial coordinates r, we get that
the metric perturbations for the AdS; metric using the transformation (E.1) gives,

Y11 = ay cosh® r + by sinh(2r) 4 ¢; sinh®r | Yoo = agsinh?r |
Y19 = agsinh(2r) + by sinh?r | Yor = a5 sinh(2r) | (E.9)
Y1t = agsinh(2r) + by cosh®r | Y = ag cosh? r .

where the coefficients a;, b;,¢;,i = 1,---6 are functions of angular coordinate 6 and time
coordinate t. Performing a series expansion of the hyperbolic trigonometric functions of r
in the equations (E.9) above, we get

Vab = a((l(,))) + ag})) r+ ag) r? +O(r?) for ab = rr,rt, tt;

Vab = a(%) r+ aﬁ) r? +O(r*) for ab =16, 6t;
Yoo = aﬁ) r+ 00 . (E.10)

163



Appendix F

On effective actions

Here we will consider a quadratic dynamical system with two dynamical variables (z,y)
and integrate out one of these variables y in order to define an effective action for the
remaining variable x. We will then consider the case that the action for the variable y is
degenerate and show that the effective action will take a special form. This can be easily
generalized to systems with more variables.

We start with an action

a3 () () () () (1)

with dynamical variables (z,y), “boundary values” (b,,b,) and a Lagrange multiplier term,
which enforces x = p. We will assume that the matrix M is invertible.

Variation with respect to = and y leads to equations of motion, which are solved by

() () () e

We will now differentiate two cases, firstly the case (i) M,, # 0 (or in the higher—
dimensional case detM,, # 0) and secondly the case (i), which is that M,, = 0.

In case (i), as

. (F.3)
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we find that the solution for x is A-dependent. Let us denote by z¢[b,, b,] the solution for
A = 0. Then we have the solution

M,
T = o[by, by + detgii\y/[)\ , (F.4)

which we insert into the Lagrange multiplier equation p = = and solve for A:

B detM
M

vy

A

(0 — wolbesby)) (.5)
Inserting these solutions back into the action we find
- Ry t-M_l' b, +1 by t,M—l. A +A(p— wolb b]—ﬂ)\)
sol. for T,y 2 by by 2 0 0 P = Z0|Y, Oy detM

detM (1 , 1 detM A A
(5/) —pfco[bx,by]> +3 M, (wolbz, b])° = 3 ( by) Mt b E.6)

which can be adopted as effective action for the dynamical variable p = .

sol. for A M vy

For case (ii) we will however find that the solution for x does not depend on A, but is
determined only by the boundary values = x[b,, b,]. Thus we cannot solve the Lagrange
multiplier equation p = z = x[b,, b,] for \. We have rather to understand this equation
as a condition on the parameter p. Evaluating the action on the solution we obtain

1 ( Z: )t Y=y ( b ) T A(p — zolbar by)) (F.7)

sol. f:rx,y 2 y

where A remains a free variable, enforcing p = x¢[bs, b,]. The term quadratic in A\ which
appears in (F.6) is now vanishing, as we have (M ~1),, = 0. Thus the on-shell action is just
given by the on-shell action of S)— plus the Lagrange multiplier term, with the solution
for z inserted.
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Appendix G

Spherical tensor harmonics

Here we define scalar, vector and tensor spherical harmonics. These spherical harmonics
are eigenfunctions of the Laplace operator and are furthermore characterized by their
divergence and their trace [197]. We denote by Y™ the scalar spherical harmonics (and
omit the indices (I,m)). Furthermore we consider here a unit sphere, that is fix = 1. The
vector and tensor harmonics are defined by

Uy =DyY, 4 =eaPDpY,
Uap =DpDsY + (I +1)hagY, Pap = 2 (Da®s+ DpPa), Oup = hapY(G.1)

with €5 ¢ = sin'6 and €y ¥ — —siné.

We have the following properties for 0 = DAD 4:

Oy = —I(l+1)Y,
OUp = (1—1(I+ 1)V, Obp = (1-1(+1)P4,
OWpe = (4—1(1+1)Upe, OPpe = (4—1(1+1)Ppe, DOpc = —I(l+1)Opc(G.2)

Furthermore

DA, = —I(1+1)Y, DA%, =0
DM, =12-1(1+1)¥p, D '®up = 32-1(1+1))®s, D"'Oup="Tj5.(G.3)

Finally we have for the trace of the tensor modes

B0, = 0, hW'Bdup =0, h'PO4 =2V . (G.4)
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Appendix H

Curved simplex areas as functions of
the dihedral angles

We use the drop vertex notation, where o(k) is the tetrahedron obtained from the four-
simplex (ijklm) by dropping the vertex k and o(kl) is the triangle obtained by dropping
vertices k and [. This triangle contains edges o(ikl) and o(jkl). Denote the 2D face angle
between these two edges by «;j i, where the second index pair indicates the triangle o(kl)
and the first pair indicates the vertices dropped to obtain each of the edges. Similarly,
the 3D dihedral angle in tetrahedron o(k) between triangles o(ik) and o(jk) and hinged
at the edge o(ijk) is denoted ¢;;. Finally, the 4D dihedral angle between the tetrahedra
o(i) and o(j) and hinged at o(ij) is 6;;.

Because all of these angles are defined in the appropriate tangent space many of the
properties of flat simplices can be carried over to the spherical case. For example, by
intersecting a small enough neighborhood of the vertex m (contained in simplex (ijklm))
by a sphere, the spherical cosine law yields

COS Pjj i + COS Py ), COS Py

COS Q45 k1 = N . (Hl)
Y Sin @i g Sin G,
Carrying out the analogous argument in one higher dimension also yields
cos 0;; + cos 0;;, cos 0,
COS Pij k. = “ i L (H.2)

sin 911.3 sin ij

Using these two results we can relate the 2D face angles and the 4D dihedral angles.
First note that all of these dihedral angles take values in the range 6 € [0, 7] and we can
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ANGLES

safely exchange sinf = v/1 — cos?6. Then after a little algebra, and briefly adopting the
shorthand cos @ = cf, we have

C@ij + chkcé)jk + C‘gilC@jl — Cez’jC29kl + CeilC@jkCle + ceﬂceikcﬁkl

Clijkl =

\/(1 — CQGﬂ — C2¢9¢k — C20kl — 2C0ilceikcekl>(1 — C29il — czﬁik — C29kl — ZCQilCGikCekl) .
(H.3)
Combining this result with the spherical excess formula for the area of a triangle, A; =
a+ B+ —m, gives a general expression for A;(67). With the appropriate change to the
formula for the area, the same results apply to a finite simplex in the hyperbolic case.
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The Gram matrix and the derivatives
of 1ts determinant

Consider an n-simplex o. It has (n + 1) vertices v;, i € {1---n+ 1} and (n + 1) faces f;
(defined as the (n — 1)-simplex obtained by removing the vertex v; from the simplex o),
each face with a corresponding volume V;. Let n; be the outward unit normal to the face
fi- Each pair of faces f; and f; share a common hinge h;; (the (n —2)-simplex obtained by
removing the vertices v; and v;) and the angle between the unit normals n; and 7; defines
the dihedral angle at the hinge h;;

COS Hij = —<ﬁz,ﬁj> s (11)

where 0;; is the dihedral angle between the faces f; and f;. The Gram matriz is defined as
the symmetric matrix G° whose elements are given by

Gl =—cos(67) , GL=1

Every closed flat simplex o satisfies the closure constraint
d Ving=0 (1.2)

where V; is the volume of the face f;. Using (I.2), the Gram matrix has a null space given
by the vector with entries {V;}, i.e.

GV = > (Vi = 3G, Vi) = 0. (13)
J

J J
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It follows that the Gram matrix is singular and det(G?) = 0. Any other null vector of
G is proportional to V;, therefore V; is the only null vector for G°. For a non-degenerate
simplex the (n 4 1) vectors n; span an n-dimensional space, thus there are no further null
vectors for the Gram matrix in this case.

Using Jacobi’s formula for matrices, we can express the derivative of the determinant
of the Gram matrix in terms of its adjugate matrix adj(G?):

ddet(G?) = Tr (adj(G?) dG°) (1.4)
and the second derivative is given by
dd det(G?) = Tr (dadj(G?) dG°) + Tr (adj(G?) ddG") . (L.5)

The adjugate matrix of any matrix A is defined as the transpose of the matrix of cofactors
of A, with the cofactor matrix given by C;; = (—1)"*/ det A(ij) where A(ij) is the matrix
A with the " row and j** column removed. The adjugate matrix satisfies the relation

adj(A)A = Aadj(A) = det(A) | (L6)

where I is the identity matrix.

For the second derivative of the Gram matrix we thus need the derivative of the adjugate
of the Gram matrix. The usual trick of taking the derivative of equation (I1.6) does not
help, as G? is not invertible. We thus have to use the explicit definition of the adjugate in
terms of the determinants of sub-matrices and use again Jacobi’s formula

d(adj(G))y; = (—=1)™ddet G7(ji) = (=1)"" Tr (adj(G (ji)) dG° (ji)) . (L7)

Following [221] we will now determine the structure of the adjugate ot the Gram matrix.
As noted above the Gram matrix for a non—-degenerate simplex has exactly one null vector.
For a symmetric matrix A which has a unique null vector N, the adjugate is given by

adJ(A)zj = CNZ'NJ' N (18)

with ¢ a constant that we will determine below.

Proof

Since A has only one null vector and det(A) = 0, the relation given in (I.6) implies that
the image of adj(A) is contained in the kernel of A, which is given by N. Hence adj(A) has
rank 1. As A and therefore adjA is symmetric we can conclude that adj(A);; = ¢ N;N;.
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By definition, the principal n minors of an (n+ 1) X (n + 1) matrix A are given by the
diagonal elements of adj(A). If A has only one zero eigenvalue, then from the characteristic
polynomial, the product of non-zero eigenvalues equals the sum of the principal n minors

of A

Xi#£0

(1.9)

For the Gram matrix the null vector is given by N; = V; and the adjugate is thus

adj(G?) = ¢V;Vj. The constant c is given by

_ [T 0 i det(GY; + ViVj)
2 Vi (>, V2)?

Therefore the derivate of the Gram matrix is

ddet(G7) = 2¢ Y ViVjsin(65)dog; = 2

1<j 1<j

VVi;dds,

n—1

where we used the generalized law of sines (see e.g. [159,222] for a derivation)

n ‘/UV
n—1V,V; ~’

sin ei]’ =

V is the volume of the simplex o, and V;; is the volume of the hinge h;;.

We thus have

ddet(G7) Sy n_ det(GY; 4+ ViVj)
by n—1 (3, V)
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Appendix J

Edge lengths from areas and dihedral
angles of a tetrahedron

We derive a formula for the edge lengths of a tetrahedron expressed as a function of its
four triangle areas and any two of its dihedral angles along non-opposite edges. As was
explained in Appendix I, the Gram matrix has one null vector whose components are given
by V;. For a tetrahedron this gives a set of four equations for the 3D dihedral angles ¢;;

D Vicosgy —V; =0 (J.1)
i#]

where V; is the area of the triangle obtained from 7 by dropping the vertex :. We can
solve for four of the dihedral angles as a function of the four areas and two of the dihedral
angles.! The remaining two dihedral angles must be such that they are non-opposite. In
general, for an n-simplex, n + 1 dihedral angles can be solved for and n of these must be
the dihedral angles of the n hinges of any face f;. As an example, for a tetrahedron 7 with

1One might wonder why the closure relations (J.1), which constitute only 3 independent equations for
a tetrahedron, allow one to solve for 4 quantities. The reason is that the ¢;; are also not independent;
they satisfy det G™ = 0.
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TETRAHEDRON

vertices (1,2, 3,4) one can solve for the 3D (interior) dihedral angles ¢;;
Vi — Vhcos pra — Vo8 ¢i3

cos g = 3 (J.2)
Vi
cosdyy = VE 4+ VE+ Vi —VE—2Vy (Vacos gra + Vs cos ¢r3) | (1.3)
2V2Vs
V24V = V& + V72 +2V1Vscos
COS oy = ! 2 32‘/2‘2 1V3 cos duz ; (J.4)
V2 2 2 2
oy, — VRS VEAVEE VR 2WiVocosdry 05
2V3Vy

Heron’s formula gives the area of a triangle as a function of its edge lengths. For the

triangle 7(7),
1
WZZ\/ZV;?%i—?ZVzZ* , (30

jk#i i
where Vj; is the length of the edge obtained by dropping the vertices 7 and j from 7. We
shall also make use of the generalized law of sines in three dimensions
2 V;Vj sin ¢y
‘/;/ - 3 V )
with V' the volume of the tetrahedron. Using the generalized law of sines and Heron’s
formula, Eqgs. (J.6) and (J.7), one can compute the volume of the tetrahedron as a function
of its four areas and all 6 dihedral angles. The result is given by (N.B. sin ¢;; = 0)

(J.7)

V= % A% (Z VAVE sin? ¢;; sin® gy, — 2 Z Vi sin? gzﬁij) . (J.8)
gk J

Substituting this formula into the generalized law of sines, one obtains a formula for the

edge lengths of a tetrahedron as a function of its four areas and all its dihedral angles. Then,

using the four solutions for the dihedral angles from (C2-C5), we get the edge lengths of the

tetrahedron as a function of the areas of the face triangles and two non-opposite dihedral

angles.

As an example, we compute the edge length e(34) of the tetrahedron 7(1,2,3,4) as
a function of the four areas and the dihedral angles ¢12 and ¢13. Using the short hand
notation sin ¢;; = s¢;;, we have

2v/ViVasgia

ewww$%+www@m+www@@%wwaw%m—Wﬁ%f

Vip =

174
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TETRAHEDRON

where

‘/1—‘/20050512—‘/5(305@513)2 (J 10)

sin? =1- (
P14 v,
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Appendix K

Derivation of the brackets between
dihedral angles

The Poisson bracket on N copies of the dual to the Lie algebra of su(2) is
N
- (Of 9y
f,g = J‘<—_,X—_,>, K.1
=30 (57 % 57 (K.1)

where each of the {jl}ﬁvzl can be thought of as an angular momentum vector J; =
(Jr1, Jr2, Jr3). Consider the case N = 4, which gives the phase space of a tetrahedron
described in terms of the Minkowski area vectors A; = ”yjl whose magnitudes A; are equal
to the tetrahedron’s face areas and whose directions are normal to the faces. (References [§]
of the main text provide additional details about this phase space and how it connects to
the geometry of the tetrahedron.) The (internal) dihedral angle ¢;; between the triangles
labelled by I and K is determined by

/_f] . /YK = —A[AK COS ¢IK-
Define Bigo3 = {/Tl . ffg, A, - f_f3} and note that
Biaag = A1 A3 Az sin ¢iosin ¢12{ 012, ¢z}, (K.2)

where we used the derivation property of the bracket. On the other hand, we can make
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use of Eq. (K.1) to compute

0 0
B = i =—— (A Ao ) =—— (Asp, A
12,23 z[: EZJkJu(,)J[j( 1im Qm)ajlk( o2n 3n)
- - - 9
= =7 A1 . (A2 X Ag) = =7 §V2 (KS)

where we drew on the following expression for the volume of a tetrahedron V? = %A} .
(ffg X /Yg) This volume can be also computed through V' = %ll}l(AIAK sin ¢y ,where ;g

is the length of the edge shared by triangles I and K. Using this formula twice gives

2 . :
312,23 = ——7A1A5A3 S1n ¢12 S1n ¢23. (K4)
lialos
Setting the two expressions (K.2) and (K.4) equal gives
2
{b12, a3} = — 1 (K.5)

ll2l23 '

Finally, noting that A = %l12123 sin a9 93, where ays 93 is the angle between the edges
with lengths l15 and ly3, yields the result quoted in the text, Eq. (6),

sin 12 23

{b12, pas} = —v A, (K.6)

Of course, the minus sign in this result is just due to the choice of an increasing index
ordering for the bracket.
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Appendix L

Equations of motion from
Area-Angle action

We will show that the equations of motion coming from the area-angle Regge action eval-
uated on a constraint hypersurface coincides with the length Regge equations of motions.
To start, let us consider a version of the area-angle action given by

Sant = Y Ava(An) + DD > Mo (05 — Bl (A) (L.1)

T OoDT 4

where @égﬁ) (A;) is the 3D dihedral angle in the tetrahedron 7 as computed from the areas
in the 4-simplex o. The Lagrange multiplier term A’G’T), imposes the constraints (9.5) for

each bulk tetrahedra with i labelling two (non-opposite) 3D angles per tetrahedron ¢
which is shared by two 4-simplices. Also, ¢, =2m =3, 07(Ay) is the deficit angle hinged
at the triangle ¢ and ¢! are the 3D angle variables .

A version without explicit 3D angle variables arises after integrating out ¢:. The
corresponding equations of motion demands that

)\EO',T) + )\1(0./77.) == O (LQ)

where 0,0’ are the two 4-simplices sharing 7. Reinserting these solutions into the action
(L.1) leads to

Sanz =3 Aee(Ap) + DD Ny (Rl (Ae) = By (A)) (L.3)
t T %
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APPENDIX L. EQUATIONS OF MOTION FROM AREA-ANGLE ACTION

Note that we have suppressed discrete degeneracy parameters, which distinguish different
roots of the Area-Length system. Variation of the action (1..3) with respect to the areas
A; (using Schléfli identity) gives

(5SAA2 o i a@l (At) aq)%a/,f) (At>
A _et(At,)+Z;AT< aAt - %4 : (L.4)
Now, we have
00, (A)  0di(l) OLI(A)

0A,; itrco Ol 0A,; (L.5)

where ®(l,) is the 3D dihedral angles defined by lengths in 7 and LJ(A;) are the lengths
computed in the simplex ¢ from its areas. Contracting the equations of motion (L.4)

with a‘?l(le) and evaluating on ‘geometric’ configurations, A; = A;(l), the constraint term

becomes

ovi(L)  0®L(l,)
ol ol

=0 (L.6)

and hence drops out. Thus, we remain with

Zeta’égga =0 (L.7)

which give the length Regge equations of motion. As M has left null vectors (corre-
sponding to area oreintations of the constraint hypersurface) there are more equations of

motions which involve A\’s and can be expected to therefore fix these Lagrange multipliers.
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Appendix M

Counting of length configurations

We consider a triangulation with certain edge lengths chosen to be equal and then compute
the number of allowed edge length solutions given locally independent discrete asymptot-
ically equidistant area spectra. To start with we consider one 4-simplex with vertices
(12345) and p = 2, 3,4 length parameters. For p = 2, we set [;; = x and ;5 = y, where
i,7 = 1,2,3,4. For the p = 3 case we choose: l;; = x,l,, = y and l;;;, = z where
1,7 =1,2,3 and m,n = 4,5. For p =4 we have l;; = w,ljy = z,l;5 = y and l45 = z where
1,7 = 1,2,3. We count all edge length solutions where the triangle areas take discrete
values A; € {%, 1,---,N} for N € N. The left panel of Figure M.1 shows a semilog plot
of the number of length solutions for a simplex having p = 2, 3,4 length parameters. The
number of length configurations scale as N0 ~ NP,

We also consider a gluing of two simplices with vertices o = (12345) and o’ = (12346).
For the shared tetrahedron we allow two length parameters u for the edges (12) and (34)
and v for the remaining four edges. All four areas of the tetrahedron therefore agree, and
we are left with one area parameter a = A(u,v,v). Here A(zy,x9,x3) denotes the area of
a triangle with edge lengths (x1, 25, x3). For the simplex o we introduce additional edge
lengths w for edges (i5) with ¢ = 1,2,3,4. This introduces two more area parameters
b= A(u,w,w) and ¢ = A(v,w,w), giving us three length and three area parameters for
0. We make the same kind of choices for o', that is, w’ gives the length of the edges (i6)
leading to area parameters b’ = A(u,w’,w') and ¢ = A(v,w’,w’). After gluing the complex
has four lengths parameters (u, v, w,w’) and five area parameters (a, b, c, V', ).

We proceed to count the number of configurations with all areas valued in {%, 1,---,N},
and which have a maximum deviation (9.14) for the pairs (977, ®7:") of 3d dihedral angles
in the shared tetrahedron. The right panel of Fig. M.1 shows the results for various choices
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APPENDIX M. COUNTING OF LENGTH CONFIGURATIONS
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Figure M.1: Log-linear plots of the number L of length configurations as a function of the
maximal area. (a) Count of length configurations with areas up to N in a simplex with
p length parameters. (b) The count for two glued simplices with four length parameters.
The dashed lines show N3, N* and N° power law scaling.

of the parameters 8. For § = 0, where shape matching is imposed exactly, we find a scaling
N3. This is explained by the fact that requiring exact shape matching forces w = w’, and
thus we have only three parameters. Not imposing the shape matching conditions, we find
a scaling N° reflecting the five area parameters for the two glued simplices. For § ~ 0.15
we find a scaling of N4, see Fig. M.1.
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Appendix N

Triangulations with three and with
six 4-simplices

Take three 4-simplices with vertices (12345), (12356) and (13456) respectively, and glue
these around the shared triangle (135). Here all edges and all but the triangle (135) are in
the boundary. Thus we have one bulk triangle and no bulk edge.

We will assume some lengths to be equal, so that we have overall only three length
parameters: © = l;;,y = lp, and z = l;,, where ¢, = 1,3,5 and m,n = 2,4,6. Corre-
spondingly, we have three area parameters a = A(z,z,x),b = A(z, 2, z) and ¢ = A(y, 2, 2)
where A(z1,x2,23) denotes the area of a triangle with lengths (x1, s, z3).

Note that with this special choice of boundary data the boundary areas (b,c) do not
determine the boundary lengths (z,y, z). To do so one also needs the bulk area a. In Area
Angle Regge calculus one has also 3D dihedral angles as boundary data. With the given
symmetry reduction, all boundary tetrahedra have the same geometry, determined by edge
lengths (z,vy, 2z, z,x,z). We can choose a pair of non-opposite edges, both with length z.
Due to our choice of symmetric boundary data, the 3D dihedral angles ¢, for the z—edges
are all the same—thus we have boundary data (b, ¢, ¢,). These determine a bulk deficit
angle €,(b, ¢, ¢.).

The matching conditions (9.4) for the bulk tetrahedra are all satisfied due to our sym-
metry reduction. Thus, if we start from the AARC path integral (9.11), and integrate out
the bulk 3D dihedral angles, we will just obtain a multiplicative factor, given by the norm
of the coherent states KC.(-, @).

We can now consider the AARC path integral with boundary, which, after integrating
out the bulk 3D angles, involves only a summation over one spin j,.
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APPENDIX N. TRIANGULATIONS WITH THREE AND WITH SIX 4-SIMPLICES

Alternatively, we can take two such complexes consisting of three 4-simplices each, and
glue these so that we obtain a triangulation of S*. After integrating out all 3D dihedral
angles we will have four area parameters, the areas b, ¢ and the bulk areas a and o' from
the two complexes respectively. We will compute the expectation value for the deficit angle
(€,)—while keeping the areas (da’,b,c) fixed. Classically, i.e. with sharp shape-matching
constraints and fixed (a,b,c), these data determine the deficit angles ¢, and ¢, with
€q — €/

The summation for the path integral thus involves only the bulk area parameter a.
There are two contributions to the amplitudes: the exponential of the (Area) Regge ac-
tion, as well as the inner product G(a,a’) between the coherent states, which impose the
matching constraints @, (a, b, c) = ®,(da’, b, ¢). (If we consider the path integral with bound-
ary this factor is given by the coherent state itself, peaked on ®,(a).) We approximate the
factor arising from these inner products between the coherent states by

9

G(a,d') = exp GW@)

(®.(a,b,c) — ®,(d,b, c))2>

with
_ lsina(a,b,c) 1sina(d,b,c)

O =G 1 T2 G

where sina(a,b,c) = 2b/Z?(a,b,c) with Z(a,b,c) the length of a z-edge in the complex
with areas (a,b,c). The factor 9 in the exponential arises because we have 9 boundary
tetrahedra and therefore 9 inner products.

(N.1)

For the computation of the expectation value (¢,)(a’, b, c) we use

Ja

(e)(d,b,c) = % S e Gla,a) [TA T A (N.2)

with
Z = Z G(a,d) [ A ] A- (N.3)

and A; and A, defined in (9.8) and (9.9) above.

The resulting expectation values are shown in Tables N.1 and N.2. Here we have set
Jo = je = j. Thus the pair (j,j) determine the scale as well as the deficit angle €, .
Classically we have €, = €,,. To reproduce this result for the expectation value we need a
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G+ Ljw + 2 ea) | =001 ~=0.1 v =05
(30,38.5,0.52) | 0.78 — 0.031 | 0.68 — 0.261 | 0.17 — 0.32i
(100,128,0.54) | 0.62 — 0.062i | 0.55 — 0.19i | 0.17 — 0.27i
(300,384,0.54) | 0.57—0.02i |0.51 —0.17i | 0.16 — 0.25i

(1000, 1280,0.54) | 0.55 — 0.01i | 0.50 — 0.16i | 0.16 — 0.24i

Table N.1: Expectation value for the deficit angle €, with classical value ~ 0.5.

G+t ju+ie)] 7=001 v=0.1 v=05
(30,40,0.08) [ 0.39 —0.02i | 0.33 — 0.15i | 0.03 — 0.14i
(100, 133.5,0.06) | 0.14 — 0.01i | 0.13 — 0.05i | 0.03 — 0.06i
(300,400,0.08) | 0.11 — 0.00i | 0.09 — 0.03i | 0.03 — 0.5i
(1000, 1335,0.06) | 0.07 — 0.00i | 0.06 — 0.02i | 0.02 — 0.03i

Table N.2: Expectation value for the deficit angle €, with classical value ~ 0.07.

sufficiently large scale 7 and a sufficiently small value for the Barbero-Immirzi parameter,
in particular if we consider data leading to a small deficit angle.

In this example the averaging of the deficit angle with the G(a, da’) factor (but without
the A; and A, factors) tends to over-estimate the curvature angle. This is due to a
certain asymmetry in the example that partially originates with the generalized triangle
inequalities, which restrict a to a < %b = %c. The oscillatory behavior of the A; and A,
factors tends to average out the expectation values—more so for larger Barbero-Immirzi
parameter v, which leads to more oscillations over the interval where G(a, a’) is sufficiently
large, see Fig. N.1 and Fig. 9.1 (in the main text). Note that the expectation values
do have imaginary contributions. These arise as the G(a,a’) factor peaks away from the
stationary point of the action (where ¢, = 0), so the imaginary parts do not average out.
As the imaginary contributions are sourced by the oscillatory behaviour of the amplitudes,
they grow with v. Having imaginary contributions on the order of the real contributions
indicates that the regime is unreliable, even if the (real part of the) expectation value
happens to be near the classical value.
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1.0[
05)
0.0/[-
-05
] —10] ]
120 125 130 135 140 145 1280 1300 1320 1340 1360 1380
(a) 7 =99.5 (b) 7 =999.5

Figure N.1: The G(a,a’) factor (dashed) and the real part of the product of the amplitude
factors A; and A, as a function of j, for €, ~ 0.07 and different y—values.
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