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Abstract

Loop quantum gravity (LQG) is a canonical, background-independent and non-perturbative
approach to quantum gravity. This thesis is devoted to studying three-dimensional (3D)
quantum gravity with a non-vanishing cosmological constant A in the LQG approach. In
particular, we focus on the case of A negative in the Euclidean signature where the isome-
try group is SL(2,C). We construct the g-deformed LQG model with the real deformation
parameter ¢ encoding the value of |A]. In this model, the kinematical and physical Hilbert
spaces of gravity exhibit the quantum group symmetries consistent with other approaches
to 3D quantum gravity. The LQG model with A = 0 is recovered at ¢ — 1. This quantum
gravity model is derived from the classical theory using the standard canonical quantiza-
tion program a la Dirac and the mathematical connection between quantum groups and
Lie bialgebras. We establish this model first in terms of the holonomy-flux algebra and
then in terms of spinors, which are purely geometrical objects. We write the quantum
Hamiltonian constraint with spinors and recover the Turaev-Viro amplitudes defined in
the spinfoam model, which is a covariant approach to quantum gravity written in a dis-
crete path integral formalism. We also use spinors to reconstruct the spinfoam model in
a way that the local building blocks to construct global 3D geometry are conformal. This
is done for the A = 0 case as a first step. The g-deformed LQG model is topological and
describes the curved geometries in 3D as well as on 2D spatial surfaces. It is expected to
serve as a better starting point to connect LQG with other quantum gravity approaches
and generalize to 4D LQG with a non-vanishing A.
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Chapter 0O

Introduction

In search of Quantum Gravity

The development of quantum mechanics and quantum field theories conveys a message
that nature is fundamentally quantum. Within the framework of these quantum theories,
electromagnetism, weak interactions and strong interactions can be described consistently.
Moreover, the quantum theories of these three interactions are successful in describing
the standard model of elementary particle physics, which is proven in experiments with
high accuracy. In the spirit of unification, gravity, as the fourth interaction, ought to be
described within the quantum framework hence by a quantum gravity theory.

The search for quantum gravity is not only to fulfill the unification dream but also
necessary to understand some of the most challenging problems in physics. Some concrete
yet far-from-complete arguments that motivate the necessity of searching for quantum
gravity are listed in the following. Interested readers can refer to e.g. [202, , | for
other motivations and e.g. [181] for a historical review on the search of quantum gravity.

e Incompleteness within general relativity

Gravity is a field theory of spacetime metrics. According to Lovelock’s theorem [116],
in three and four dimensions, the only possible equation of motion from a second-
order Lagrangian of metrics is the Einstein equation. This picks out general relativity
to be the classical theory of gravity at least in three and four dimensions. General
relativity itself is an incomplete theory due to the existence of singularities, where
curvature blows up. Examples include the Big Bang, which is believed to be the
origin of the universe, and the singularity inside black holes. Non-negligible quantum



fluctuations and gravitational effects are expected to occur in these spacetime regions.
It is believed that a valid quantum gravity theory can explain the physics within the
Planckian regime, where quantum effects are comparable to gravitational effects.

In recent years, the searching for quantum gravity effects is not only on short distances
and the UV regime but also on long distances and the IR regime [94, 32]. For instance,
the programs of celestial holography [176] and the infrared triangle program for low-
energy gravity relating the asymptotic symmetries, gravitational memory effect and
soft theorem developed in recent years [195] could predict low-energy quantum gravity
signatures.

Failure to apply perturbative quantum field theory on flat spacetime

On the other hand, in quantum field theory, divergencies appear when one does per-
turbation theory. Renormalization methods can address this problem, which absorbs
the infinities by redefining a few measurable quantities. These methods work for
all the operators relevant to the standard model of particle physics. However, when
one attempts to construct a field theory for gravity perturbatively in the same way,
i.e. treating the metric as a perturbation of the Minkowski metric, the correlation
functions turn out to be nonrenormalizable [197, , 04]. This means one needs to
determine infinitely many parameters to define quantum gravity perturbatively.

Secondly, general relativity is a geometric theory of spacetime. However, the con-
ventional quantum field theories inevitably rely on a background spacetime which is
taken classically. Following this idea, quantizing gravity means quantizing the back-
ground itself which is difficult to interpret physically, hence a background-dependent
quantization seems to be a blind alley. Thirdly, the symmetry of gravity is diffeomor-
phism invariance. This means observables can be non-local, which are not defined in
local field theories like the quantum field theories. Last but not least, in the frame-
work of quantum field theory, the evolution of a field is governed by the Hamiltonian.
However, the naturally defined Hamiltonian of gravity is zero on-shell, making the
evolution of a gravitational system ill-defined conventionally. These problems suggest
that a more indirect way of quantizing gravity is needed.

Black hole issues

It was proven in the 70s that a black hole solution to the Einstein-Maxwell equation
in general relativity can be completely characterized by its mass, angular momentum
and charge, and all other information is hidden behind the horizon. This is the
well-known No-hair Theorem [154]. This implies that information would disappear
by being swallowed by a black hole, which violates the inference from the unitarity



postulate that information carried by wave functions should be conserved quantum
mechanically. It was later discovered that black holes can have “soft hair” containing
an infinite number of conserved charges [131, 130]. However, the information paradox
is still unsolved. This puzzle suggests that a resolution should come from a theory
combining quantum theory and general relativity. In this sense, black holes can serve
as a testing ground to test quantum gravity theory candidates.

The recent experimental results on detecting gravitational waves and imaging black
holes [1, 1, 5] encourage that testing quantum gravity experimentally is not far from being
possible. It brings excitement to the research of quantum gravity in the current era.

Due to the fact that general relativity and quantum theory are in conflict with each
other at the fundamental level, it is necessary to place both theories in the same framework,
with the recovery of either theory in some limits. Different approaches have been proposed

to reach this goal, e.g. string theory [31, ) |, Anti-de Sitter/conformal field theory
(AdS/CFT) [211, 65, |, loop quantum gravity (LQG) [200, , 16], spinfoam models
[21, , 138], non-commutative geometry [57, 50], causal dynamical triangulations [9, 115],
causal sets [196, 70], asymptotic safty [208, ] etc. Reviewing all of these approaches
is out of the scope of this thesis. See e.g. [164, 11] for reviews and talks from experts in

different fields.

Loop quantum gravity and spinfoam models

The focus of this thesis is mainly on the LQG approach and we will also discuss a particular
application of the spinfoam model. In fact, these two approaches are highly entangled and
some literature views spinfoam models as part of the LQG framework. LQG and spinfoam
merge the principles of quantum theory and general relativity harmonically, taking the
principles of both theories to be fundamental and building quantum gravity theories on top
of it. By considering gravity as being dynamical, they attempt to quantize the spacetime
geometry and describe spacetime dynamics quantum mechanically. They preserve the main
feature of general relativity — background independence, and they are non-perturbative
approaches. The main difference between these two approaches is that LQG follows the
canonical description of quantum mechanics while spinfoam models follow the path integral
description and hence are covariant formalisms. Canonical means we take a space-time
splitting and first construct the kinematical structure on the spatial surface then analyze
its dynamics along time.

The main merit of LQG is that it provides a mathematically well-defined and rigorous
framework to build up the Hilbert space and states of quantum geometry. It leads to the



prediction that spacetime geometries are intrinsically distinct at the Planck scale. The
method of LQG has been applied to cosmology (called loop quantum cosmology or LQC),
one inviting result of which is the avoidance of curvature singularity at the origin of the
universe, replaced by a “bounce”. (See [30, 18] for reviews.) However, LQG is still far
from complete. There are many important pieces to be given, for instance, the precise
form of the quantum hamiltonian, a proper (semi-)classical limit recovering the low energy
physics, and practical measurable observables. For reviews, see e.g. [201, 17]. Many of the
unsolved questions are due to the complexity of 4D spacetime. It is then natural to work
on a simpler system that captures the important features of 4D gravity while reducing the
computational difficulties. The hope is that studying such a simple gravitational system
could help us understand the conceptual problems and teach us new techniques to analyze
the real physical system. 3D gravity with 2 dimensions in space and 1 dimension in time
is such a candidate.

3D gravity and 3D LQG

As a topological theory, 3D gravity is simple enough to allow us to do exact computations.
The main drawback is that the dynamics of 3D gravity is authentically different from that of
4D gravity since there are no local degrees of freedom, or gravitational waves, in 3D gravity.
On the other hand, it still carries many of the fundamental issues of quantum gravity
e.g. the problem of time, the construction of quantum states and observables, inclusion
of a cosmological constant and relations between different quantization approaches. 3D
gravity has been proving instructive insights for the development of LQG and the spinfoam
models.

The vast interest to study 3D gravity was first brought by the seminal work [63, 62]
of Deser, Jackiw and 't Hooft, where they studied particles coupling with gravity and
particle interactions in the gravitational field with and without a cosmological constant.
It was later discovered by Achicarro and Townsend [2] then elaborated by Witten [209]
that 3D gravity can be written as a Chern-Simons action. Quantizing 3D gravity can then
refer to the quantization techniques of Chern-Simons theory developed in mathematics and
condensed matter.

On the other hand, 3D gravity in the absence of a cosmological constant A, up to
the second-order derivative of metric and boundary terms, can also be formulated as a
BF action [133, 35, 34], which also describes a topological invariant theory. The BF
formulation of 3D gravity is the starting point of 3D LQG and spinfoam models. The
isometry group of 3D gravity with A = 0 in Lorentzian signature is ISO(2, 1). However, the
non-compactness of ISO(2, 1) makes it complicated to construct a quantum representation
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theory. It is then common to work in the Euclidean signature instead, which is to treat the
spacial and temporal dimensions equally. This turns the isometry group to ISO(3) which
is isomorphic to SO(3) x R3. Furthermore, in building the quantum theory, one makes use
of the irreducible representations of the compact subgroup SO(3), which are integer spin
representations j = 0,1,2,---. In order for fermions to couple with the framework, one
also considers the double cover SU(2) of SO(3) so that the irreducible representation runs
over all half integers. This is a common treatment in physics and is also what we will apply
in this thesis. Therefore, for the case of A = 0 in the Euclidean signature, we deal with
the Poincaré group ISU(2).

In the LQG framework, a Hilbert space of a graph i.e. collections of 0D nodes, 1D
links and 2D faces embedded on a 2D spacial surface is constructed at the kinematical
level. This Hilbert space is spanned by the so-called spin network states which are labelled
by spins associated to all the links of the graph. In the past two decades, many works
e.g. [104, , 97, , , , | have been done to understand the kinematical and
dynamical aspects of 3D LQG with A = 0, its geometrical interpretation and its relation
to spinfoam models.

Inclusion of a non-vanishing cosmological constant

However, the appearance of the cosmological constant A which is taken as a coupling
constant in both LQG and spinfoam models, adds a volume term in the BF action. It
complexifies the structure and brings obstacles to quantization. Nevertheless, it is essential
to include a A # 0 in a quantum gravity model in order to give an instructive guide for
applying it to the cosmological model. This is because observations have established that
our universe is acceleratedly expanding. This result is under the framework of the ACDM
model with a positive A. Moreover, since 3D LQG provides a clear mathematical framework
for constructing dynamics of quantum gravity and it can be extended to 4D, it is important
to understand how a non-zero A is incorporated in the 3D LQG framework.

Before we dig into the LQG construction, one can take lessons from other approaches of
3D quantum gravity with A # 0 and gain insights from them. The most successful way to
quantize 3D gravity is based on the Chern-Simons formalism, which is so powerful that it
provides a uniform formulation for Euclidean and Lorentzian signatures and different signs
of cosmological constants. The quantization has been performed through the path integral
method [210, ] or the combinatorial quantization method [7, 8]. Both results have
revealed that quantum group [119, 58] structures show up when A # 0 as the deformation
of group symmetries in the A4 = 0 theory and A is encoded in the deformation parameter.
This is consistent with the results from the first-ever spinfoam model for 3D Euclidean



gravity with a A # 0 — the Turaev-Viro model [20/1], which is a deformed version of the
Ponzano-Regge model [171] for A = 0. These results provide some guidances for the LQG
model we are looking for.

Inspired by this prospect, it was proposed in [158, | to define non-commutative
quantum operators in constructing the quantum dynamics within the LQG framework,
which does lead to desired quantum group feature. However, it appears as regularization
and it is not clear from what principles one should introduce such a deformation. A
few years later, a revisit of the kinematical (discrete) phase space in the work of [10)]
conveyed the idea that one can study the “classical limit” of some quantum groups — Lie
bialgebra and reformulate the classical theory in this new mathematical framework. This
successfully reproduces the quantum group symmetry in the Turaev-Viro model upon a
natural quantization process [39]. It was recently realized [72] that one can even start from
the action principle and go through the steps in the LQG scheme to obtain the known
quantum group structures. The theme of this thesis is to further develop this approach
and understand both the classical and quantum structures of this framework. We call this
framework the g-deformed LQG, where ¢ is a deformation parameter encoding the value
of the cosmological constant.

Spin and spinor representations of LQG

Returning to the case of A = 0, the quantum theory of the original LQG relies on the SU(2)
irreducible representations — spins. These spins give the eigenvalues of link operators. In
the geometrical picture, the building blocks of global geometry are the Planck-scale links.
This can be extended to the A # 0 case which is the perspective taken in the work of
[10, 39]. In this formalism, the basic variables are holonomies on links and their conjugated
momentum — fluxes.

Alternatively, one can describe the same quantum geometries for A = 0 in terms of a
pair of harmonic oscillators which defines (quantum) spinors [1 18, , |. The spinors
here are purely geometrical objects and should not be confused with the spinors used in
describing particles. To emphasize this point, we refer to this reformulation of LQG as
the spinorial, or spinor, representation. Contrary to spins, the use of spinors allows us to
shift the view to building up global geometry with Plank-scale 3D blocks. This viewpoint
has been established in the U(n) formalism of LQG [98, 99, 50]. These spinors are also
useful tools to define the so-called SU(2) coherent states, which have shown advantages
in constructing the spinfoam model and studying the semi-classical limit [32, 96, ].
In addition, the fact that spinors are associated to nodes instead of links brings benefits



in constructing local observables which form a closed algebra [9%, , |. These local
observables have been used to formulate the dynamics of LQG [14].

Keeping these upsides of spinor representation in mind, we would like to extend them
to the A # 0 case that is compatible with the framework of [10, 39]. This has been
initiated in the work of [79], which focused on the classical aspect. The quantum spinors
and observables constructed with them have nevertheless been considered in some previous
works [30, 81]. The derivation of them from the classical spinors is one of the key results
of this thesis. Studying these spinors could potentially provide a route to relate LQG with
other approaches when /A # 0 and deepen our understanding of the quantum nature of
geometries.

Plan of this thesis

This thesis is organized into seven chapters as follows.

Chapter 1-3 describe the classical aspects. In Chapter 1, we briefly review general
relativity with a cosmological constant included. We focus on the first-order formalism —
BF action of 3D gravity and perform the canonical analysis on this action. We also concisely
review the Chern-Simons formalism of 3D gravity as a prelude to some analysis in later
chapters. Chapter 2 describes the classical structure of the ¢-deformed LQG framework.
We start by reviewing the derivation from the first-order action, then focus on illustrating
the discrete phase space structure of the classical model in terms of the deformed fluxes and
holonomies. We also build an exact link to the classical phase space in the combinatorial
quantization approach in an explicit setup. This is based on [77]. In Chapter 3, we
revisit the classical phase space of the g-deformed LQG in the spinor representation. We
introduce the deformed spinors and use them to construct (kinematical) local observables.
This chapter is mainly based on [11].

Chapter 4-6 describe the quantum theory of the g-deformed LQG. In Chapter 4, we first
summarize the definitions and necessary mathematical properties of the quantum groups
relevant to this model. We then apply the natural quantization on the classical deformed
fluxes and holonomies described in Chapter 2 and construct the kinematical Hilbert space.
In parallel with this, Chapter 5 is on the quantization of the classical structure in Chapter 3.
Apart from constructing the quantum deformed spinors and building quantum observables
out of them, we extract the geometrical interpretation of the R-matrix, which is an inbuilt
mathematical structure for some quantum group, within the spinorial representation of the
g-deformed LQG. This is a new discovery at least to the LQG community. Chapter 4 and
5 are mainly based on [11]. Chapter 6 focuses on the dynamics of the ¢g-deformed LQG. We



specify the quantum Hamiltonian constraint in terms of the spinor representation. We then
solve the constraint for the physical states in the physical Hilbert space. We examine these
states by showing their invariance under the Pachner moves, which is a discrete version of
diffeomorphism. This chapter is based on [12].

Finally, Chapter 7 is about an application of quantum spinors in the spinfoam model.
The goal is to construct the spinfoam model purely with spinors. In this chapter, we con-
sider the A = 0 case which has not been established in the literature yet. As the spinfoam
model was not described in detail before this chapter, we start with a short review of the
Ponzano-Regge model which is formulated as a state-sum in terms of spin representations of
SU(2). It is followed by the introduction of the coherent states defined with (non-deformed)
spinors. We end up with a state-integral reformulation of the Ponzano-Regge model where
spins are all eliminated and only spinors are involved. We prove the topological invariance
of this formalism and study its geometrical interpretation. This chapter is based on [137].

This thesis is supplied with two appendix chapters. Appendix A contains the concise
summaries of the mathematical frameworks for the classical phase space and the quantum
Hilbert space of the g-deformed LQG model. Appendix B collects some lengthy calculation
details and a toy model example of the g-deformed LQG phase space.



Chapter 1

3D gravity with a cosmological
constant

General relativity is a highly nonlinear theory, which brings obstacles to quantization
compared to other systems e.g. electrodynamics. Therefore, it is natural to consider a
computation-wise simpler system that allows us to tackle conceptual questions relevant to
quantum gravity such as the problem of time, unitarity, causality, topology change and
to study the relation between different quantization approaches. Three-dimensional (3D)
gravity, as a topological field theory, is such a system.

3D gravity can be written, at the first (derivative) order of the metric, as a BF' theory
[133, 34, 35]. BF theory is a class of topological field theory that has been extensively
studied, especially for gravity, since it provides an arena for different quantization ap-

proaches of gravity such as LQG (see e.g. books [200, | and a recent review [15]),
spinfoam models (see e.g. [21, , ] for review) and the group field theory approach
(see e.g. [165, 87, 160]).

In this section, we review classical gravity theory with a non-vanishing cosmological
constant. We start from the Einstein-Hilbert action in Section 1.1, then define its first-
order formulation in the 3D case in Section 1.2. In Section 1.3, we apply the Hamiltonian
analysis to the first-order system and extract the constraint algebra in the standard man-
ner (compared to the treatment in Chapter 2). We close this chapter, with Section 1.4,
rewriting 3D gravity into the Chern-Simons formulation, which builds the classical con-
nection between the LQG formalism and the combinatorial quantization [85, 7, 8] of 3D
quantum gravity.



1.1 General relativity with a cosmological constant

We start from the Einstein-Hilbert action for a D-dimensional manifold M (without matter
or boundaries). For unification purposes, we write the action for both Lorentzian (s = —)
and Euclidean (s = +) signatures.

Senlo] = 1o [ AaVEER—24). (1)

where G is the gravitational constant (for D-dimensional gravitational system), R is the
Ricci scalar and A is the cosmological constant.

Consider a boundary OM of the manifold M. Denote the induced metric on OM by
h,, and its determinant by h. A boundary term

Som = dP gy shLam
oM
should be added to the action (1.1), whose form reveals the choice of boundary condi-
tion. A common choice is to keep the variation of the metric vanishing on the boundary,
i.e. 0guwlom = 0, which corresponds to the Gibbons-Hawking-York (GHY) boundary ac-
tion [115, 212]:

1
Somlhu] = — dP eV shiK | 1.2
M 87TG/BM Vs (1.2)
where K is the extrinsic curvature. On the other hand, when considering the physical
theory i.e. D = 4,s = —1 with some matter field ¥, the action for the matter field

Sw[?] = [ d*z\/=gLm[¥] should also be taken into account.

In the general relativity framework, one sets the torsion tensor to be zero and thus
describes the geometry of the space-time manifold through probing the Riemann tensor,
also called the curvature tensor, R, ,,, which is fully characterized by the metric and its
derivatives. The equations of motion given by the variation of the metric, dg,,, of the
action (1.1), is the Einstein equation

1
Ry, = 5(R—24)g,, = 87GT,, (1.3)

where R, is the Ricci tensor and T),, is the energy-momentum tensor determined by the
matter field.

In this thesis, we mainly focus on the case of a manifold with no boundaries and pure
gravity, i.e. T}, = 0 identically.

10



Solving the Einstein equation R, — %(R —2/)g,, = 0, one gets the vacuum metrics.
The maximally symmetric solutions are called the de Sitter (dS) spacetime if A > 0 and
the Anti-de Sitter (AdS) spacetime if A < 0 respectively. Define a so-called dS/AdS length
scale [ by A = 0% where o = sign(A) denotes the sign of A. The dS/AdS metric
can be jointly written as

2
1
d52 =S (1 — 0'7;—2> dt2 + md’/’2 + TQdQQDil s (14)

where (2p_; is the angular coordinate of the (D — 1)-dimensional sphere. For instance,
d2 = d#? + sin® 0d¢? (with 6 = [0, 7], ¢ = [0,27)) covers the 2-sphere for the 3D gravity
case. Indeed, [> — 400 is equivalent to 4 — 0. AdS spacetime has been enormously
studied since the inspiring work [51] by Brown and Henneaux, where they discovered that
the asymptotic symmetry of the AdS; spacetime is captured by two commuting copies of
Virasoro algebras, which is the symmetry algebra of 2D conformal field theory (CFT). This
work turned out to be the precursor of the field holographic duality.

Taking the trace of the (1.3) (and considering 7}, = 0), the Ricci scalar is determined

by the cosmological constant as R = % hence the Ricci tensor is proportional to the

D—
1c* — A :
metric: R, = $5559,,- The curvature tensor can be separated into a traceless part W,

called the Weyl tensor and a part described by the Ricci tensor and Ricci scalar:

Ry py
1 1
= Ww/m"‘m(gupr"‘gwRup_QMRVP_QVPRM)_ (D—1)(D—2) (9 Gop—GupGuy ) R

(1.5)

The Riemann tensor is antisymmetric on the exchange of the first two components as well
as on the exchange of the last two components and it satisfies the Bianchi identity, which

% independent components. On the other hand, the Ricci

tensor R, is symmetric on the exchange of the two components thus it has w indepen-
dent components. Therefore, it is apparent that when the manifold is three-dimensional,
the Riemann tensor (1.5) can be completely determined by the Ricci tensor hence the Weyl

tensor vanishes.

restricts 12,,,,, to have

On the other hand, one can count the physical (local) degrees of freedom of gravity by
taking the space-time decomposition M = 3’ x R of the manifold and considering it as
an initial value problem. The Arnowitt-Deser-Misner (ADM) formalism [12, 155] is such
a formalism. It describes the canonical structure of the gravitational phase space and the

11



evolution of the spatial geometries given by its Hamiltonian. Indeed, in D-dimensions, the

gravitational phase space is described by the spatial metric h,,, which contains @
D(D—1)
2

s
components, and its conjugate momentum, which contains another components.
Among them, there are D constraints on the initial conditions and another D unphysical
degrees of freedom for the choice of coordinates. Therefore, there are D(D — 3) physical
degrees of freedom left. [55]. In the case of 3D gravity, there are no local, but only
global degrees of freedom depending on the topology of M. In this sense, 3D gravity is a
topological theory.

Despite its simplicity in terms of physical degrees of freedom, the Einstein-Hilbert action
(1.1) is nonlinear since the curvature tensor contains a second derivative of the metric. The
nonlinear nature of the Einstein-Hilbert action brings difficulties in quantizing gravity. We
will adopt another formulation — the BF formulation, which is the first-order formalism
of 3D gravity.

1.2 First-order formalism — the BF theory

In this section, we review and study the first-order formalism of 3D gravity with a cosmo-
logical constant A, which is the starting point of the LQG program. We first briefly define
the BF theory in D dimensions, then rewrite the Einstein-Hilbert action (1.1) in a form
of the 3D BF action by “relaxing” some constraints. A side note is that the GHY action
(1.2) can also be written in the first-order formalism which turns out to be the same one
as in the Chern-Simons formalism we derive later. Finally, we analyze the symmetries and
constraints in the BF formalism of 3D gravity.

The BF theory, first discovered by Horowitz [133] and named by Blau and Thompson
[35, 34], is a topological field theory defined on the principal G-bundle! on a D-dimensional
manifold M. Here, B is a (D — 2)-form in value of the Lie algebra g of the group G and
F' is a curvature two-form of some connection one-form w in g, i.e. F' = dw+ [w Aw|. The
BF action is

S[B,w] = /M Tr(B A Flw]), (1.6)

where the trace is taken as the invariant non-degenerate bilinear form over g. Since (1.6)
is written in a form independent of the metric on M, it is a natural topological theory.

'We remind the readers of the notation difference between G - the gravitational constant - and G - the
group - used in this thesis.
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Due to its simplicity, the BF theory is also a good testing ground to explore and compare
different quantization schemes.

For purpose of compactness, we denote su(+) := su(2) while su(—) := su(1,1)
s[(2,R)?. Denote the basis of su(s) by 7% (a = 1, 2, 3) with commutation relations [7%, 7°] =
e“bCTC where we fix €23 = s and €103 = 1 3. General relativity in 241 dimensions can
be written as a BF action with B given by the iriad field e = e’7, = e;7,dz" — a one-
form in su(s) — and the connection one-form given by the spin connection © = &%, =

1 abcwuchadI“ as we now describe.

2
The triad or frame field satisfies
G = nipetiel = g"elel (1.7)

where the internal metric n° = n, = diag(+, +,s). We use the latin letters a, b, ¢, etc to
denote the local frame coordinate, or the internal indices, and the Greek letters u, v, p, ete
to denote the spacetime indices. Just like that the Levi-Civita connection I'), is used to
describe the covariant derivative of a vector with spacetime index, the spin connection is
used to describe the gauge-covariant derivative of a vector with internal index. For a given
vector v?, its total covariant derivative is

vy = Oyvy — I vf + wﬂbv =V,u, + @vafj . (1.8)

In the first-order formalism, e® and w® are treated as independent variables. The curvature

two-form F = %e“bcﬁ' wevdxt A dz” is given in terms of the spin connection by
~ - - - ~ - S - -
Fopo=d@g + 0, NWep, or F,=dw, — §[w A @lq, (1.9)

where the commutator acts on the su(s) generators, that is, [0 A @] = &° A &¢[m,, 7). To
have a curvature 2-form independent of the signature, we will instead work on the rescaled
connection w and the curvature F' defined by

- 1
F=-sF, w=-s0 = Fa:dwa+§[wAw]a. (1.10)

222 denotes “isomorphic to”. Note the difference from =~ used in other context in this thesis.
3The generators of su(2) and sl(2,R) can both represented in terms of the Pauli matrices o, =

< (1) (1) ) Oy = < (Z) _OZ > ,O, = < (1) _01 ) For the Euclidean signature, 7 = g2 7% = Z¢ 73 = 2=,
while for the Lorentzian signature, 7' = % , T2 = % , T3 = % The commutation relations defining
the su(2) and sI2,R) Lie algebra are explicitly [r},72] = 73 = s13 = s[r, ], [7%5, 7] =1 =1 =

[12, 73], [73, 7] = 7'2 = 7y = [r3,71]. We therefore have ¢, s, = 5(6?(52 — 535;).
4Conversely, Wpe = S€qpe@®.
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Its relation to the Riemann curvature tensor is obtained by first solving the spin connection
in terms of the triads by demanding D¢, = 0, that is

b
v

a S a c. vV
hence wy; = 5% e’V el. (1.11)

By examining the commutator R,,,,"v, = [D,, D,](€4v,), one gets R, 7 = —se%e” Fjuqp.
We assume that the triad field is non-degenerate®, then one can rewrite the Ricci scalar as
R =R, ¢" = —seZeZFl‘jﬁ = —eley e F,,.. (1.12)

Furthermore, the volume form /sgd®z = det(ef)d®z = 3 Tr(e A [e A €])% with the trace
acting on the su(s) generators. Putting these ingredients together, one can prove the
equivalence of the Einstein-Hilbert action and the BF action
1
167G

a __ a
Ve, = swye

S

A
/M d3x\/@(R —2A) = %G y e’ NF, + sgeabce“ Aeb A e’

_ _8;(} /M Tr <(e A(F + ng)) :

where we denote E = %[e/\ e| = %eabceb A e‘T? to be the area flux two-form. Clearly, when
the cosmological constant is vanishing, (1.13) takes the form of the BF action (1.6).

(1.13)

Let us take g®5 = 1 for simplicity in the rest of the thesis unless specified, then the

first-order action of 3D gravity with a cosmological constant, denoted as Sjpp, is

Suprle, w] = —/MTr ((e/\(F[w]—i—s%E[e])) . (1.14)

The field variation of the action then gives’

dSaprle,w] = _/

Tr (de A (F + sAE) + ow A d,e) — / Tr (e A dw) , (1.15)
M

oM

where d,- = d - +[w, -] is the gauge covariant derivative. Therefore, the variations of the
e field and the w field give respectively the equations of motion in terms of the curvature
and the torsion

0848 —y C=F+sAE~0,

8S
ABE — T=d,e~0,

(1.16)

5Tr is the normalized trace thus Tr(7,7) = dap-

5We require e to be non-degenerate because in the derivation to get the second equation of (1.12), one
uses the inverse of det(ef;). It cancels out the determinant in the volume form written in terms of the
triads thus the integrand of (1.13) includes simply a trace term. See also [95].

"We have used the fact that 0Tr(e A E) = teapc0Tr(e® Ae® Ae®) = Leg Tr(de” Ae’ Ae®) = Tr(de AE)
due to the antisymmetry of the wedge operations.
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where ~ denotes the on-shell condition. Solving the torsion-free equation of motion 7 = 0,
one gets the spin connection w in terms of e, i.e. (1.11).

Notice that when the manifold M has a boundary M, the boundary term [, Tr (e A dw)
does not vanish. In fact, when taking the boundary condition to be a fixed metric hence
delapm = 0, such a boundary term is given by the symplectic potential © = § faM Tr(eAw).
This is nothing but the variation of the first-order formalism of the GHY boundary term
at D = 3, which we now show.

Let us impose the torsion-free condition of the connection (1.11). We choose a gauge
for the triad ez = n, on the boundary OM, where 7 is the vector normal to M, which
links the metric g,, and the induced metric h,, on the boundary by

uv = h,uz/ + nuny . (117)

The torsion-free connection on the boundary can thus be written as wy, = —56nrV el —
se"°e!V n, = 2se’eyV n,. Therefore, the boundary term [, Tr(e Aw) reads explicitly

/ Az e”’jpeZw,,aﬁp = 25/ Az e“”peabeuaeg\ﬁpvyn,\
oM oM (118)
= 2/ det(e},) V,n" = 2/ d*z vVshK
oM oM

—

which recovers the GHY boundary term (1.2). 7 is a dimensionless normal direction
vector to O M that is proportional to 7, say 7 = N f 8. On the other hand, the variation
of the symplecitc potential gives the boundary term of (1.15) upon the Dirichlet boundary
condition 5eZ|aM = 0, which is consistent with the boundary condition dg,.|om = 0 of
the action Einstein-Hilbert action (1.1) when considering the GHY boundary term (1.2)

[115, 212).

There are two types of gauge symmetries of the action (1.13), namely the local Lorentz
transformation %, infinitesimally parametrized by a scalar field a = a“7,, and the local
translation transformation 525, infinitesimally parametrized by a scalar field ¢ = ¢%7,,

Ste =le,a], 0w =d,a, 5fbe =d,¢, 52,(,0 = s/le, ¢]. (1.19)

One can also consider the finite Lorentz transformation performed by an SU(s) element g
which is the exponential of a Lie algebra su(s), and the finite translation performed by a

8Tt is important to note the difference between n, and n,. As the metric carries square of length
dimensions, n, is with dimension of length according to (1.17) while 7, is dimensionless, the dimension of
the boundary action (1.18) is correct.
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scalar field @. Then the finite Lorentz transformation and translation laws read
e +— geg ! e — e+d,®
9 , (1.20)
w = gwg 4 gdgt w = w+ sde, P
The equations of motion are indeed invariant under these gauge transformations:
0T =1[T,a] 20, 6,C=[C,a] =0, 0,7 =1[C,¢] =0, §,C=sA[T,¢]~0. (1.21)
As an example, the first transformation is calculated as

doaT = 0o(de + [w A €]) =de,a] + [dua, €] + [w A [e, o]

= dle,a] + d[a, e] — [a, de] + [[w, a] A e] — [a, [w A e]] + [e A [a,w]] = [dwe, o],
(1.22)
where the Jacobi identity [w A [e, a]] + [, [w A €]] — [e A [o,w]] = 0 was used?. The rest of

gauge transformations in (1.22) follow with similar calculations.

In fact, there is another symmetry — diffeomorphism invariance — in the action (1.13).
The diffeomorphism transformation 5‘; is described by the Lie derivative L, along a vector

field £ = §,da*. It, however, can be written on-shell in terms of the field-dependent

translation and field-dependent gauge transformation. For the triad and the connection!®,

(5§e = Lee = d(1ee) + ede = d,,(ee) — [w, e] + tg(dye) — tefw A €]
= du(tee) + [e, Lew] + te(dye) (1.23a)
=6 e+l et T,

Lge LEUJ

1
Stw = Lew = d(Lew) + tedw = dy,(Lew) — [w, Lew] + L F + §L§[w A w]
= dy(Lew) + sAle, we] + L (F + sAE) (1.23b)
:5L W+5t w—i-L&C.

lew Lee

9In general, for A, B, C which are m,n, p-forms respectively, the Jacobi identity is
[AA[BAC) + (=)™ P [BA[C A A]] + (~1)PM+FI[CA[AA B =0.

Also note that [A A B] = —(—1)""[B A A] and d[A A B] = [dA A B] + (—1)™[A A dB].
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As LQG is a canonical quantization approach, the next step of the program is to apply
the Hamiltonian analysis based on a space-time splitting, that is to formulate the time
evolution of the spatial geometries.

1.3 Hamiltonian analysis

We now perform the Hamiltonian analysis of the action (1.13) using the covariant phase
space formalism. Consider the space-time foliation M = X' x [t;,t;]'* where X is a two-
dimensional space surface with boundary S = 09X and is future oriented, as shown in
fig.1.1. The symplectic form is defined as (25 = fz 00, that is

N2y = —/ Tr (0w A de) . (1.24)

<X >S5

Si

Figure 1.1: The space-time decomposition of a 3D manifold M into X' x [t;, ¢;]. The initial
(resp. final) spatial surface at t; (resp. ts) is X; (resp. X¢) (in grey) with the boundary S;
(resp. Sy) (thick loops).

10We have used the Cartan formula in (1.23)
Lx0 = d(LXe) + 1xdo.

where X is a vector field and 0 is a p-form.
"'When considering inifite time, M = X x R.
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Here, A is the extension of the wedge product to variational forms hence Tr (dw A de) =
Tr (de A dw)'?. The gauge transformation of the symplectic form generates the boundary
symmetry charges. In particular, when the coefficients a and ¢ are field independent,

Lrf2s = —/ Tr (55w N de — ow A 55e)
by
- _ / (duworg A d€* — €%, 0w, A €°a”)
b
= — / (dag A de” + e, waa’ A de° — €% 0w, A e’a’) (1.25)
b

= —5d/ a.e’ + 6/ (cvade” + €™ A ebof)
b b

=4 (—/ a,d, e’ + / aae“) = —-40J,.
> s

Tr ( 5¢w Ade — dw A 5;e)

and
L(;t QE =

SAEabcea¢b N de — 5wa A d"-’(ba)

m\m\

= / (s/leabce“ A 0€P ¢ + dwy A dd® + €26, A wb(bc) (1.26)
by
1
= —(5d/ W, + (5/ ¢ (dw, + =€™wy A w, + f/leabceb A €9)
» » 2 2
=4 (—/ o (F, + sAE,) + / gb“wa) = —0F,.
b S
Therefore, the boundary charges are given by
Jo = / agd, e’ + / oge’ ~ / aq.e”, (1.27)
/ " (F, + sAE,) /(/ﬁ“wa /gzﬁ Wy - (1.28)

12For n-form o and m-form 3, we have

alfB=aNnB, aldf=aAndb, daAidif=—(—-1)""00 A da.
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The Hamiltonian H, of gravity is defined, in the covariant phase space formalism, as
the diffeomorphism charge, generated by the diffeomorphism transformation (52. Then one
can straightforwardly compute that

L(;SQE = — /2 Tr (5§1w A de — ow A 629)

— Gy — OPre — / (LC)abe® + (16T 00

> (1.29)

~ / Tr (Lew de + e dw,)
S

= —(5/ Tr (Lewe) + Lg/ Tr(dw Ae) = —0Q¢ + 1.0 = —0H,,
s b

where ¢ is the diffeomorphism Noether charge [125].

The symplectic form (1.24) generates the Poisson brackets (i,j € {1,2} denotes the
spacetime indices tangent to X' and x,y are points on X.)

{wi@).e5(y)} = e/n%0%(x —y),  {wal2),w(y)} = {ef(2),€}(y)} = 0. (1.30)

One can thus compute the boundary symmetry algebra

e I} = Jag, APs Po} = sAdgy)s  {Jas P} = Pag + /S¢“d04a- (1.31)

One the other hand, (1.27) and (1.28) mean that the generators J, and P, generate canon-
ical transformation

o8- ={Jar}, 04 =A{Ps.-}, (1.32)
which can also be used to compute (1.31).

As an explicit example, we consider the manifold as a solid cylinder and parametrize
the coordinate as (¢,7,0) where ¢t € [t;,t7],r € [0, R] and 0 € [0,27]. The boundary S is
then located at t = ty,7 = R. The symmetry current are given by (j(0),p(0)) = (w?, ep).

(1.31) can be written as the Poisson brackets of the currents'?

{7°00),5°(0")} = €*.6(0 — 0')5(0) , (1.33a)
{5(0),pe(0)} = 6%05(0 0')pe(0) — 6,090(0 — 6'), (1.33Db)
{Pa(0), po(0)} = sAeaned(0 — 6')j(6) . (1.33¢)
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We define their Fourier transformation
S / e M0500)dh, P~ / e p,(0)d6 (1.34)
s S

with the normalized measure on the circle | ¢df = 1. Then the Poisson brackets of the
Fourier modes are
{‘]gv ng} = Eabcjrcz—i—m ) {P7(117 Prlrjm} = SAeachrcz+m ) {J;i? Prl:z} = EabcPﬁH—n - in5ab5n+m70 .
(1.35)
When A = 0, (1.31) is the Poincaré loop algebra L(isu(2)) with central extension, with
the BMS group as the subgroup. Understanding how the Poincaré loop algebra can be
discretized is an open question. In [92], the authors proposed a limit starting from the

discrete picture to recover this loop algebra, when A = 0. The generalization to the A # 0
case is under investigation.

1.4 Chern-Simons formalism

Another formulation often used to study 3D gravity is Chern-Simons formulation [60]. It
is a 3D topological field theory intensively studied in mathematics and condensed matter

physics (e.g. knots invariants [210], (extended) topological quantum field theory [30], frac-
tional quantum hall effects [213]). The Chern-Simon action on a 3D manifold M for a
gauge group GG, whose Lie algebra is denoted as g, is defined as
k 1
Ses|A] = —/ TH(AA A+ SAN AN A]), (1.36)
47 M 3

13Here we give the calculation of the Poisson bracket (1.33b). The other two in (1.33) can be obtained in a

similar way. We parametrize the boundary charges as J, ~ fo% 0, (60)j*(6)df and Py ~ fo% @%(0)pa(0)dé.
Then the last Poisson bracket in (1.31), as an example, can be written as

27 27 27 27
Uasbod = [ [ @6 @150 m(@))a008 = [ 70,06 Op.(0)00 + [ o#(6)0na (6)d8
0 0 0 0
- / / 0 (0)6"(0)e%,°5(0 — 0 )pe(6)d0A0’ + / / Dpaun(0)6°(6)585(0 — 6')A0de’
0 0 0 0

27 27
_ / / a(0)8(0)€%,° (2,°5(0 — 0')pe(0) — 52050(0 — 0')dOd0’) |
0 0

which gives {j%(0),py(8')} = €*,°6(0 — 0")pc(0) — 68 0p(0 — ') as given in (1.33Db).
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where A is a g-valued one-form, k is the level of energy and Tr is the Ad-invariant invariant
bilinear form on g. The equation of motion of the Chern-Simons action is the flatness
condition

QA+ SIANA=0. (1.37)

It was first discovered by Achicarro and Townsend [2] then elaborated by Witten in
his seminal paper [209] that 3D gravity can be written as a Chern-Simons action with the
gauge group given by the isometry group of gravity which depends on the signature under
study and the sign of the cosmological constant. Consider g to be a 6-dimensional Lie
algebra with generators J¢, P, ,a = 1, 2, 3 satisfying the commutator

[Jo, J] =€ Je, [J* Py = €4°P., [P, Py = €apesAJC. (1.38)

Note that we are using the same convention €%, = s as is in Section 1.2. The Ad-invariant
bilinear form for the generators is defined as

Te(JeJY) =0, Te(P,R) =0, Tr(P,J") =n°}. (1.39)
First, let us analyze this gauge group for different cases - Euclidean/Lorentzian signature
and A =0,4>0,A < 0. The first commutator in (1.38) implies that J*’s are generators
of SU(s). When A = 0, the commutators of P,’s vanish thus P, are generators of R®. That
the second commutator gives only P, on the right hand side means that there is only action
of J%s on P,’s but not the other way around, which translates into a semi-direct product
structure in constructing G. When A # 0, we consider sA < 0 and sA > 0 separately.
When sA < 0, one takes P, = z\/m J® then the second and third commutators in (1.38)
follow from the first one, which implies that G is the complexification of SU(s). In the case
of sA > 0, on the other hand, one can take P, = \/WJQ to realize these commutators

hence g is the double copy of SU(s). The isometry group associated to (1.38) is summarized
in Table 1.1.

G s =+ s=—
A=0] SU@2)xR? SL(2,R) x R?
A<0 SL(2,C) SL(2,R) x SL(2,R)
A >0 | SU(2) x SU(2) SL(2,C)

Table 1.1: The isometry group of 3D gravity for Euclidean (s = +) and Lorentzian (s = —)
signatures and for different signs of the cosmological constant.
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Let the gauge group element A take value in the triads and the spin connections in the
way of
A=¢e"P, +w,J?, (1.40)

and take k = ﬁ”, then the Chern-Simons action can be equivalently written as

Scsle,w] = /M Tr (e/\ (dw + %[w/\w] —|—s§[e/\e])) —i—/aM Tr(e Aw) , (1.41)

which is identical to (1.14) up to a boundary term which is the first-order formulation of
the GHY action. The equation of motion (1.37) can also be separated, using (1.40), into
the torsion-free and curvature-free equations of motion (1.16).

The Chern-Simons formulation is a powerful tool to construct, in a unified way, 3D
gravity in different signatures, with or without a cosmological constant and even for in-
troducing particles (e.g. [61]).The vast amount of study and results on the Chern-Simons
theory makes this formulation of 3D gravity an inviting starting point for quantizing grav-
ity as the concepts and methods in gauge theories and quantum topological theories can be
naturally applied (e.g. [209, 19, 7, &, 27]). Despite the benefits of using the Chern-Simons
formulation of gravity mentioned above, its use to generalize to 4D gravity and hence 4D
quantum gravity is limited since 4D gravity can not be formulated into a Chern-Simons
action (see however [125, 120] for recent works relating SL(2,C) Chern-Simons theory to
4D quantum gravity in the path integral approach).

3D gravity action written in terms of the triads and connections can also be generalized
to the most general form that is diffeomorphism and Lorentz invariant, called the Mielke-
Baekler action [153, 20]. See a recent work [I13] of the analysis of this action. On the
other hand, adding a boundary term to gravity, as we did in this chapter for general
consideration, turns the gauge symmetries in the bulk into physical symmetries possessing
non-vanishing charges on the boundaries. The boundary symmetry algebra depends on the
location of the boundaries, the type of boundaries and the boundary conditions imposed.
(See [124, 123] for works on the most general boundary condition in 3D gravity.) Over the
years, massive works have been done to unfold the boundary symmetry algebras of gravity
and possible physical applications. (See e.g. recent works [101, 83, 89, 90, , | and
references therein.) One of the most important applications is in the context of black
holes, for instance, to define the black hole states and compute the black hole entropy (see

14When taking the dimension of G, which is the dimension of the plank length £, into account, k = zf%'

One can assign a dimension of length to e and make w hence F' dimensionless. In this way, (1.40) would
become A = Z;le“Pa + wJ,.
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e.g. [14, 25, 54, 83, ]). This requires understanding the quantum gravity theory in the
presence of boundaries. We leave the discussion on the quantum theory to the second half
of the thesis.

In the context of LQG, the starting point to quantize the 3D gravity is the BF formu-
lation. Our goal for the next chapter is to construct the phase space by carefully choosing
the basic variables which form dual pairs well-fitted in the Poisson-Lie group language.
Such a representation is powerful in constructing the kinematical and dynamical phase
space as well as quantizing the theory.
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Chapter 2

Deformed loop gravity

To quantize 3D gravity from the BF formalism (1.14), one needs to regularize the degrees of
freedom in order to obtain a Poisson bracket forming an algebra which is not distributional.
Indeed, the basic variables (w)(Z),e!,(Z)) are functions of the spatial position 7 € X.
Therefore, the direct quantization of their Poisson brackets into commutators would lead
to operator-valued distribution which is singular and does not form a closed algebra. One
natural way, stemming from quantizing the Yang-Mills theory [151, , 66, ], is to
work on path-dependent states or, more precisely, loop-dependent states. This motivates
the use of holonomies - GG-valued variables - provided that the connection values in g, the
Lie algebra of G. The holonomy can be viewed as a smeared® function of the connection
along a path over the spatial sub-manifold. Such a smearing process can also be performed
for its conjugate variables, the densitized triad, and can be generalized to 4D gravity.

To start with, one needs to decide which (pair of) group-valued basic variables to take
to define the kinematical phase space. Let us first consider the A = 0 case. The smeared
function along some path of w! (¥) gives rise to an SU(2) holonomy and the smeared function
of ¢/ (Z)) leads to an R® flux which is the conjugate momentum of the holonomy. They
form the so-called loop gravity phase space with Poisson structure emerging from (1.30)
[200, |. We will review this phase space in Section 2.5. The holonomy and flux variables
are turned into operators in the quantization process, which capture nicely the quantum

'For a field ¢(Z) valued at point # in a manifold D-dimensional M, a smeared field with a smooth and
compactly supported function f(Z) is defined as

olf] = /M AP (2)p(3)
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flat geometries. This establishes that (w)(Z), e, (7)) is a good pair of basic variables to
start with. When A # 0, we want to address the same question. The most natural choice
of basic variables would be still (w/ (), €],()), identical to the A = 0 case. Then one
only needs to smear the Poisson algebra and constraints described in Chapter 1. Such a
choice was the first one used in the literature but leads to an anomaly when considering
the (regularized) curvature constraint [169].

A useful guide comes from the existing quantum theories of 3D gravity. It was first
discovered in the Chern-Simons formalism of gravity by Witten in [210] that the topological
invariant quantum observable is described by some quantum group. Shortly later, this
topological invariance was constructed mathematically rigorously using quantum group
theory by Reshetikhin and Turaev [177], and soon re-discovered in the so-called Turaev-
Viro model [201]. This is known as a spinfoam model for 3D quantum gravity with a non-
vanishing cosmological constant in the Euclidean signature. One lesson from this model is
that the cosmological constant deforms the symmetry group of the flat (A = 0) case into
a quantum group. Last but not least, also based on the Chern-Simons formulation, the
combinatorial quantization approach [7, 8] points out that the gauge symmetry is deformed
when A # 0.

Inspired by this idea, it was later proposed to use new connections Ay = w £ v/Ae (in
the case of A > 0) which are quantized to non-commutative holonomy operators [158, 159].
In this approach (and other approaches that we will mention in the quantum part of the
thesis), the triads are kept unchanged thus the Gauss constraint expressed solely in terms
of the triads is the same as the A = 0 case. From the geometrical perspective, this
amounts to taking 2D flat geometries as the building blocks in constructing the global
3D geometry [13]. In this way, the quantum group features come as the regularization in
the quantization process and are put by hand. It is, therefore, unnatural to extract the
physical (or geometrical) meaning of such a non-commutativity within these frameworks.

Another way is to perform the deformation at the kinematical level. This means one
considers a different definition of triads which stores curved geometry information. This
was first realized at the discrete and quantum level [0, 39]. The spirit is to first realize that
the quantum symmetry can be described by the Drinfeld double, which is not apparent
in the flat case (see however the early works on the Ponzano-Regge model [104, , ,

] with a discussion on the Drinfeld double), and secondly that the Drinfeld double
is mathematically linked to the Poisson-Lie group and Poisson-Lie algebra [135] at the
classical level. It was only recently that such symmetries were derived in the continuous
theory [72]. From the geometrical point of view, such an approach is also in accordance
with the claim that, in the case of A # 0, taking the discrete curved geometry instead
of the flat ones as the building blocks to build the global geometry could simplify the
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quantization process and better approximate the continuous (diffeomorphism) symmetry
[67, 23, 24].

In this chapter, we start reviewing the work of [72] in Section 2.1. We define a new
pair of triad and connection which form a dual pair in the sense of a Poisson-Lie alge-
bra. It follows with a discretization process to truncate the degrees of freedom, which we
summarize in Section 2.2 following [72]. It leads to the notion of g¢-deformed loop gravity
phase space? after the standard discretization process, which we describe in Section 2.3.
Already at this level, we are able to connect the LQG approach with another quantum
gravity approach - the combinatorial quantization [7, 8]. We will describe in Section 2.4
how we can rebuild the g-deformed loop gravity phase space from that discovered by Fock
and Rosly [35]. To analyze the relation explicitly, we focus on an example when X is a
torus. The g-deformed loop gravity phase space for this toy model is given in Appendix
B.2. These results were published in [78]. Finally, in Section 2.5, we take the A — 0 limit
of the ¢-deformed loop gravity model and rewrite the standard loop gravity phase space in
the different mathematical framework.

2.1 Change of variables

We first realize that, as in the Turaev-Viro model, the quantum group structure can be
seen as the deformation of some group structure with a deformation parameter depending
on the value of A. Classically, the geometry, solution of the constraints, is curved in the
presence of a non-vanishing cosmological constant. However, the torsion constraint, which
encodes the gauge symmetries does not depend on the cosmological constant. To have a
deformed symmetry realization at the quantum level means that some ad hoc treatment
needs to be done in the quantization process.

It is therefore natural to look for a different formulation of the theory such that the
torsion constraint encoding the gauge symmetry is depending on the cosmological constant,
already at the classical level.

We want to identify at the classical level a new pair of variables leading to a new set of
constraints all depending on A, from which the quantum group structure will eventually
emerge naturally.

2In fact, as we will see in Section 2.3, the deformation parameter we use in the classical theory is k. g
encodes both k and reduced Planck constant /# and is used in the quantum theory. The term “g-deformed”
is used here to be consistent with the quantum theory.
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This can be done by implementing a canonical transformation generated by a boundary
term to the action. Such an added boundary term keeps the equations of motion unchanged
but deforms the notion of torsion. The deformation parameter was actually proposed [72]
after the construction of the discrete theory [10] and the quantum theory [39]. We will see
in Section 2.5 then Chapter 4 that the desired quantum group symmetries show up after
the standard quantization process due to precisely our particular choice of new variables.

2.1.1 The new action

We now review the canonical transformation introduced in [72]. We introduce a constant
vector n = n®r, whose norm is constrained to be given by the cosmological constant
i.e. n> = —/A. We also demand that dn = 0 and that n is constant under the variations
i.e. on = 0. We add a boundary term to the action (1.14) as follows.

Shprle,w] = _/M e’ A\ (Fa+S§Ea) —/BM d*z E,n" .
:—/MTr(eA(F—I—ng))+d(E.n)). (2.1)

Consider the foliation M = X' x R, the variation of the new action

68 pr = —/ Tr (de A (F + sAE) + dw A d,e) —/ o,
" O = (dw, N €e* + [de A e]jna) = (6(wa — €anc€’n) AN €®) (2.2)
leads to a new symplectic potential which reads
O =Tr(6ANe), Aw,e]=w—[e,n], (2.3)

where A is the new connection. The change of variables (w,e) — (A, e) can be viewed as
a canonical transformation, which is generated by the boundary term |, or ITT(E-m). Note
that we still demand the boundary condition de|sx, = 0 in the new variable analysis. One
can thus re-express the curvature F[w] in terms of the new connection,

Flw] =d(A+ [e,n]) + %[(A + [e,n]) A (A + [e,n])]
= FA] + dlen] + [A Ale,n]] + 5[len] Afe,n] (2.4)
= F[A] +dale,n] + %[[e,n] A e, n]].
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Let us denote F[A] by F” for short. Then the new action (2.1) can be re-expressed in terms
of the new pair of variables (e, A) as

Shprle, 4] = _/

1
Tr (e/\F’+e/\dA[e,n]+§e/\[[e,n]/\[e,n]]
M

+ Sge AleAel + %d (le A e]n)) . (25)

This expression can be dramatically simplified. Firstly, the third and fourth terms cancel
according to the identities

Tr (e A [[e,n] A [e,n]]) = g€’ €°0" A €' A €’ n™n’

= se¥, e* Ae' A(e"n™n’ — e’'n™n?)
_ 1 (2.6)
= sTr(e Ae)Tr(e A [n,n]) — gsTr(nn)Tr(e AleAel)
A
= —ngr(e NleNe]).
The second and last terms combine to give?
1
Tr <e ANdle,n] +eA[AA]en] + §d([e A e]n)) = —Tr(E Adan) (2.7)
Therefore, when using the new connection, the action takes a simple form
SABF[e,A]:—/ Tr(e N\F' — EAdyn) . (2.8)
M

We now take e and A to be independent variables. The variation of (2.8) gives the equations
of motion

—Js(éeBF — (' =F —[eANdsn]~0, (2.9)
—55;5%? — T’ '=dye+[E,n ~0. .
The symplectic form can be written as
0y, = —/ Tr (6A A de) . (2.10)
by

3To show that the second and last terms in (2.5) combine to give (2.7), we apply the cyclic symmetry
for the expression Tr(A A [B A C)]) = (1)) Tr(B A [C A A]) = (=1)PF)Tr(C A [A A B]) where A
is an m-form, B is an n-form and C is a p-form. Also note that n is a O-form so we dropped the A to
simplify the expression.
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With this new symplectic form at hand, one can study the algebra of symmetries by
performing the same analysis as we did in Chapter 1. We describe this analysis in a
concise manner in the next subsection.

2.1.2 The new symmetry algebra and the Manin pair

Let us now study the local Lorentz transformation 0. and local translation (5;} of the
new pair of variables, compared to (1.19). Note that since n is taken to be kinematical,
S in=é,n=0.

sie=le,a], 6 A=dsa+[e[n o], dje=dsd+[led,n], 6 A=][p dan].
(2.11)
Only the Lorentz transformation of the triad is unchanged and the other transformations

have different shapes. Therefore, we expect a new Poisson structure of the boundary
charges (J,, P,).

We first apply the contraction for the symplectic form with the transformation vectors
to get the boundary charges

2y = —0J, = J,=— [pa.(dse+[En])+ [jae’ ~ [jae,

2.12
L(;(/;QE:—(SP(; — P,=— [, ¢"(F, —[endan],) + [(¢"Aa ~ [4 ¢°A, . (2.12)

Indeed, the symplectic form generates the new Poisson brackets

{AL(@), €f(y)} = ¢/ 0%%(w —y), {AL(x), A(y)} = {ef(2),e5(y)} =0, (2.13)

from which the Poisson algebra of the symmetry charges read

{ar J5} = Ja (2.14a)
{Ps: Py} = Flsim +/5Tr([¢,w]dn) , (2.14b)
{Jos Pi} = Plag) + Jigjamy + /STY (¢da) . (2.14c)

Let us now compare this Poisson algebra and (1.31). Firstly, the subalgebra (2.14a) of
{J!} is the same as that of {J,}. Recall that we imposed dn = 0. We also assume that
dals = 0 so that the central charges in (2.14) vanish. In this way, the charges {F;} form
a closed algebra (depending on the vector n), which is the major difference from the case
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of the algebra for {P,}. Finally, the mixed Poisson bracket (2.14c) is expressed in terms
of both charges J), and P} with a structure related to the notion of a Manin pair, in the
language of Lie bialgebra [135]. We refer readers to [72] for more details. A brief review of
the Lie bialgebra for a general Lie group is given in Appendix A.1.

Since the algebra of {Pé} depends on n, it is convenient to choose a specific direction
for n. We denote the sign of A by o. For the Euclidean signature with a positive A, we
choose n* = (0,0,i4/|A4|) and the metric n = (+,+,+), while for other cases, we take
n* = (0,0, —0s4/|4]) and the metric n = (+, —os, —o) [72]. They all give n’n, = —A.
Specifically, when A = 0, n = 0 or n is null (resp. Grasmannian) in the Lorentzian
(resp. Euclidean) case.

We notice that the on-shell version of the symmetry charges (2.12) are

J! =~ /STr(ae) =Jo, Py~ /STr(gbA) = /Tr(qzﬁ(w + [n,e€])), (2.15)

S

which can be quantized to be the generators

J,, = J* =1 Pl — Py+eqen’JC = p,, (2.16)

where J*, P satisfy the commutation relations (1.38). (To be consistent with literatures

[11, 12], we will use 7* and p, to denote the generators and also denote x = y/|A|.) They
satisfy the Lie brackets

a bl _ ab_c

(7%, 7°] = a1 -

__ .ab
ac _€c

(2.17)
B = (107 — n40p)

[Pa, Pb) = BEppe ,  Where

(7% po] = " — A pe

We recognize the Lie algebra structure of the classical double! 9, = su(s) > an(2). In
other words, su(s) and an(2) form a Manin pair. Another important structure of a Manin
pair is a bilinear dual map (, ) : su(2) ® an(2) — C such that

<Ta7pb> = <pba7_a> = 51?’ <7_a77-b> = <paapb> =0. (2'18)

The simplest case among the four cases is the Euclidean signature with a negative
cosmological constant, i.e. (s = +,0 = —), as 7%’s are generators of SU(2) which is a

3The reason that we need to single out the parametrization for the case of (s = +, A > 0) is that the
isometry group s0(4) does not possess an Iwasawa decomposition.
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compact group and sl(2,C) = su(2) > an(2) admits an Iwasawa decomposition. We will
focus on this specific case in the rest of this thesis.

Therefore, by performing the canonical transformation, the new connection A is still
su(2)valued while the triad e now takes value in an(2). Since the torsion constraint 77 (2.9)
is written in terms of the triads and n, this implies that the gauge symmetries are deformed
by the cosmological constant. We will see this will result in the deformed kinematical phase
space in loop gravity upon a proper discretization process which we now briefly describe.
More details can be found in [72].

2.2 Discretization of variables

In this section, we briefly summarize the discretization procedure from the new continuous
variables (A(Z),e(¥)) on X we just obtained to discrete variables living on graphs, which
was detailly described in [72]. (The A = 0 case was illustrated in more details in [91, 189]).
It leads to the basic discrete variables for the g-deformed loop gravity phase space. The
discretization process can be separated into two steps. The first step is to consider a
triangulation® of the manifold X, from which one can construct a graph dual to it. The
second step is to truncate the infinite number of degrees of freedom on X' to a finite number
of degrees of freedom on the graph by solving the constraints within each triangle.

Let us now fix the terminology and notation as follows. In the triangulation picture, a
2-simplex, or 2-skeleton, is a triangle, denoted as A\; a 1-simplex is an edge, denoted as €;
and a O-simplex is a vertex, denoted as v. The boundary of a A, composed of three edges,
is denoted by 0. We will also consider the oriented dual 2-complex of the triangulation
embedded in X', which we call the graph and is denoted as I'. ' is composed with faces
f’s, links e’s and nodes v’s. Indeed, such a graph is 3-valent, meaning that each node is
attached to three links. When e is incident to v, we denote e € v. When e is on the
boundary of f, we denote e € 0f. One face f is dual to one vertex v; one oriented link e is
dual to one edge €; and one node v is dual to one triangle /A. By I" being oriented, we mean
that f’s are oriented to the orientation of 3’ and that each e is given an orientation. In this
way, we can also fix the orientation of all the edges €’s in the triangulation by demanding
that the orientations of e;, €; and X satisfy the right-hand rule, where e; is dual to €;. An
example is illustrated in fig.2.1.

4The symbol “><” means there is mutual action between the two subalgebras su(s) and an(2). See the
explicit action e.g. in [72].
5More generally, one can consider the cell decomposition of X, where each 2-cell is isomorphic to a
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Figure 2.1: Trianglulation (in black solid) for X' composed of three tiangles and its oriented
dual graph I (in red dashed). Each link e; is dual to the edge €;. The orientation of X
is pointing out of the paper. Then the orientations of ¢;, e; and X' satisfy the right-hand
rule.

The triangulation described above is the first step of the distretization process. The next
step is to truncate the degrees of freedom to edges and vertices. This is done by solving the
equations of motion (2.9) within each triangle. The solution gives Apn = Ax+ea € s5l(2,C)
associated to each 0A, or equivalently A, = A, + e, associated to the node v dual to A
in the graph picture. The solution A, is parametrized by an SL(2,C) element G, which
can be written, by the Iwasawa decomposition, into the product of an AN(2)® element z,
and SU(2) element h,, i.e. G, = x,h, [72]. Explicitly,”

Av = hytdhy £ (b (2,1 ) o)y
e, = (h;! (odp) ) gn2) ’
(2.19)
where the subscript su(2) means taking the su(2) part of the sl(2, C)-value variable h, ' (z, 'dz,)h,.
Likewise for the subscript an(2). As we have solved the constraints at any point, say p € X,

A, = G, 1dG, = (z,hy) 'd(2h,) =

polygon. For each n-gon, one can add n — 3 edges connecting a randomly selected vertex and all other
vertices to decompose it into n — 2 triangles, each of which has at least one side coming from the original
n-gon. Thus triangulation can be viewed as the most elementary cell decomposition.

In some literature, AN(2) is also denoted as SB(2,C) standing for the special Borel group. We will
describe more details on this group in Section 2.3.

"Consider the gauge transformation by G, of the connection A%,

AV = A, =Gt AG, + GG, .

Since AY = 0 is a solution to the flatness F[A,] = 0. One can gauge fix A9 to 0 then the expression of
A, = G;1dG, is the gauge transformation of the connection at 0 which preserves the constraint
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within A\, the solution A, in general can be written as a function A,(p) = (G, 'dG,)(p) of
the point p. When p is v, we gauge fix G, (v) to be I, then it is natural to view G,(p) = Gy,
as the holonomy along a path from v to p. We also take the convention that G,, = G;pl.
The symplectic form (2.10) on X' can thus be written as the the sum of that on each trian-
gle A (or its dual v), each of which can be shown to be equal to the sum of the symplectic

form on the boundary edges e € 9A [72], that is
.1
Q5 = Z 0, = ZGZM 2=~ Z /UTr(dAU ASA,). (2.20)

Figure 2.2: (a) Two adjacent triangles A (left, dual to node v) and A’ (it right, dual to
node v’) sharing one edge € whose source and target vertices are s(é¢) = v and t(e) = v/
respectively. The SL(2, C) holonomies G5, Gy, G, Gy (in dotted blue) are constrainted
by the relation G;Gsy = Guy Gy (b)Taking the Iwasawa decomposition of the SL(2, C)
holonomies given in (a), the relation G,;Ggy = Gu5 Gy can be rewitten as fu = @l where
these elements are defined in (2.24).

Now we consider two triangles /A - dual to node v - and A’ - dual to node v’ - who share
one edge € as illustrated in fig.2.2. For sake of continuity, we demand that A(p) defined in
the frames A and A\’ share the same value on e, that is

Au(p) = Aylp) = GpdGyy = GpwdGy,, VYpee. (2.21)

Let Gpy = GpGyy. Pluging in the right equation of (2.21), one arrives at G,y being a

constant. This implies that
GU’BG’U’U/ = Gvﬁ’GT)’v’ . (222)
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This is illustrated in fig.2.2a. Taking the Iwasawa decomposition G,, = Z,ph,, while
Gpo = hpypy (like wise for Gy, and Gy ), (2.22) is equivalent to

Tophoshow Vo = T o gty T = TyoToshoo oy = g Mgy T Vs (223)

If we define the group valued variables

(f, E) = (ﬂfglvxv{), .I{)/vlﬂfvlﬁ) c AN(2) 5 (U, ﬂ) = (hvf}hﬁvl, hv@/hqjlv/) - SU(Q) s <224)
then (2.22) is equivalent to the constraint
tu =l (2.25)

as illustrated in fig.2.2b. The variables /, Z, u, u are used to contruct the g-deformed loop
gravity phase space which we will describe in Section 2.3, and (2.25) is essential to define
the so-called “ribbon structure” therein. A key question is whether such a phase space
can be deduced from the symplectic from (2.10). It was shown in [72] that it is indeed the
case. In particular, it was proven in [72] that the symplectic form for the shared edge € of
two triangles A, A" (whose dual nodes are v and v’ respectively) gains contribution from
both triangles and takes the form of 8

_ _ _ 1 - 2
0F =0 — Q= —§/Tr <5aa—1 NSO+ uSu A z—lae) . (2.26)

On the other hand, the Poisson bracket between the variables ¢, ¢, u, & can be obtained
in the covariant phase space formalism using the new symplectic form (2.20) as we did in
Chapter 1. A systematic but lengthy calculation gives rise to the Poisson brackets neatly
written in the Poisson-Lie group language which we describe in the next subsection (see
(2.35) and (2.36)). We refer to [72] for more details. See also a similar discretization
process for the flat case in [91, , 188].

At the end of the day, the truncation of degrees of freedom leads us from a phase space
on 2’ to a phase space on I, which contains a finite number of degrees of freedom at the
kinematical level. Note that SU(2) and AN(2), as subgroups of SL(2,C), are of the same
footing, hence one can decide at this point which subgroup we choose as the configuration
space then the other subgroup would describe the conjugate momentum space. This is
called the choice of polarization [71]. To emphasize the notion of deformed loop gravity, we
choose SU(2) to describe the configuration space, which is the same as in loop gravity. Then
the momentum space is given by the AN(2) group, which can be seen as a deformation of
R3, the momentum space of loop gravity with A = 0.

8The minus sign before (2/5 is due to the fact that the edge € is oriented oppositely relative to the
triangles A and A\, as shown in fig.2.2a.
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2.3 ¢-deformed loop gravity phase space

In this section, we construct the phase space of the ¢-deformed loop gravity for the case
of Euclidean signature with A < 0 in terms of the SU(2) and AN(2) discrete variables we

obtain in the discretization procedure. It was first introduced in [10] and later developed
in a series of works by Bonzom, Dupuis, Girelli, Livine and the author [39, 73, 77, 12]. The
discrete variables we work with are different from those defined in [158, 159]. We will see

that our discrete variables are elements of a pair of groups forming a Heisenberg double,
which possesses a symplectic structure by definition and hence can be used to describe a
phase space. A toy model for a simple graph embedded on the torus is summarized in
Appendix B.2, which was illustrated in more detail in our published work [77].

2.3.1 Ribbon for one link

We first consider a single graph link, whose phase space is described by SL(2, C) as a group.
The relevant mathematical frameworks are the classical double (at the Lie algebra level)
and the Heisenberg double (at the group level), which we review in Appendix A.1. Provided
the symplectic structure, SL(2, C) is equivalent to a Heisenberg double D(SU(2)) of SU(2)
with the dual group SU(2)* = AN(2), the group of 2 x 2 lower triangular matrices with
positive real diagonal entries and determinant 1. We parametrize an AN(2) element ¢ as

(A0 +
€_<Z )\_1), AeRT, zeC. (2.27)

We write D(SU(2)) = SU(2) < AN(2) with p< inheriting from the Lie algebra mutual
action. Their duality and the Poisson structure are also built from the Lie algebra level.

Since we fixed the signature and the sign of A, we can now write out explicitly the
SU(2) and AN(2) generators

T" = % €su(2), p*=ix(r*—i[r* 1) € an(2)
i
0 —i 0 -1 i 0
() V) ()
—
1 00 9 _ 00 s . s {1 0
pr=int =r( | o), pP=—nm=r{ o), =T =51 ;)
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Mathematically, the Lie algebra structure of an(2) is determined by a cocycle 0, which is
a map 0 : su(2) — su(2) ® su(2). This defines a Lie bialgebra (su(2),5). On the other
hand, adding a cocycle J, : an(2) — an(2) ® an(2) to an(2) Lie algebra that determines
the Lie algebra structure of su(2) defines the Lie bialgebra (an(2),d,). These cocycles act
explicitly on the generators as

0(r%) = (0505 — 8.05)T @7, 0ulpe) = € pa@py  —

k(3507 — 0305)pe

(2.29)
where the Lie algebra (2.17) of su(2) and an(2) introduced before with the chosen parametriza-
tion n = (0,0, k) is recovered. The bilinear form dualizing su(2) and an(2) is

[pzu pb]

(M, N = —%Im(Tr(MN)) M, Nesi(2,0), (2.30)

thus (p,, 7°) = 0%, {pa, pp) = (7%, 7°) = 0 as desired. Given the representation of the
generators, one can also compute

[T, po] = 5(8,05 — 0p05) 7" + €, e, (2.31)

which is consistent with (2.17). Together with (2.29), they are precisely the Lie bialgebra
structure of the classical double (9(su(2)), d,) which is a quasitriangular Lie bialgebra with
the Lie algebra d(su(2)) = su(2) o< an(2) and the cocycle &, (See (A.13) for its action on
the Lie algebra objects). It is called quasitriangular in the sense that the cocycle §, is a
coboundary §, = Or of some cochain such that satisfies a so-called classical Yang-Bazter
equation. Such a cochain r € 0 ® 0 is also called the classical r-matriz, or r-matrix for
short.? We denote r = rjp = > T ® T[], To1 1= ) T2 @ ). More generally, 7;; means that
rpp is in the i-th vector space, 7 is in the j-th vector space and all other vector spaces
are identity. Using this notation, the classical Yang-Baxter equation is expressed as

(719, T13) + [r12, 23] + [r13,723] = 0. (2.32)

In the fundamental representation, an r-matrix for d(su(2)) giving rise to the commutators
(2.29) and (2.31) can be written as a 4 x 4 matrix

1 0 0 0
. ik 0 -1 4 0
r=->r1 =710 o _1 o |EM@Dem) o0, (2.33)
‘ 00 0 1

9See Definition A.1.2 for an alternative but equivalent way to define a quasitriangular Lie bialgebra
that is the classical version of the definition A.2.1 of a quasitriangular Hope algebra.
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Exponentiating the Lie subalgebras su(2) and an(2) of 9(su(2)), one obtains the Heisenberg
double (D(SU(2)), ), whose Poisson structure 7y is fully determined by the r-matrix
inheriting from d(su(2)). Explicitly, the Poisson bracket is given by

{dl, dg} = —T‘Qldldg + dldzT = ledg — d1d2T21 s Vd S SL(2, C) s (234)

where we have used the standard notation dy = d ® |, dy = | ® d. The last equality in
(2.34) is guaranteed by the fact that the symmetric part 7, = 1(r + r21) of the r-matrix is
a Casimir hence [rs, d1dy] =0

On the other hand, since the two subgroups SU(2) and AN(2) are of the same footing,
one can equivalently write the phase space as the Heisenberg double D(AN(2)) of AN(2)
with a different r-matrix 7 € an(2) ® su(2) exchanging the generators on the two subspaces
from (2.33) in the fundamental representation, i.e. 7 = 191,79 = r. The two different
ways of viewing the phase space SL(2,C) correspond to the only two possible [wasawa
decompositions of a given SL(2,C) element d. We refer the decomposition d = fu with
¢ € AN(2),u € SU(2) to be the left Iwasawa decomposition and d = @/ with / € AN(2), 4 €
SU(2) to be the right Iwasawa decomposition. Then from (2.34), we can deduce the Poisson
brackets between ¢ and w [10]:

{51,52} = —[7"21,5152} ) {51,@62} = —liro1ug , {u17€2} = loruy , {Ul,u2} = —[73 Uluz] )
. (2.35)
and the Poisson brackets between ¢ and :

{1, o} = [ror, Gils] . {l, 02} = —Toranly, {1, b} = Wwrly, {, G2} = [r, U1ls).
(2.36)
It is easy to check that the equivalence of the left and right Iwasawa decomposition forms
a second class constraint (meaning that they do not close under Poisson brackets), which
we call the “ribbon constraint”

C=/lul"ta ", (2.37)

The name “ribbon” will become clear when we represent graphically these two equal Iwa-
sawa decompositions. Concretely, a link e is thickened into a ribbon R(e) with

e long links, parallel to e, carrying SU(2) elements u, u called holonomies

e short links carrying AN(2) elements £, ¢ and called fluzes [40].

This is represented in fig.2.3 together with a choice of orientations (detailed below). We
have fixed the orientation of the long ribbon links decorated with v and @ to be opposite
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Figure 2.3: The ribbon graph associated to the ribbon constraint. The ribbon carries
two pairs of variables (¢,u) and (¢,%). The ribbon constraint associated to a ribbon is

represented as the trivialization of the ribbon loop ful—1a 1.

to that of the link, which automatically fixes the orientation of the two short links of a
ribbon to have the ribbon constraint (2.37) satisfied.

By solving the ribbon constraint, we obtain the Poisson brackets between (¢, ) and
(£, u):

{{1#12} = —ralyty, {51,U2} = —lyugryy {U17£2} = louyr,, {{Ll;gQ} =il ,
{El,fg}:(), {thUQ}:O.
(2.38)

Consider the fundamental represenation of SU(2) and AN(2) variables, each of the Poisson
brackets written in the form of (2.35), (2.36) and (2.38) is a 4 x 4 matrix of Poisson
brackets. Writing out the matrix elements of ¢, u, ¢ and @, one can write out the explicit
Poisson brackets of these matrix elements. We collect these Poisson brackets in Appendix
B.1. The dimension of the phase space for a ribbon is 12— 6 = 6 upon imposing the ribbon
constraint, thus consistent with the dimension of SL(2,C).

It is important to notice that there is another version of the ribbon constraint available.
Indeed, in the definition, we used the lower triangular matrices. But instead, we could use
the upper triangular matrices. The equivalence between the two formulations can be seen
by using the composition of the adjoint and inverse on the ribbon constraint,

C=tulu™ — M= Myuita, (2.39)

which amounts to replacing ¢ and { with respectively ¢~!f and sl (and similarly with
u, it but obviously u=! = u for any u € SU(2)). Therefore, only the short link structure is
changed, as in fig.2.4. The associated transformation preserving the Lie algebra an(2) is
given by p' — —(p%)T. As a consequence, one switches the r-matrix by r — —rf = ry;. All
Poisson brackets are given in Appendix B.1.

Deformed flux vectors. Combing the two parametrizations together, we construct
the Hermitian matrices 01 =: X = kXol — kX - & and (T = X = gX Pl — kXP . &
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Figure 2.4: The conjugate ribbon structure defined in terms of upper triangular matrices.

where the traceless parts give components of vectors X and X°P. Written in terms of the
parametrization (2.27), they read explicitly

X =t ( A2 Az ) Xo = 5 Te(el) = (N + A2 + [2])
T a2z ) X = — L Tr(0075) | (2.40)
o iy _ ( A2 4 |Z|2 N lz > Xgp =Xy .
Ala AT )| Ree — _ LTy(eiyg)

where the 4-vector X*(u = 0,1,2,3) lives on the space-like 3-hyperboloid in the 3+1
Minkowski space, X*X,, = X7 — X? = k2. The deformation parameter  clearly plays
the role of the curvature. The 3D component of X* defines the flux vector X at the ribbon
source.

Similarly, X and X°P can be written in terms of the tilde spinors in the same way.
They are stable under the adjoint action of SU(2),
X=u"'Xa, u'XPy=X°P, (2.41)

which is the same transformation of the flux vectors in the flat case as we will see in Section
2.5. They capture the deformed geometry of the discretization of X', which possesses the
hyperbolic nature [10]. In particular, the Gauss constraint for a three-valent node describes
the closure of a hyperbolic triangle, whose side lengths are given by the vector X’s or X°P’s
for the corresponding side (see [10)]).

SU(2) transformations. Write w = |+i€-d an infinitesimal SU(2) group element. Then,
the variation of a phase space function h under a left infinitesimal SU(2) transformation is
given by [10]:

Sch = A2k HTIWX, b} = - A2k {202 + e Az + e, A2, A}, (2.42)

where W =¢,(l + 0,) + e_o; + e;0_ and X is the flux vector defined in (2.40).
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Change of edge orientations. The way we associate variables to the sides of a ribbon
has been described above, as in fig.2.3. Changing the orientation of an edge is an involution
m which has the following effects on the variables,

miu—at, m:le 7! (2.43)

and since it is an involution, m(u) = v~! and m(¢) = (1.

2.3.2 Ribbon graph and the first-class constraints

Considering now a full graph I" embedded in X, we thicken it into a ribbon graph I} by
thickening every link into a ribbon in the same way as in fig.2.3, where all ribbons are
embedded in Y. An example is given in fig.2.5.

€4 €5
€1

€2 €3

€6

Figure 2.5: A graph I" (on the left) and its correspondent ribbon graph I (on the right).

As such, a ribbon graph contains three types of simple faces (with no links inside):

i. faces within the ribbon R(e)’s for which the ribbon constraints are imposed - these are
the faces in grey in fig.2.5;

ii. faces surrounded by the short links of the ribbons decorated with fluxes only - these
are fat nodes - we call them ribbon nodes. If v is a node of I', then let R(v) be the the
corresponding ribbon node in I5. In fig.2.5, these are faces R(v;), R(v) and R(vs).
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iii. faces surrounded by the long links of the ribbons - these are the faces from the original
graph. There is one such face - f in fig.2.5.

Within each ribbon R(e), the holonomies and fluxes satisfy the Poisson brackets (2.35),
(2.36) and (2.38), while variables from different ribbons commute. Apart from the ribbon
constraints, we also have two sets of first-class constraints, namely the Gauss constraints
which are associated to nodes and the flatness constraints'® which are associated to faces.

The Gauss constraints and the kinematical phase space.  For an n-valent node v,
the Gauss constraint imposes that the ordered product of the fluxes along the short links
of R(v) is trivial. Explicitly, the Gauss constraint reads

— 6 if o =1
gv = ?ge' v ge- v = N ' ) 2.44
[[ee. ; it o =-1 (2:44)
where o; = 1 corresponds to an outgoing link and o; = —1 corresponds to an incoming
link. For instance, the Gauss constraint for R(vs) in fig.2.5 is G,, = €5 "lgl3 =~ I.

The Gauss constraint generates SU(2) transformations. A phase space function h trans-
forms under the infinitesimal rotation parametrized by a infinitesimal vector € as [10]

(55h — —H_l HAZ—2{TI'(nggl)7 h}; with W = < 2662 60_ ) ) (245)
i=1 *

where A, is the first diagonal element of the matrix (2.27) of the i-th flux, /., ,, in G,, that
is \; or \; L.

Alternatively, one can use the parametrization with ¢ and ¢' for the fluxes as in fig.2.4.
Then the Gauss constraint is transformed accordingly

G, — G, (2.46)

and we have the same action in terms of the symmetry if we consider

—€1  2e,

b=~ [IAHTOV (G,61) )by, with T = ( L > 24D
=1

10We call them the flatness constraints to match the notion in loop gravity, but they do not impose
the zero curvature but a constant curvature. In other words, curvature excitation is defined on top of the
constant curvature given by the cosmological constant.
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where A; is still A; or 5\; ! according to the orientation of the link e;.

In fact, such a parametrization is not only an alternative one but a necessary piece for
constructing the complete kinematical phase space as ¢ and 1 only contain 2z and z in their
matrix elements, while one also needs access to their complex conjugate counterparts z and
Z which are stored in =1 and ¢T respectively. We will see in Chapter 4 that both z and z
(as well as Z and Z) are needed to construct the U, (su(2)) generators upon quantization.

Gauss constraints generate local SU(2) transformations through the Poisson brackets
[10, 41]. As usual in symplectic geometry, first-class constraints are not only imposed but
one also needs to quotient out the phase space by the orbits they generate. This is called
the symplectic quotient. Here, one obtains Py, = SL(2,C)¥//SU(2)V which is called the
kinematical phase space, where E/ and V' denotes the number of links and nodes in I".

It was shown in [10] that the Gauss constraint for a trivalent node geometrically rep-
resents the hyperbolic cosine law, implying that the kinematical phase space describes
hyperbolic discrete geometries (more particularly hyperbolic triangles in that case).

The flatness constraints and the physical phase space. For a face surrounded by
m long links, the flatness constraint imposes that the ordered product of the holonomies
along the long links of ribbons is trivial. It is expressed in a similar way as the Gauss

constraint,

Fr= Hzmuei,fv Ue;,f = ) (2.48)

a7t if oy =—1
where the orientation is relative to the orientation of f, which is naturally generated by the
orientation of Y. Flatness constraints generate (deformed) translations [10]. The physical
phase space is then obtained via the symplectic quotient of the kinematical phase space by
the flatness constraints, Pphys = Piin//AN(2)F with F the number of the faces in I.

We also give an explicit example of the phase space for a simple group embedded on a
torus in Appendix B.2 and construct with the holonomies and fluxes of the ribbon graph
the physical observables which form the Goldman brackets [122]. This will be compared to
the Fock-Rosly phase space structure which we will describe in the next section. We also
refer to [77] for more details.

Up to now, we have developed the g-deformed loop gravity phase space in terms of the
holonomy and flux variables. The use of the r-matrix is reminiscent of the phase space
constructed by Fock and Rosly [85], which became well-known after it was used by Alekeev,
Grosse and Schomerus to define the combinatorial quantization of the Chern-Simons theory
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[7, 8]. This hints that there may be an explicit relation between our deformed phase space
and the Fock-Rosly one. This is indeed the case as shown in [77], which we describe in the
next section.

2.4 Relation with the Fock-Rosly construction

As illustrated in Chapter 1, 3D Euclidean gravity with A < 0 can be reformulated as
an SL(2,C) Chern-Simons theory. The symplectic structure of the moduli space of flat
SL(2,C) graph connections up to SL(2,C) gauge transformations can be described by the
so-called Fock-Rosly brackets. Quantizing this bracket and promoting it to commutators
of operators leads to the combinatorial quantization of Chern-Simons theory [7, 8, 53].
The question we want to explore is whether the 3D g-deformed loop gravity framework
could be reconciled with the Fock-Rosly phase space. This can be seen as a first step to
understanding the relation between the LQG approach and the quantum Chern-Simons
theory. To be explicit, we work on a toy model when X' is a torus. This is the simplest
compact 2D manifold with a non-trivial topology, which allows us to construct non-trivial
global observables.

2.4.1 Fock-Rosly construction

Let us first briefly review the Fock-Rosly construction introduced in [35]. It is built on
a compact, oriented Riemann surface. We consider a cell decomposition of that surface
and focus on the graph defined by its 1-skeleton. We consider a Riemann surface with no
boundaries for simplicity'!. We define a graph connection, as in lattice gauge theory, by
assigning an SL(2, C) group element, or holonomy, to each oriented link of the graph. The
Fock-Rosly construction provides the space of flat graph connections with a symplectic
structure compatible with gauge transformations. More precisely, we impose the flatness
of the SL(2,C) connection around every face of the graph and consider equivalence classes
under SL(2,C) gauge transformations at every node of the graph.

For this purpose, we introduce another combinatorial structure to the graph, a linear
order, denoted as <, of the links around each node. This is visually realized by adding a
cilium at each node, separating the links of the lowest and highest order. For each link «,
we denote as s the half-link incident to the source and o the opposite half-link incident
to the target. When two links o and (8 are incident to a same node v, i.e. o, € v, a < (8

HFock-Rosly phase space is also defined for Riemann surfaces with boundaries [35].
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€3

Figure 2.6: One node with three incident links eq, es, e3. The thick short strand represents
the cilium sitting at the node. The linear order of three links reads e; < ey < e3.

(or equivalent 8 > ) represents that link 3 is of higher order than « relative to the node
v. (When the orientation is specified, say o), B € v, it is clearer to say a() < B).) It
means when one sweeps the cilium sitting on v in the direction induced by the orientation
of X, the cilium meets with a before . An example is shown in fig.2.6. A graph with a
linear order on each node is called a ciliated graph. On a ciliated graph, we further assign
an r-matrix r(v) to each node v. Each r-matrix is decomposed as r(v) = ry+7,(v) in terms
of its symmetric part 7, = 3 (r(v) 4721 (v)) and its antisymmetric part r, = $(r(v) —r2 (v)).
As the notation suggests, we require that the symmetric parts r, of the r-matrices are all
the same and do not depend on the nodes, while their antisymmetric parts r,(v) are left
free. This allows us to define a Poisson structure on the space of graph connections by the

following bivector [35]:

TER = ) ( > )X AX] + % > riw)Xe A X;‘) : (2.49)

v a,Bev;a=<p acv

where X = L + RY is the sum of the right-invariant vector R{ and the left-invariant
vector L§ associated to the SL(2,C) group element on link « and the basis ¢; € sl(2,C).
They act on functions F € C*(SL(2,C)¥) as

d

Liaf(gaa"')za

flgae’,--). (2.50)

v=0

f(eiutigav"')ﬂ Riaf<ga7'”): %

v=0

The bivector mpg defines the Poisson brackets for all configurations. It would be clearer to
write the Poisson brackets for different cases out. Let us call G¢ € SL(2,C) the holonomy
along the link e. We call s(e) and t(e) respectively the source and target nodes of the
link e. Then the Fock-Rosly bracket {G¢, GS }rr between the holonomies along the two
links e and ¢ is defined by distinguishing the various configurations (the list below is not
exhaustive but representative):
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For a single link e with distinct source and target, i.e. s(e) # t(e):

{GY, G5}rr = ra(s(e)) GG + G{Gr(t(e)) . (2.51a)

For a single closed curve e oriented counterclockwise, i.e. s(e) = t(e) and ey < eq:

{(GS, G5 pn = 1aGSGS + GG, + Gora GE — GErG,. (2.51b)

For a single closed curve e oriented counterclockwise, i.e. s(e) =t(e) and ey < e(y):

(GS, GSYpm = 1aGEGS + GEGSr, + Goran G — GErGE . (2.51c)

For two links e, ¢ with the same source but different targets distinct from the source,
i.e. s(e) = s(e’) but s(e), t(e), t(¢') all three distinct, and e(s) < €],:

{GS, G5 Yrr = 1G5 Gs (2.51d)

For two closed loops e, €’ intersecting at a single node, i.e. s(e) = s(e') = t(e) = t(¢'),
with the order e¢) < e’(s) < ew < e/(t):

{GS,GS Ypr = rGSGS + GSGS T+ GS 1oy GS — GSrGY, (2.51e)

All the Poisson brackets between two non-intersecting links vanish. Then the gauge trans-
formations at nodes, G° — Hs(e)Gth_(el) for H, € SL(2,C), is a Poisson map leaving the
Fock-Rosly bracket invariant [85]. This confirms that the Fock-Rosly brackets provide the
moduli space of flat graph connection up to gauge transformations with a symplectic struc-
ture. One can further show that the definition of the Fock-Rosly bracket is stable under
contraction and deletion of links and leads to the so-called Goldman bracket [35].

If we compare the Fock-Rosly Poisson brackets (2.51) and those of the g-deformed loop
gravity ((2.35), (2.36) and (2.38)) on the same ribbon graph I, they look very different.
Apparently, in the ¢-deformed loop gravity phase space, variables from different ribbons
Poisson commute even though they are assigned on two ribbon links intersecting to the
same node in I};. This is not the case in the Fock-Rosly phase space. In fact, we will
explain below that one needs to go one step further and introduce a “fat graph” It and
that the g-deformed loop gravity on I turns out to result from the Fock-Rosly structure
on [}, by a partial gauge-fixing.
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2.4.2 Gauge fixing of Fock-Rosly on the torus

In this subsection, we show that the loop gravity phase space for a given graph can be
obtained from the Fock-Rosly phase space through a particular gauge fixing. We will start
from the Fock-Rosly setup on a fat graph [}, fattened from a ribbon graph I', with special
assignments of r-matrices and cilia on nodes. Then we apply some particular gauge-fixing
to the holonomies on links by acting with some gauge transformations on the nodes one
after the other one. The gauge fixing process can change the values of the holonomies to
our preference but does not change the Poisson brackets. It allows us to fix the holonomies
on the auxiliary links to be the identity, which means one can shrink these auxiliary links
and change I, to I;. In this way, we get a ribbon graph with the loop gravity phase space
structure from a bigger graph with the Fock-Rosly phase space structure.

U A AV
u u
Y > S— >
v TR/
= < > R(e1) (y R(v) v/
1 m 1
Yy €2 E > E
u u
f vAR(e2) AT

Figure 2.7: (left) Basic graph for the 2-torus, with two links e;, e5 wrapping around the
torus meeting at a single node v and surrounding a single face f. (right) The corresponding
ribbon graph on the torus, parametrized by ¢, ¢, m,m € AN(2) and u, @, v, € SU(2). The
ribbons, shaded in grey, are the thickened graph links.

To be explicit, we consider the ribbon graph as shown in fig.2.7, which is analyzed in
more detail in Appendix B.2. What we do here is to unfold the four 4-valent nodes of
the ribbon graph fig.2.7 into pairs of 3-valent nodes by adding an intermediate link. This
leads to a graph with twelve links, each decorated with SL(2,C) holonomies. This is the
fat graph on which we apply the Fock-Rosly structure. We note L, U, L, U,M,V,M,V the
eight group elements along the ribbon links, and P, @, S, T the four group elements on the
new intermediate links. To simplify the notations, we refer to the link through the SL(2, C)
group element it carries.

In order to recover the loop gravity Poisson structure, we assign the r-matrix r9; to
the source nodes of the intermediate links s(P), s(Q), s(S) and s(T"), while we assign the
r-matrix 7 to their target nodes t(P), t(Q), t(S) and t(T"). We further choose all the cilia

46



v .
U Y. U
T~ A

[ [~,+ fi :AL
U A ¥ U
; St o NT
2 M |-
VA i AV

Figure 2.8: A fat graph on the torus. Nodes s(P), s(Q), s(S) and s(T) (in red) are assigned
the r-matrix 791, while nodes t(P), t(Q), t(S) and ¢(T) (in blue) are assigned r. On each
node, a cilium is introduced to fix the linear order of the links around this node. The cilia
are chosen to all look into the face f;.

looking inwards to the face f; to fix the convention. A different choice of cilia would still
lead to the loop gravity phase space.

The Fock-Rosly brackets can be read directly from their definition (2.51a)-(2.51d) ap-
plied to the fat graph shown in fig.2.8. All the non-vanishing Fock-Rosly brackets related
to P are

{P1,L2}FR = Lor Py, {Lh P2}FR = —Lirg Py, {Ph UQ}FR = —rPU,,

{Ur, Boypr = roaaUs Pa, {Py, Mater = PirMa,  {My, Po}yr = —PoraiMy,  (2.52)
{Pl,Vz}FR = PirVs, {V17P2}FR = —Poro V7, {P17P2}FR = [7"21,P1P2] .

The Fock-Rosly phase space is defined on top of the Poisson brackets given above by
imposing the flatness of the SL(2, C) connection around the four faces of the fatter graph:

CH = TLPMQL'SM™, (2.53a)
ch=vQvs'\u'r'vpt, (2.53b)
Clr = LUL'U, (2.53¢)
Ch = MVMVL (2.53d)

and quotienting the SL(2,C) group action at the eight nodes of the graph.
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If we look at the Fock-Rosly brackets for the eight group elements L, U, LU M ,V, M.V,
they are the same Poisson brackets as for the loop gravity phase space parametrized by
the group elements /, u, (,@,m,v,m,v. The only difference is that the Fock-Rosly brackets
involve SL(2, C) group elements, while the loop gravity group elements live alternatively in
the subgroups SU(2) and AN(2). Thus, in order to recover the loop gravity phase space,
we perform a partial gauge fixing of these SL(2,C) group elements. We start at the node
t(T) = s(L) = s(U) and will go around the face f;. We use the SL(2,C) gauge invariance
at that node to fix T'= 1. Then moving to the following node (L) = s(U) = s(P), we use

the Iwasawa decompositions L = fu” and U = (Y« and perform a gauge transformation:

L LG = € AN(2),
ut v =0, G = ()t U — GU =uu € SU(2), (2.54)
P~ GP =(¢)WlP,

thus gauge fixing L to live in AN(2) and U to live in SU(2).

Next, at the following node, t(P) = s(M) = s(V), we perform an SL(2,C) gauge
transformation to gauge fix to P = |. Then we repeat this pair of gauge fixings all around
the central face fi. So at the node t(M) = s(V) = s(Q), we gauge fix to M € AN(2)
and V € SU(2). At the node t(Q) = t(U) = t(L) we gauge fix to @ = I. At the
node s(S) = s(L) = t(U), we gauge fix to L € AN(2) and U € SU(2). At the node
t(S) = t(V)) = t(M), we gauge fix to S = I.

Finally at the last node s(7") = s(M) = t(V), we do not do anything. The flatness
condition around the face f; automatically implies that the group element M lives in
AN(2) while the flatness condition around the face f, automatically implies that the group
element V lives in the SU(2) subgroup. Since we do not gauge-fix the group action at the
last node of the graph, we are left with a single SL(2, C) gauge invariance of our partially
gauge-fixed group variables.

This reproduces exactly the setting of the g-deformed loop gravity variables on the
ribbon graph, with the group elements ¢, ¢, m,m € AN(2) and u, @, v, € SU(2) satisfying
the flatness constraints around the 4 faces of the graph:

Ch =wa oY, Ch=tmli'mt, Ch =t tat, CM=mum o7t (2.55)

Since the SL(2, C) group action at the nodes is a Poisson map for the Fock-Rosly symplectic
structure [35], it is straightforward to check that the Fock-Rosly brackets on the original
SL(2,C) group elements L, U, L,U, M,V, M,V directly descend to Poisson brackets on the
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gauge-fixed group variables £, u, (, @, m, v, m, 0:

{51752}1?11 = —[7’2175152] ) {UhUZ}FR = —[7’, Uluz] ) {51752}FR = [7’21,5152] )

{ﬂh fb2}FR = [7‘, ﬂlf@] ) {ml,m2}FR = —[7‘21, m1m2] ) {Ul,UQ}FR = —[7“, 121?12] )

{T:nh mQ}FR = [7"21,77}177L2] ) {171,172}FR = [T, 171172] ) {51,U2}FR = —l1ro1ug ,

{b, do}pr = —tora {m1,va}rr = —M172102, {1, Da}rr = —1727“2177l(1 : \
2.956

These are precisely the (flat or g-deformed) loop gravity Poisson brackets. C/t and C/2
are still first class constraints generating respectively the gauge invariance under AN(2)
translation and SU(2) rotations, while C/* and C/* are second class constraints directly
hardcoded in the Poisson brackets. This explicitly shows that the loop gravity phase space
can be reconstructed from the Fock-Rosly description by a specific gauge fixing.

Let us stress that the partial gauge fixing introduced here mapping the Fock-Rosly
phase space to the g-deformed loop gravity phase space is very different from the gauge
fixing usually done in the Fock-Rosly approach to go from a refined graph to a coarse-
grained graph (subgraph of the original graph) by simply setting all the extra SL(2,C)
group elements to the identity. These different gauge fixings produce different intermediate
Poisson brackets, which nevertheless all lead to the same Goldman brackets on the SL(2, C)
gauge-invariant variables. See [77] for more discussion. These analysis and results can be
generalized to graphs on a general 2D manifold with no boundaries. For a given graph,
one merely needs to start from a corresponding fat graph with the Fock-Rosly Poisson
structure and apply the same gauge fixing procedure to obtain the ribbon graph with the
Poisson structure of the deformed loop gravity. For manifolds with boundaries, we need
to specify the ribbon configurations on the boundaries for the ribbon graph depending
on the boundary conditions and be careful on the gauge fixing procedure located at the
boundaries for the corresponding fat graph. We leave it for future investigation.

With such an explicit relation, it follows that the observable algebra constructed in the
Fock-Rosly phase space and the loop gravity phase space coincide. This relation builds
a bridge between the LQG quantization approach and the combinatorial quantization ap-
proach at the classical level, while the complete relation at the quantum level remains to
be explored.

2.5 The A =0 case: loop gravity

Finally, we end this chapter by considering the A — 0 limit of the g-deformed loop gravity
model developed above. To deserve the name of “g-deformation”, one needs to recover

49



the standard 3D loop gravity structure. To this end, we first review the A = 0 case of 3D
gravity in the standard description in Subsection 2.5.1. It turns out that it can be rewritten
in the Heisenberg double framework (Subsection 2.5.2) as we did in the g-deformed loop
gravity but defined with a different r-matrix and a different group. This gives a unified
construction of the discrete phase space for gravity with or without cosmological constant,
and the g-deformed phase space is then really a deformed version of the standard loop
gravity phase space. Conversely, one can also directly take the A — 0 limit of the variables
in the g-deformed loop gravity model to recover those in the flat case. We perform this
analysis in Subsection 2.5.3. This can be seen as a consistency check to further confirm
the notion of deformation. It will also be useful as a reference when we build the spinorial
phase space in the next chapter.

2.5.1 The standard phase space for 3D loop gravity

The phase space for canonical 3D loop gravity encodes the basic geometrical degrees of
freedom of a discretized 2D surface (see [71, 91] for a thorough and careful discretization).
Considering an oriented graph I', the basic building block is a T*SU(2) = ISU(2) phase
space associated to each link e € I'. For each oriented link, we define a group element
ge € SU(2) along the link and a vector #, € R® thought of as living on the source node
s(e) of the link e, as illustrated on fig.2.9. We identify this vector with an su(2)-Lie
algebra valued element x, := x%®. The group element g, gives the holonomy of the SU(2)
connection along the link while the vector z. is the discretized geometric flux transverse
to that link, defined as the integrated triad along the edge of a 2D triangulation dual to
the graph.

9" ;
o —>— 0
e Le Te = ge P> Te
(ge, ze) € SU(2) x su(2) Gy = Ee|v=s(e) Te — Ze\v=t(e) Te
(a) Oriented graph I. (b) T*SU(2) phase space on the  (c) Gauss constraint at a
link e. node v.

Figure 2.9: Holonomy-flux phase space for 3D loop gravity on a graph I

Decomposing the flux vector on the Pauli matrix basis for Hermitian matrices, . =
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z%0® (a = 1,2,3), the T*SU(2) symplectic structure is explicitly given by the Poisson
brackets:

{xemge} = U g€7 {xe7 e abcx27 {96796} = 0 (257)

We also define the flux vector at the target node t(e) by parallel transporting z. by the
SU(2) holonomy g, To = e = g, T ge, satisfying flipped su(2) algebra Poisson brackets:

~ ~a Z a a 7 G«C c
{z2, 2 =0, {xe,ge}:§gea, {72, b}—— b (2.58)

We now consider the graph I' with F links. The loop gravity phase space on [ is
defined by considering the collection of the independent T*SU(2) phase spaces living on
each link e € I' and coupling them at the graph nodes by a Gauss constraint. At each

node v € I,
= ) al- ) #e~0. (2.59)

elv=s(e) elv=t(e)

Imposing G, = 0 amounts to requiring that the incoming flux at the node v equals the
outgoing flux. This Gauss constraint generates the gauge invariance under SU(2) transfor-
mations around the node:

Velv=s(e), {G% ab} = ebexe

e

Velv=t(e), {G%ab} = ebeze

e

{ga’ gb} — Eabcgc7 (260)

The symplectic quotient of the product of the link phase spaces T*SU(2)® by the
Gauss constraint defines the kinematical phase space of 3D loop gravity on the graph
I'. In the context of loop gravity in 341 dimensions, this holonomy-flux phase space is
interpreted as discrete three-dimensional twisted geometries [108] (see also [78, 109, 100]).
Here, in 3D space-time dimensions, these are meant to represent 2D discrete geometries.
This becomes explicit once we impose the Hamiltonian constraints for 3D loop quantum
gravity, implemented as flatness constraints for the SU(2) holonomies around loops of the
graph, which implies that we can reconstruct a 2D geometric triangulation dual to the

graph (see e.g. [13, 44, 38]).

2.5.2 Poincaré group as a Heisenberg double

In fact, the Poincaré group as a phase space can also be written as a Heisenberg double,
which was not realized until the work of [10] (see also [77]). This allows us to view the
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loop gravity phase space as the A — 0 limit of that of the ¢-deformed loop gravity in the
same framework. Indeed, when x = 0, the Lie brackets (2.29) for p* vanish hence the Lie
algebra for the fluxes becomes R?® and the group of the phase space becomes the Poincaré
group ISU(2) = SU(2) x R%. In this subsection, we will see that considering the Poincaré
group as a Heisenberg double, the Poisson structure of ISU(2) is encoded in the r-matrix
given as the tensor product of the generators of SU(2) and R? (see e.g. [3, 137]).

We start by representing Poincaré group elements (g,x) € SU(2) x R® in terms of 4x
4 matrices written as 2x2 block matrices!'?:

(g, 2) = (g izg) , (2.61)

where g € SU(2) is represented in its fundamental representation as a 2x2 unitary matrix
and x = ¥ -7 € su(2) is represented as a 2x2 traceless Hermitian matrix. For x # 0, the
expression zg is the polar decomposition of an arbitrary 2x2 invertible complex matrix.
These provide a representation of the Poincaré group multiplication:

1 ir
(g1, 21)(g2, w2) = ( 91 | 19, ) ( g2 | 129 )

0‘91 0‘92

_ ( 9192 | (21 + 912291 1) 9195
0 ‘ 9192

) = (glgz,xl + 911‘291_1) . (2.63)

Each Poincaré group element admits a unique decomposition as the product of a translation
and a rotation:

(g,x)z(g mgg)Z((l)if)(gg)z(l,x)(g,())zéu

with ¢=(l,x) and u=(g,0). (2.64)

12 Another parametrization of Poincaré group elements was used in [10], the spin-1 representation for the
SU(2) group elements instead of the spin—% used here. It still led to 4x4 matrices, but the SU(2) group
elements were encoded in a 3x3 block while the su(2) vectors were written as 3-vectors:

(9,2) = ( Dlo(g) f ) : (2.62)

with D!(g) the 3x3 Wigner matrix representing the SU(2) group element as a 3D rotation acting on
3-vectors.
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The generators of the Poincaré Lie algebra are the J*’s for the SU(2) subgroup and E* for
the su(2) subgroup :

a . 1 Ua 0 o v J o g O . o ivao.a
J — 2 ( 0 O.a ) 9 u — € — (T‘?) Wlth g - €2 ) (265)
B = (Jﬁg 2 ) . E°BY=0, Va,b, (=e"P = |4ig"E® = ( (') T ) . (2.66)

which satisfies the Poincaré algebra commutators:
[J, J%) = e e, [J* E®] = ie"™E° [E*,E"] =0. (2.67)
Provided with the bilinear form on the Lie algebra isu(2) spanned by the £ and J%,

0/l

B(M,N) = Tr -

MN < ) ] . VM, N €isu(2), (2.68)

which defines a pairing between the rotation and translation generators, B(E?, J°) = §%,
B(E*, E®) = B(J%, J*) = 0, the Heisenberg double structure defines a r-matrix:

r=> J'®E,  ra=) E'®.J, (2.69)

which naturally satisfies the classical Yang-Baxter equation [77].

Moreover, this r-matrix defines a Poisson bracket on the Poincaré group ISU(2) endow-
ing it with a phase space structure:

{51752} = —[7”2175152] ) {U17u2} = —[T, U1u2] ) {Ehuz} = —liro1ug , {U17€2} = loruy

(2.70)
which takes exactly the same form as (2.35). It can also be directly written in a compact
form as a Poisson bracket for an arbitrary Poincaré group element :

d= (gvx) = lu, {dh d2} = rdidy — dydsroy (2.71)

which reproduces the form of (2.34). Explicitly computing the Poisson brackets between
¢ and u leads back to the T*SU(2) brackets of the 3D loop gravity phase space structure
for the variables on a link:

7
{9,9} =0, {z% g} = 50“9, {x“,xb} = ¢beye (2.72)
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as was given in (2.57). In particular, it is interesting that the Poisson bracket {u;,us}
vanishes because u ® v commutes with r for u € SU(2). We have seen that this Poisson
bracket becomes non-trivial in the deformed case accounting for a non-vanishing cosmo-
logical constant.

We now want to get the Poisson bracket for the target flux 2. We assume that the par-
allel transport equation along the link amounts to switching the decomposition as follows.

d=(g,2) = (1,2)(g,0) = (9,0)(I, ). (2.73)

Then decomposing the Poincaré group element d = @/ with actually @ = u = (g,0) gives
similar Poisson brackets:

{01, 0} = [ro, Lbs] {01, lin} = —tigranly,  {fn, bo} = Gurly,  {,Ga} = [r,iafiy]
(2.74)
which leads to the switched 7*SU(2) brackets for § = g and Z:

~a i a ~a = abc ¢
{9,9} =0, {z& ,g}zéga , {z ,xb}:—ebx , (2.75)

where we recognize (2.36). (2.73) can be graphically represented flatnss constraint for a
ribbon as shown in fig.2.10.

u = (g,0)

0= (l,x)A al=(1,7)
i =(9,0)
Figure 2.10: The ribbon graph for loop gravity with 0,0 € su(2) and u = ut € SU(2). The

ribbon constraint can be written as fuf~'a~!, hence in the same form of the g-deformed
case.

This allows us to reformulate the Poisson bracket for the ISU(2) holonomy d = (g, x)
going along the ribbon in terms of the r-matrix for the Poincaré group seen as a Heisenberg
double hence establishing that the g-deformed loop gravity structure is really a q-deformed
loop gravity.
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2.5.3 kK — 0 limit of the deformed flux vectors

One can also take the x — 0 limit of the g-deformed variables X defined in (2.40) and

likewise for X, which would recover the flat flux vectors & and 7 and the Poisson brackets
(2.35) and (2.36) would recover (2.57) and (2.58). We now establish these.

Recall that

oni(/\2+)\72+|zl2) oni( 2_’_:\72_,r_|5|2)
X'=—-L\z+z2 X'=—L\z+2

) Qf (_ ) ’ ~2 2f14;~(: ~) (2'76)
X2 =52 —2) X?=—3AM2-32)

D s S LN B (NN S ST

We first write the Poisson brackets (2.35), (2.36) and (2.38) explicitly in terms of the
deformed flux vectors X* and X*:

{X9, X} = eqper( X0 — X3) X© {X X"} = —eqer(X0 — X3) X,

(X1 4} = k(X0 — X3)ota, (X1 0} = (X0 — X®)io!,

(X2 a} = ir(X° — X302, (X2 0} = k(X0 — X¥)a0?, (2.77)
(X + X0 0} = Ir(X0 — X3)oi, (X3 + X0 0} = Ir(X0 — X3)io?,

{X° X} = {X°, X} = {X* X"} =0.

The difference with the standard flat holonomy-flux brackets of the 7*SU(2) phase space,
given in (2.57) and (2.58), are the rescaling factors A\ = £(X°— X?3) and \? = x(X°— X?).
The flat limit k — 0 is an inhomogeneous scaling of the flux 4-vector. As k is sent to
0, the hyperboloid X2 — X?% = k2 becomes the flat R3 space, with the inhomogeneous
limit kX° — 1, with X° ~ k7! sent to +o00, while the 3D flux vector X® remains finite.
This actually sends the SL(2,C) Poisson brackets written above to the T*SU(2) Poisson
brackets of the standard “flat” loop gravity, given in (2.57) and (2.58).

To avoid the subtleties of the inhomogeneous re-scaling limit, we can take the Euler
parametrization of the AN(2) fluxes in terms of the AN(2) generators [10, 77]:

(=P e Nz 3 = ket (j4ig?) = —et kT, Z=—e3 kT,

(2.78)
where j¢ € R? is an arbitrary 3-vector. The flat limit x — 0 is taken keeping the 3-vector
J¢ finite:

KXOZCOShIij3+%26Hj3j+j_ i0>1, Xt =41 (2.79)
X3 _ sinl;nj?’ . g6'%‘73‘7_’_]_ k—0 j3’ X2 — j2 . .
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Similarly defining the 3-vector j® for the target flux ¢, we recover the T*SU(2) Poisson
brackets (2.57) and (2.58) of flat loop gravity in the limit x — 0:

{59, 7%} = €aei®, {j*,a} — Lo"a, {a,a} — 0,

“a b “e “a o~ i~ _a ‘a b (280>
{] 7]}_>_€abc] ) {],U}—)EUU ) {] 7]}:0

Reciprocally, the SL(2,C) Poisson brackets (2.77) define the curved deformation of the
T*SU(2) Poisson brackets extending them to take into account a non-vanishing cosmolog-
ical constant. This establishes that the ¢-deformed loop gravity phase space variables and
the Poisson structures are the deformations of the Poincaré phase space counterpart, with
the deformation parameter determined by the value of the cosmological constant.

To summarize, we have reviewed in this section the loop gravity phase space with A =0
in terms of the holonomy and flux vectors. As we will start introducing the notion of spinors
in the next chapter from the flat case, the holonomy-flux algebra described here serves as
a reference to justify the construction of spinors. We have also related the loop gravity
phase space to the ¢-deformed phase space illustrated in Section 2.3 in two ways - firstly
by reformulating the loop gravity phase space in the Heisenberg double framework and
secondly by taking the x — 0 limit of the phase space variables in the g-deformed phase
space to recover the holonomy and flux vectors in the loop gravity phase space. A unified
description of the phase space for A =0 and A # 0 cases could be useful for building the
relation to the Chern-Simons quantization in a more systematic manner, which is left for
future investigation. This construction can also be generalized to 4D gravity. This has
been initiated in recent works [121, 117], where the Drinfeld double was generalized to the
notion of 2-Drinfeld double in terms of 2-groups.
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Chapter 3

Spinorial representation for loop
gravity

We described in the previous chapter the loop gravity phase space using the holonomy-flux
variables in the flat (A = 0) case and the ¢g-deformed case with the corresponding deformed
variables. These phase spaces can be equivalently represented by the (deformed) SU(2)-
covariant spinors. A spinor is a pair of complex variables transforming covariantly under
SU(2). They live on the half-links of the lattice and thus will make it easier to construct
local, gauge-invariant quantities, i.e. observables. Note that these spinors do not encode
matter degrees of freedom, they are just a different parametrization of the phase-space.
There were initially introduced in the LQG formalism as a different parametrization of the
T*SU(2) phase space [118, 98, 99, , 44,75, 74]. The benefits of using spinors will be
fully revealed at the quantum level, which we will explore in Chapter 7.

In this chapter, we intend to construct the deformed spinors which provide an alter-
native parametrization of the deformed holonomy-flux phase space, which will allow us to
construct the (deformed) notion of observables for this setup. We start by introducing
spinors in the flat case in Section 3.1, which reproduce the holonomy-flux phase space for
A = 0. We then perform a x-deformation on these spinors, which is helpful to recover the
AN(2) parametrization, e.g. z, A in (2.27). However, these deformed versions of spinors
are not covariant under SU(2). We are then led to further deform them to be the SU(2)-
covariant ones. These SU(2)-covariant spinors are the key objects we will use to construct
the quantum theory. Their definitions are in fact highly hinted by the quantum spinors
[33, 148] which will be clear when we introduce them in Chapter 5.
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3.1 Spinors as geometrical objects

In this section, we review the definition of spinors and use it to construct the spinorial phase
space of loop gravity, which is isomorphic to the holonomy-flux phase space described in
Section 2.5.

_ Let us introduce the spinor components (4 € C (A= :I:%) and their complex conjugate
Ca where the subscripts are denoted as £ for short. (The same subscript notation will be
used for the deformed spinors and their quantizations.) Then a spinor is defined as

=5 ) =& &), (31)

We also introduce the dual spinor by a dual map ¢

A== (1 5 )1o=(Z ) m=wd=@( L §) = o).

(3.2)
A spinor and its corresponding dual spinor share the same norm, which we denote as
N = {[¢) =[¢|¢] = N_ + Ny = ¢_(_ + ¢.(,.. A spinor transforms covariantly under the
SU(2) action |¢) — ¢|¢) (¢ € SU(2)) in the fundamental representation of SU(2). Thus
the SU(2)-, hence SL(2,C)- by complexification, invariant objects can be naturally formed
by the inner product of two spinors, say |¢) (or |¢]) and |y) (or |7])

VMO =Khl = D FaCa, DI = =74 +7-Cr, (W) = —7-Cr +7:(- . (33)

A=+1/2
|C] is dual to |¢) in the sense that they are orthogonal via the inner product, i.e. [(|¢) = 0.

Now we want to use some copies of these spinors to reconstruct the loop gravity phase
space structure for one link. Consider a pair of spinors {|(),|()}, whose components are
provided with the Poisson brackets

{CarCpy = {Ca,Cp} = —ibap, A,B=+1/2, (3.4)

and all the non-tilde spinors commute with the tilde spinors. As for the non-tilde spinors,
we denote the norm (4C4 of (4 as Ny and N = N_ + N, = ({|¢) = [|{]. We assign this
pair of spinors on a link as in fig.3.1.

o8



g:' €5U(2)
[T

Figure 3.1: The spinors associated to a link e and related by parallel transport by an SU(2)
group element g-'. The non-tilde spinor |(.) is assigned to the source of the link and the
tilde spinor |(] is assigned to the target of the link.

This pair of spinors reproduce the holonomy and flux (g, 7) € SU(2)xR? (or equivalently
(9,7) € SU(2) x R%) in the flat case as follows. We introduce the Hermitian matrices
x := |(){¢] and X := [¢){((], then project them onto the identity and the Pauli matrices

— =

IOV =29l =20 with =%

o= NI

(¢l1C) € R, (35)
[l51¢) € R?, '

-

i
I = &gl —Z -3 with & = |7 CIC], &

[€l¢],

3(¢Cl¢)
1
2

where |Z| (resp. |Z]) is the norm of the vector & (resp. ). The vectors & and T are the
flux vectors we introduced in the holonomy-flux representation.

We now relate the non-tilde spinor variables and the tilde spinor variables by an SU(2)
action

g =1, g l=-IC). geSUQ). (3.6)

The first relation is illustrated in fig.3.1. Then one can deduce that the matrices x and
x are related by an SU(2) adjoint action: X = ¢g~'xg. (3.6) determines the SU(2) group
element g uniquely to be!

191 = 1<)

g= =
\/ (IO (CIC

which is the reconstruction of the holonomy in the loop gravity phase space. (3.7) also
implies that the spinors |() and |() satisfy a norm matching constraint

N = ({[¢) = (IO, (3.8)

which generates a U(1) transformation on spinors {N, [¢)} = i|¢), {N,[{)} = —i[¢). The
finite gauge transformation reads

(3.7)

)2 ey, 10 2 e 18y, (o 2 e, (2 el (3.9)

'Note that (¢|¢) = [¢|¢] and <§:|C~> = [Elf}
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One can not only reproduce the holonomy and flux variables, but also the Poisson
brackets between them. Using (3.4), the variables (, g) (or equivalently (Z,¢)) defined in
(3.5) and (3.7) indeed satisfy

i a a abc ,.c N=0
{xa’g}zigg, {‘7; 7xb}:€b$ ) {979} = 07 (310)
{f“,g} — %'go.a7 {i’a,ff'b} — —Eabcfi’c, {l’a,i?b} — 07
which are the Poisson structure of the loop gravity phase space with A = 0, .e. the
T*SU(2) phase space described in Section 2.5. Note that (z, g) are invariant under the U(1)

transformation (3.9), thus the loop gravity phase space can be reconstructed completely
as a symplectic reduction of the spinor phase space C? x C?:

T*SU2)\{|Z| = 0} = C* x CA\{{¢|¢) = 0, (¢|¢) = 0}//U(1). (3.11)

Let us now consider an oriented graph I" with E links and V nodes. For each link e, we
assign a non-tilde spinors |(.) to its source node s(e) and a tilde spinors |(.] to its target
node t(e). They are related by an SU(2) action thus satisfy the norm matching constraint

916 =16y (Gelge) = [Gel¢e]- (3.12)

ge’s can be viewed as an assignment to the links. The kinematical phase space of I" is
defined as the collection of (¢, (,) € C* x C? for each link imposing the closure constraints

Co= Y (Clol) = D [GlFlc]. (3.13)

elv=s(e) elv=t(e)

C_; for each node:

The phase space defined with spinors allows us to have a U(n) reformulation of LQG
after quantization [98, 99, 50]. The essential idea, from the geometrical point of view, is
to change the building blocks from degrees of freedom on links (which are holonomies or
fluxes) to those on nodes (which are spinors). For each (n-valent) node v, we define an
n X n symmetric matrix E and two n x n asymmetric matrices F and G with complex
entries representing the correlation of spinors associated to different half-links incident to
the same node. (we will use the Latin indices i, , k, [ in the subscript to label the legs of
the node):

Eij = (GlG) Eji = Eij
Fij = [Gl¢G) Fji = —Fy, (3.14)
Gij = Fi; =({GlGl, Gji=-Gy,
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where the bar denotes the complex conjugate. These SU(2) observables form a closed
algebra. With no loss of generality, consider that all the links incident to the node v are
outgoing, then the Poisson brackets of the components read

{Eij, B} = i(0aEyj — 0 b)), {Ey, Fu} = i(0aFjr — 0aFyi)
{Eij, G} = i(6Gik — 6xGa), {Fy, Fu}t =0, {Gij,Gu} =0, (3.15)
{Fyj, G} = i(0iEyy — 6ul; + 050 B — 01 Fy) -

It can be seen from the first Poisson bracket that the components of the matrix E form
a u(n) Poisson algebra and the components of E,F, G together form a s0*(2n) Poisson
algebra [120]. We will use the spinors defined in this subsection to define a spinfoam
model for 3D quantum gravity with A = 0 in Chapter 7 whose building blocks capture the
conformal geometries, different from the standard spinfoam model. On the other hand, to
recover the g-deformed loop gravity phase space, one needs to deform the spinors and their
Poisson brackets (3.4). We will describe below how this deformation is performed, which
also lead to the deformation of the algebras (3.15).

3.2 ¢-deformed spinors

We aim to find the spinors that transform covariantly under the SU(2) gauge transfor-
mation (2.45) (or (2.47)) in the g-deformed phase space. To this end, one needs to start
from the correct spinor variables. Indeed, the spinor variables (4 and C~ A capture only the
flat geometries as they reproduce the loop gravity phase space and no /A information is
encoded. We will perform a deformation of these spinor variables in two consecutive steps
to arrive at the SU(2)-covariant spinors in the g-deformed picture. Graphically, spinors
are assigned to the half links of each link. After the deformation, each SU(2)-covariant
spinor is associated to the two half ribbon links meeting at the same node of a ribbon.
The deformation process can be summarized as in fig.3.2, with the spinors therein defined
in the main text. Some of the initial results have been given in [73], and the main part of
the rest of this chapter is from the work in [11] by the author and collaborators.
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g €SU(Q) : g ¢5U(2)

<€) €] 1¢7) 1C*] — <« .
|7) u 1]

Figure 3.2: Two consecutive deformations of the spinors in the flat case to arrive at the
SU(2)-covariant spinors in the ribbon picture.

3.2.1 Basic variables

We can now define the x-deformed spinor |¢*) from |(), with its dual (¢*| and norm (¢*|(")

[73] (Recall that k = \/W)

. Slnh(gNA) o “ . -
¢ =Ca —EN, Ch=C%, with Ny = (CaCa, (3.16)
2

(€10 = G = 30 2emn(“Th) = S (- 20, @)
A A

o
These k-deformed spinors satisfy the following Poisson brackets

(G 8} = —i0as cosh("3%), (Na Gy = ibanCh (Na,Ch) = —idani. (319

It is easy to check that we recover the undeformed Poisson brackets (3.4) when x — 0.
The deformed variable |(*) is defined from [¢) by (3.16) and (3.17) where all (4 are replaced
by Ca.

Change of link orientations. Since there are no differences between |(*) and |§‘ ), and
since changing the orientation of a link exchanges the two sectors, it is natural to lift the
involution m to the spinor space as follows,

m(C) =% m(i) =¢, for A=+1/2. (3.19)

Reconstructing the fluxes. We will use (} to reconstruct ¢ and fj[ to reconstruct /.
Since the spinors in the tilde and non-tilde sectors are identical whereas m(¢) # ¢, ¢ can
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not be the same function of ¢§ as ¢ is of (§. We use

A=exp(&(Ny — N_)), z=—r("CY,

(N = Ny)), 2= r(n(r

3.20
A = exp( (3:20)

N N

By applying m to (3.20), we recover as expected that m(\) = A~!and m(z) = —%. The
AN(2) matrices ¢ and ¢ become functions of the spinors,

= (2,0 ) dadn=(1 %), 321)

and m(¢) = /', It is easy to check that these AN(2) matrix elements do satisfy the

expected explicit Poisson brackets (B.4). Let us point out that z, zZ, A all commute with
N=N_+N,, {N,z} = {N,A\} = {N,z} = 0.

While the deformed variables |¢*) and |¢*) are important in parametrizing the AN(2)
elements and generating the (infinitesimal) rotation transformations [10], they are not yet

the spinors we will use to reconstruct the holonomy-flux phase space, because they do not
transform covariantly under the SU(2) action.

3.2.2 Covariant Spinors

Let us now define the variables which transform covariantly as spin 1/2 under SU(2),
i.e. either (2.45) or (2.47), depending on if we consider the ribbon variable ¢ or (=1, We
consider the first case, where we deal with £. We recall that X = £/T with ¢ an AN(2)
element now parametrized as in (3.21) whose entries are defined in terms of the spinor
variables given in (3.20).

Covariant spinor. An SU(2)-covariant spinor (henceforth spinor) |T') is defined by the
transformation law

5|T) = (w— N)|T) = ( - _Egz ) IT). (3.22)

+

As shown in [79], the only two independent solutions (up to normalization) to equating
the RHS of (3.22) with the RHS of (2.42) are |t) and its dual |¢] defined as

KN_
4

0=(5)=(225 ) w0 )m= ()= (7).
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The norm is a function of the non-deformed norm N,
2 K
tit) = [t|t] = —si h(—N> .
() = (1} =~ sinb (5
The Poisson brackets of the components are

{t_ iy =21t {t_ iy =12 (t_t_ — 2e3V),
(ot =21 1,, {tyfy=—2(t t, +25V), {ts,1-}=0.

Braided covariant spinor. The spinor |t) can be “parallell transported” by £~ which
produces another spinor, whose transformation law under SU(2) is called braided. Explic-
itly, using (3.20), we have

. S W
c= (L) (S )=t (s ) e
< e T (¢} et (%

which prompts the definition of the following spinor?,

) = e T 1), (3.26)
The dual of |7) is

0 -1\, _7 N R
7] = (1 0 )m:( - ) - < - ) e

On the other hand, as the ribbon structure can be equivalently represented by either ¢ or
(17 as shown in (2.39), one expects that |7) can also be defined by parallelly transporting
[t) with ¢T. This is indeed the case,

IT) =T, |r]=e T (3.27)
Hence whether we use ¢ or /=17 we get essentially the same object.

The Poisson brackets of the components of |T) are the same as those of |t) and |¢] with
74 replacing t_ 4 and T4 replacing t_4, i.e.

{7} = ,_%T—T-i-? {7} = ,_%{(7——%— + %G_KN) ) {r—, 74} =0, (3.28)
(7o, 7} =577, {7} = S( 7y — %QRN) ; {7—, 74} =0. '
2It differs from the spinor |7) of [79] by its normalization.
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|7) defines what we call a braided spinor. Indeed, it transforms as a spinor under
the SU(2) transformations generated by (2.42), but with a group element w’ related to w
through ¢. Since triangular matrices are not stable under conjugation by SU(2) group ele-
ments, we need to introduce another SU(2) group element to stabilize the transformation.
Let ¢ € AN(2) and w’ € SU(2) be defined by the Iwasawa decomposition

wl =) (' . (3.29)
Then we say that ¢ transforms as
¢ 2SO W) — e e AN(2). (3.30)
Going at the infinitesimal level [10],
w~|+z’€~5:|—|—i(z _6; ) , w’~|+¢3.5:|+¢(§i _Eg, ) . (3.31)

the relation between € and € is given by
o =A2er, € =e+1/200 ze. + 2 "zey). (3.32)

One can then check that, remarkably, the transformation generated by (2.42) is a rotation
by (the infinitesimal version of) w'’

5.07) = A2 YT X, 7)) — i ( €T ey ) ~ @ D), (3.33)

/ !/
€T —€,T4

|7] is also a braided covariant spinor. The transformation (3.33) can also be written as a
non-braided one, but generated with X°P := ¢7/ instead of X,

O|T) = NrTHTIW'(XP)Hm) = T2 A2 — A — ATz 7)) = (W' = 1)|7),
(3.34)
with W/ =€,(I+0.) +€ oy +€,0_.

3.2.3 The tilde spinors

Covariant spinors and braided covariant spinors for the tilde sector, the “tilde covariant
spinors”, are defined in a similar way as the non-tilde ones. We have

) = m(]t)) = ( il ) - ( 6;% ) 1= ( —t:m ) _ ( —em:gfi ) . (3.35)
€ 4 (4 - € 4 (_




A (Y (e T
|T>—m<|r>>—(%+)—( e ) i-(7) ( ; ) (3.36)
whose norms are given by
- o~ 2 ~
(@1f) = (] = (7I7) = [7I7] = ~sinh (SN) . (3.37)

They are independent of the non-tilde spinors, i.e. all the components Poisson commute
with those of the non-tilde spinors. The Poisson brackets of the tilde spinor components
are the same as the non-tilde ones:

{t_, 1.} =5 t,, {i_,i_ J=% (t t_—;f 2N > {§_7§+}:0,

~ =~ .~ = ~ I‘C 7 7 (3'38)
{t,,tJr} - —%t, + {t+7t+} = —? <t+t % T2 > 5 {t—7t+} = 07
(o iy =-277, {F7}= —%"“ (f—?_ + 26—%N) LT RS0 gy
{7} = %{7:_—%% {71,741} = ( Ty — 2 %N) ; {77} =0. '

Note however that £ is not the same function of (% as £ is of (%, see (3.20), (3.21). In
fact , we have m(£) = ¢~' where we recall that m defined in (3.19) is an operator which
adds tildes to ¢} and their complex conjugates. As a consequence, the relation between
|f) and |7) is not obtained by adding tildes to |7) = e~ T £~1|t) = T ¢I[t). Instead we act
with m to get
T = e T, (3.40)

Since the Poisson brackets of the tilde spinors are the same (with tildes) as the non-tilde
ones, the generator of SU(2) transformations for the tilde spinors is given by

m(—A" T Tr(WX)) = =M\ TeW (XP) 7, (3.41)

where X = T/, This is consistent with the Gauss constraint (2.44), which is a product

of £ and (! depending on the orientations of the ribbons. Explicitly, we can expand
TeW (X°P)~1

W (XP) ™t =26, A2 —e N2 — e A712. (3.42)
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It is then straightforward using the Poisson brackets from Appendix B.1 to show that the
tilde spinors (3.36) satisfy the following equations

Sc|t) = =N HTr(W(XP)™), |} = (w — D|E), (3.43a)
0]t] = =Nk HTe(W(XP) ), 1]} = (w = 1)]7]. (3.43b)
0 7) = =N THTH(W(XP) ), |7)} = (" = D7), (3.43¢)
07 = =NaTHTe(W(XP)™), 7]} = (w" = 1)|7], (3.43d)
where the infinitesimal SU(2) elements w = | + i€+ ¢ and w” = 1 + ie" - & are related by
the right SU(2) transformation of /¢, i.e.
o (e, €
- wesu2) - ~ wNI—He.a:I—H(e —€
¢ 0 Jw) — Y € AN(2), L0 (3.44)
-, € €
w”wl—l—ie”-c?:I—I—i( p4 _,,>
€ —€
Thus the two infinitesimal parameters € and ¢ are related by
€l =Neyp, € =e, —1/20hze_ 4 Niey). (3.45)

Just like there are two ways to write the transformations of |7) and |7], there are also two
for |7) and |7]. While we have seen above the equivalent of (3.33), the equivalent of (3.34)
is
0|7y = m( A2 H{Te(W"m(X® 7)), |7)} = A2 H{Tr(W"X), |7)}, (3.46a)
0| 7] = A2 T (W X), | 7]} (3.46b)
and it is clear that |7) and |7] are braided spinors in the same sense as |7), |7].

There is a nice geometric interpretation of the relations (3.26) and (3.40) which define
the braided covariant spinors. If we consider |t) to sit at a node of I, which is the target of
the short link carrying ¢, then |7) = e~ “f ¢! |t) sits on the node of I at the source of the
short link carrying ¢. In other words, |7) results from parallelly transporting |¢t) by ¢7'.
Similarly |7) is the result of parallelly transporting |£) by ¢. This is represented in fig.3.2.

3.3 Recovering the ¢g-deformed holonomy-flux variables
Now that we have defined the two pairs of spinors (|t),|7)) and (7], [{]), each pair of which
are related by the flux ¢ or ¢, it is natural to assign them to the corners (that is the nodes

on a ribbon) of the ribbon link as in fig.3.3.
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Figure 3.3: Ribbon graph for a link with one spinor on each corner.

We assume the norm matching condition N = N so that the tilde spinors and their

corresponding non-tilde spinors have the same norm:
N
(t|t) = [#|7] = = sinh ”"7 . (3.47)
K

The holonomies u, @ € SU(2) can be parametrized in terms of these spinors

o O A B s,
VATIT) (E]E) {tle)(7]7)
so that the following parallel transport relations are satisfied,
ult) = |7y, wlt) = —|7], v Hr) =1, ullr]=-D),
il =17}, uld) ==frl, o) =1, el =) 10
af) =—t], alFf}=It), a lf]=—F), a't) =|7].

Therefore, the ribbon graph fig.3.2 illustrates the full transport relations of the four spinors.

Finally, they solve the ribbon constraint:

- _EN
Lult] = E'ﬂff ! |tiﬂ — C=tul'at =1, (3.50)
wllt) = e T a|T) =e 1 |t)
and the same can be done with the equivalent ribbon constraint ¢~ uffg—! = I. These

spinors thus live on the constraint surface generated by the ribbon constraint C. The
matrix components defined in (3.48) also satisfy the desired Poisson brackets (see (B.4)).

We furthermore write

Deformed flux variables in terms of the deformed spinors.
the flux vectors U1 = X = kXl — kX - ¢ and (70 = X°P = kX Pl — kX - & defined in
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(2.40) in terms of the spinors. Their components can be represented in term of the spinors
|t) and |T)

1 2 . . 1
=1+ t|t = X = —\[1+ (rn, X =S, X = S(rlaln).
K

(3.51)
Similarly, /ff = X = kXol — kX -7 and /10 = X = kX’ — kX - & can be written with
the tilde spinors but the dual sectors. Explicitly,
|71¢].

1 K2 ~ 1 K2 . 2 1 =
= 14+ Z[FFR2 = X = o1+ S [ff2, X = <[Fl5)F], X =
K + 4 [T|7—] 0 K + 4 [t| ] Y [7—|0_|7—]7
(3.52)

These objects transform as vectors under the SU(2) transformation as X = @ 'X4 and
u~ 1 X°Py = X°P_ consistently with (3.49), and as such can be seen as the deformation of
the flat flux vectors (see (3.5)).

[\
DN | —
=Y

When x — 0, [t),]#] is identical to |7), |7] respectively, as it can be directly seen from
their definition (3.23), (3.26) and (3.36). We recover then the flat case where there is only

one pair of spinors associated to each link. The flux vectors X and X become the standard
flat flux vectors which we denote Z and 7 respectively. As a consistency check, one can
take the © — 0 limit for X (3.51) and X (3.52) defined in terms of the spinors, or more
explicitly in terms of the x-deformed spinor variables as in (3.20). Let us rewrite

K(Np—N_) K ( )
X = ( A? ¥ ) B e e = ¢rgy
- — - k(N N_) K(N_—N_
Az AT+ 2] —ke T GG * | 4sinh ”];h’ sinh 'd;[‘

H(N+ N_ ) -~

K0 1+ 2= —Kk(_C . T

— _ RV +N+) = (L+ 51 = k77,
FGC+C— 1+

S

~ ~_ w(N_—N_) K(N_ —N+
B ( A2 \Z ) B ez Ke C”C+
- -2 =2 - R(N_ —N+) w(Ny—N_) -
AT+ [ Ke C+C"‘ e~ 2z  +4sinh ”g* sinh “2=

Fv(N— Ny) F - N
w0, (1 e | = =i
/{C_’_C_ 1 + RN —IV—)

P
AN

(3.53)
where # and Z are defined in (3.5). Therefore, the s — 0 limit of the flux vectors X and

X (2.40) recover the flat fluxes

X=——Tr(X5) 57, X=-—Tr(Xe) 57, (3.54)



The same limit can be achieved for X°? and X°P as [¢) £ |7) and |{] £ |7].

As shown in [73], the phase space SL(2,C) with the Poisson structure (2.34) for one
ribbon is equivalent to S, x S.//M, with S, = {|t) € C*\{(t|t) = 0}} the spinor phase
space with the Poisson structure (3.24), S, = {|f) € C?\{(#|f) = 0}} the phase space with
the Poisson structure (3.38), and M := N — N the norm matching constraint. It is a
simple check that the dimension of such a phase space is 8 — 2 = 6, matching that of the
holonomy-flux phase space constructed in Section 2.3.

3.4 Spinorial observables

3.4.1 The spinorial phase space

For a given graph, we take the Cartesian product of the spinor phase space over all links
of I'. A link e carries variables spinors |t.), |7.), |te), |7.) and their duals. We have already
seen in Section 3.3 that those variables reconstruct the holonomy-flux variables in a way
which automatically solves the ribbon constraint in each ribbon. We are thus left with
imposing the Gauss constraint at each node of I'.

Let us consider an n-valent node v of I'. We then pick an arbitrary link incident to
it, which we denote by e, and then going counterclockwise starting from ey, we label the
other incident links by es,--- ,e, and identify e,;; = e;. In the ribbon graph I3, v gives
rise to an n-gon R(v) and each link e; to a ribbon R(e;). Each of them shares a node with
its two neighbor ribbons, one clockwise and one counter-clockwise.

It is convenient to unify the notation for spinors as follows,

t=t) tt=t] 7m=|r) " =]
R O R (35
or component-wise
tz =14, tjg = (—1)%_14757147 Ty =TA, T;lr = (_1)%_147_-*14’ (3 56)

fa=1ta, T= (1) 4, 75 =7a, 7f=(-1)7"4F,, A==l

We use the same notation as in (2.48) to denote the fluxes on the boundary links of R(v)
as L, »,. Denote the spinor sitting at the source node of /., , to be ¢; , and that sitting at
its target is 7¢,. Referring to fig.3.2, they are explicitly

te =1t . e =t
Gl ifop=+, | L ifo=—. (3.57)
Tei'U - Ti Tei’u - Ti
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Indeed, each node in I} is assigned two spinors from two different ribbons. For instance,

the spinors 77, and ¢, sit at the node where /., , and (., ,, , intersect. The following

proposition shows that these two spinors, except ¢ sitting at the base node, are all braided-
covariant under the SU(2) transformation generated by the Gauss constraint.

Proposition 3.4.1. The spinors 7¢.fl» and té, (i = 1,---,n) on the node of I, are

braided-covariant under the SU(2) transformation defined in (2.45) by the same braided
(@) ()
€ 6@) ) Parametrize L., , =

infinitesimal SU(2) parameter denoted by w' = 1 + i ( ()

( A 0 ), then the transformation reads

di /\1-_1
Sete , = —r" (H /\,;2) {TrW GGt} = (Wl —1)te (3.58a)
k=1
0Tl = —K ' (H /\kz) {TW GGt e b = (W = )7e (3.58b)
k=1

where parameters in w9 are defined by induction as

) —2 (i+1
E(i) = /\l 2€(i+ ) d EI:H_I) = €4 1
) X . . , o an =L n
) =t 4] </\;152~e<j“> + A;lziei’ﬂ)) et =,
(3.59)

The proof is given in Proof B.3.1.

3.4.2 Scalar products of spinors

We will build local invariant quantities by taking scalar products between spinors from
different links which meet at the same node of I'. Due to the ribbon structure, they might
meet at the same node in I} or at different nodes in I;. In the latter case, parallel transport
around the ribbon node is required to evaluate the scalar product at a common node in
I;. An example of the situation is given for a 3-valent node in fig.3.4. One can form
(quadratic) scalar products of spinors from two adjacent links e; and e;;1. The symmetry
transformation is induced at the node where the ribbons meet and if they sit at the same
node, this ensures that the scalar product is invariant. One can also define observables for
spinors not sitting at the same node. But in this case, it is necessary to parallel transport
one spinor to the other in order to ensure invariance.
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Invariants from spinors sitting at the same node in I,. The spinors g, and
Tertly sit at the same node in ;. One can build directly the quadratic observables denoted

E;27 with these two spinors by forming their scalar products

iit1
€ir€itl _\i+Aye €it1
ELT =€ E (—1)2 berv,—ATers 10,4
A=+1/2
( 1irAge €it1 _ o
€i ZA—il/Q(_l)Q taTiia, for o;=o0i11=1
1 .
s+Ap€e ~€it1 _ o (3.60)
€i ZA—il/Q(_1)2 i ATt 1,40 for 0;=—0;1=1
= 1 ~ .
S+ AJ€; €it+1 . .
€ ZA—:tl/Q(_l)2 b ATit1,4 0 for  —o0;=041=1
1 ~ .
S4+AJge; ~€i+1 _ _
 €i ZA—il/z(—l)2 taTiia, for  oj=o041=-1

Consider for instance o; = 0,41 = 1, E; ;{1 encodes four possible options of scalar products

depending on the signs of ¢, = &+ and €;,1 = +.

[te|Tei+t)  for € = €41 = —
2
(t°
(te

€i+1 L= . —
€ (_1)%+Atei LEHL T for 6= — €61 =+
i i—ATir1,4 =
A=+1/2

(3.61)

g 6”1) for € = +, €i+1 = —
i

T
T

‘] for ¢ =¢€41 =+

They are by definition invariant under the SU(2) transformation acting on the node of I
where the two spinors meet. Indeed, under an SU(2) transformation with g € SU(2), [t%] —
[tg™", (t9] — (t9g™", |m9) — glrrt) |79 ] — g|r9] and so clearly all Ejyi
defined in (3.61) are invariant under SU(2) transformations. Since those transformations
are generated by the Gauss constraint as shown in Proposition 3.4.1, we find directly the
following corollary.

Corollary 3.4.2. The scalar product E;;\ defined in (3.60) is invariant under the in-
finitesimal gauge transformation 6. generated by the Gauss constraint defined in (2.45),
i.€.

S = 0. (3.62)

Invariants from spinors sitting at different nodes in I,.  We now explain how to
build invariants for an arbitrary pair of links 4,7 = 1,...,n incident to an n-valent node.
As before, we can work with the ribbon decorated with ¢,¢ or ¢~ /=1, We choose to
explicit the case where we use /, g, and the other case is obtained in a similar way.
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Figure 3.4: A node with three incident links ej,es,e3 (in gray) and the correspondent
ribbon graph. The four possible orientations for e; and e; with a fix orientation o3 = —1
for e3 are illustrated separately. The spinors defining the scalar product E75“ can be read

at the common corner (in red) of the ribbons associated to e; and es.

Consider first 7 = ¢ + 1 so that the links share a node in .. Then we know of the
invariant E;7"/". We can also try to define an observable in terms of 7; and 7;;,;. We have
showed that the scalar product of ¢; and 7;,, is an observable. On the other hand, we know
that ¢; is the result of transporting 7; by Z.,,, see (3.26), (3.40) (., is defined in (2.44)).
Therefore we can in fact transport 7,1 by .., so that it sits at the same node as 7; in ;.
Obviously one gets the same invariant as in (3.60). To be explicit, we focus on the scalar

€1,€2

product £} with no loss of generality.
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Proposition 3.4.3. Up to a coefficient e* T, we have that

€1,€2
Eqs
( 1 1
1iA g —1,__e2 S4+A €1 T, : — —
A=+1 A=+1
1 1
liA e —1~e9 1iA @ T ~€2 : _ _
€1 (=1)2"4rt (071752)  ~ e (=1)2"4rt (617'2 )A Jif o = —0y =1
_ A=+1 A=+l
o 1ia~ 7 e 1iA~e 11 e : o
€1 (—1)2+ ’7"1 A 17’22 AN€1 (—1)2+ Tl,l—A 61 T22 " ,lf —01—02—1
A=+1 A=+1
14~ = 14~ =14~ .
€1 (—1)2*‘476’17 ( 17262) ~ € (—1)2+A7f717A <€1 TT2€2> Jif o =09 = —1.
| A=+3 A A=+1 A

(3.63)

Proof. Consider the definition (3.60) and focus on the first case, with 0, = 0, = 1. Then,
we apply (3.26), (f177') 4 o< 7'y and that <€f1TTf1>A oc ti',4 up to coefficients T We
further have

(Fl)AB - (_1)37146—3—/" (€T>AB - (_1)BiA (gilT)—B—A : (3.64)

Putting these equalities together, we get the proposition. O

In the quantization scheme, since we need to order the Hilbert spaces, and build the
spinor operators using some braided permutation to the following Hilbert space we will
need to set up a reference point. We will see that the notion of braided permutation is
nothing else than the quantum version of the parallel transport we are discussing. As a
consequence, the notion of quantum observable based on the braiding will be associated
to the formulation (3.63) instead of (3.60).

We generalize this construction to links e;, e; incident to the same node in I" but with
j # i+ 1. To simplify the notations of (3.57), we denote 7;* = 7, and similarly for other
spinors. Up to parallel transport by £c,., {c,», We can always build our observables from the
spinors 7, T;j . The recipe is to parallel transport T;j around the ribbon node to meet 7/
at the same node in ;. This is done by introducing £;; (resp. Ei_j”), the AN(2) holonomy

consisting of the product of ¢! and ¢ (resp. ¢f and /1) clockwise around R(v) from j to
8

74



Proposition 3.4.4. The quantity

¥ (~DEATL (L) o~ 8 (R (£ ifor =05 =1
Z ( 1>%+AT7,€,LA ('Cz] ~J€J)A ~ ( 1)%-"—‘47':’1‘4 (L;lT%;J>A ,lf 0; = _Oj =1
Eei,ej _ AZi% A:i%
7 (AR (Lyrd), ~ X (FDFAE (£5) i —oi =0 = 1
A=+] A=+1 A
1iA~c ¢ 1iA~e “1ts :
TG (L), ~ T (CDEAL, (£51177) ifoi=o0; = =1
! -t

(3.65)

, . e
is an observable, i.e. O Feie] = 0.

As in the case of the adjacent links, we can have different expressions of the same
observable, depending on where we set the reference node in the ribbon. (For instance,
referring to fig.3.4, one can take the node in red or the node in blue as the reference node
on the ribbon of e;.)

Now that we have defined observables we could discuss the algebra they form. Unlike
the previous works [73], the definition of the observables seems to depend on the orientation
of the links. Given some choice of orientation, we can determine the algebra the observables
satisfy. Instead of doing so, we will first look at the quantization of this algebra in Chapter
5. We will see that each case of orientation is actually quantized in the same way, so that
there is a unique quantum observable for the different orientations. Said otherwise, the
natural quantum observables do not depend on the orientation, hence we can recover a
unique deformed quantum algebra. This means in particular that the apparent different
formulations (in terms of the spinors/orientation of the links) of the observables just give
different representations of the same Poisson algebra.
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Chapter 4

Quantization: ¢-deformed LQG

Having constructed the classical phase space, the Poisson algebra and the constraint alge-
bra, we are now ready to quantize the classical structure to construct the Hilbert space,
following the Dirac quantization programme. The quantum theory in the following few
chapters is the core of this thesis and contains most of the original work of the author.
This chapter is based on [11]. Before we describe the quantization process, let us emphasize
the physical and mathematical guidelines.

As has been mentioned a few times above, we take it as hints that the quantum theory

of 3D gravity with a A # 0 captures quantum group [58, | symmetries. This has
been shown to be the case in the quantization based on the Chern-Simons formulation
of 3D gravity either through the path integral method [210), ] or the combinatorial
quantization approach [7, &] as well as the spinfoam approach [201]. The quantum groups

describing the quantum gravity theories in these existing models are all formulated as
deformations of some Lie groups that describe the classical features with deformation
parameters determined by A. Our goal is to re-produce these quantum group symmetries in
the LQG framework starting from the classical theory defined in terms of the Lie bialgebra
as described in chapter 2. This relies on the deep mathematical correspondence between
Lie bialgebras and Hopf algebras, which are the general notion of quantum groups.

Mathematically, there are (at least) two ways to understand the quantization process if
one considers the relation between classical mechanics and quantum mechanics. One way
is to replace the Poisson algebra of functions on group, say {A, B}, in classical mechanics
into a (non-commutative) quantum algebra [A, B] = zh{ﬁ} where A and B are (non-
commutative) operators. Another way is to introduce an auxiliary parameter, say ¢ (which
can contain the information of /), and use it to parametrize a deformation, which deforms
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the classical Poisson algebra into a non-commutative one. We require that the ¢ — 0 limit
recovers the classical Poisson algebra at the first t-order [118]. Mathematically, this is
how a Lie bialgebra can be recovered as the infinitesimal notion of a Hopf algebra, in an
analogous way that a Lie algebra is an infinitesimal notion of a Lie group. In fact, this is
the reason why we construct in Chapter 4 the classical continuous and discrete theory in
the language of Lie bialgebra. The deformation parameter x introduced in Chapter 2 and
also used in Chapter 3 can be promoted by exponentiation to a deformation parameter
q = e which combines the value of the cosmological constant and quantum parameter A.

We now mention the mathematical ingredients we need for quantizing the classical
kinematical phase space of a ribbon graph into a Hilbert space. The Hilbert space structure
is based on two dual pairs of Hopf algebras (U, (su(2)),SU,(2)) and (U,-1(su(2)),SU,-1(2))
with ¢ real. They are dual pairs in the sense of Hopf algebra duality [118]. U, (su(2)) (resp.
U,-1(su(2))) is isomorphic to g-deformed function Fj,(AN(2)) (resp. F,~1(AN(2))) and gives
the quantization of fluxes while SU,(2) (resp. SU,-1(2)) describes the g-deformation of the
holonomies. More precisely, in the ribbon picture, the two fluxes on a ribbon are quantized
to a Uy (su(2)) element and a U,-1(su(2)) element respectively, while the two holonomies
are respectively quantized to an SU,(2) element and an SU,-:(2) element. The Poisson
structure of the classical phase space, as we will see, is precisely the first order in A of
the defining commutation relations of the above two Hopf algebras. The main concepts
used in this section are the quasitriangular Hopf algebra and the dual quasitriangular Hopf
algebra which are different Hopf algebras with the same quantum R-matriz [1138]!. The
mathematical construction of the (dual) quasitriangular Hopf algebra for a general Hopf
algebra is concisely reviewed in Appendix A.2.

In this chapter, we first summarize in Section 4.1 the definitions and properties of the
Hopf algebra U, (su(2)) and SU,(2). With this mathematical knowledge, we give a complete
quantization of the kinematical phase space in Section 4.2. It was first introduced in [39] but
the U,-1(su(2)) part of the structure was not realized therein. We completed this structure
in [11]. We also realize, in the LQG framework, that one can extract the geometrical
meaning of the quantum R-matrix, which was understood as a mathematical “structure
constant” in Hopf algebra. Finally in Section 4.3, we quantize the Gauss constraint and
solve for the intertwiners as the states invariant under the quantum Gauss constraint.

"'We remind the reader that, despite their similar names, the quasitriangular Hopf algebra and the dual
quasitriangular Hopf algebra are two distinct mathematical concepts (see Appendix A.2), following [148].
They are named as such because the two Hopf algebras therein form a dual pair. The correspondent clas-
sical objects are the quasitriangular Lie bialgebra and the dual quasitriangular Lie bialgebra as described
in Appendix A.1, see also [113].
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4.1 U, (su(2)) and SU,(2)

Introduce a real deformation parameter ¢ = " which includes the quantum parameter &
and the cosmological constant information encoded in k. The key point is to realize that
the classical dual pair (SU(2)* = AN(2),SU(2)) whose Lie bialgebra structures are given by
the classical r-matrix can be g-deformed into the pair formed by the quasitriangular Hopf
algebra (U,(su(2)),R) and by the dual quasitriangular Hopf algebra (SU,(2),R). Let us
first recall the mathematical facts of these two Hopf algebras. We refer to quantum group
textbooks e.g. [148, 58] for more details on these two Hopf algebras.

Definition 4.1.1 ((U,(su(2)),R)). The quasitriangular Hopf algebra (U,(su(2)), R) is gen-
. : I .
erated by the identity and Ji, K = q2 with the relations

q q
q q
This form a Hopf algebra with the coproduct A : Uy(su(2)) — U,(su(2)) @ U,(su(2)), an-

tipode S : Uy (su(2)) — Uy (su(2)) and counit € : Uy(su(2)) — C which act on the generators
as

[T VI

NI= |3

KILK ' =g 2Jy, [J,J|=[2J], withn]=

(4.1)

1

AJy)=Ji@K+K'®Je, S(J):=—¢*2Js, €K)=1,

4.2
AK)=K&K, S(K) = K1, e(Ji) =0 (4.2)
This Hopf algebra is quasitriangular with an R-matriz R € Uy(su(2)) @ U, (su(2)):
R = ¢-®7: i (1 _q_l)nq@ (q%J >”® (q’%J )” (4.3)
[n]! " e '

n=0

A number [n] defined as in (4.1) is called the g-number. The R-matrix is the quantum
version of the classical r-matrix and it satisfies the quantum Yang-Bazter equation (QYBE)

R12R13R23 = RaosRi3Riz2 (4.4)

where we have used the standard notation Ris = > R1) @ Ry @ 1, Raz = 1 ® Ry ®
R2),Riz = Ra) ® | ® Ray. In the fundamental representation (j = 1/2), the generators
are represented as 2 X 2 matrices

0 0 0 1 io0
J_|j=1/2 = ( 1 0 ) o Jiljme = ( 00 ) o Kljmiye = < qo - ) . (49)
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We denote the R-matrix (4.3) in the fundamental representation by R, which is a 4 x 4
matrix that takes the form

0
1 1
¢ 1 qgi(gz—q2) 0 | _
=Rl_1/. 4.6
0 0 lj=1/2 (4.6)
0

Clearly, the first h-order of R recovers the classical r-matrix (2.33) in the fundamental
representation, i.e.

R=1®|+ihr +O(h?). (4.7)
We are particularly interested in the 2 x 2 matrix operators, denoted as Q*, whose elements
(¢F)';(i,j = £) are given by the Uy(su(2)) elements [115]. They are defined as

K 0 -1 _gi(gs — g3
Q+:<qi(q5—q5)J+ K‘l)’ Q_:(KO e Kq " > (48)

The coproduct and counit of QT are given by

A(Qi> = Qi ® Qiy E(Qi) =1, e A((qiyj) = Z(qi)lk ® (qi)kj ’ 6((qi>)z _ 6; .

k
(4.9)
They satisfy
QrQz R=RQ;Q7, QrQ3R=RQ3Qr, (4.10)
with Qf = Q* @l and Q5 = | ® Q*.
Uy-1(s5u(2)) is generated by the same generators as Uy(su(2)) with the same commu-

tation relations (4.1) but possessing a different coproduct denoted as A and a different
antipode denoted as S. They act on the generators as

AJ) =LK'+ K®Jy, ANK)=K®K, 8(J.):=—¢2Jy, S(K)=K".
(4.11)
The two coproducts and two antipodes are related by

A=coA, S=51,

where o is the permutation operator acting on the tensor space as o(a ® b) = b ® a.

79



Definition 4.1.2 ((SU,(2),R)). The dual quasitriangular Hopf algebra (SU4(2), R) is gen-

erated by identity and the coordinate functions T = ( It;* Yt;+ on the space of 2 x 2
+— gt

matrices satisfying

RT1T2 == TQTlR, (412)
where R is defined in (4.6), and quotient with the g-determinant det,T = t__t.  —
q_%t_+t+_ = 1. The antipode, coproduct and counit are given by

1

—(q 2t+_ t__

' ‘ | | (4.13)
e () =) thott, ') =0, ij==*.
k=%

This Hopf algebra is dual quasitriangular with the R-matriz defined in (4.3) which is viewed
as a map R : SU,(2) ® SU,(2) — C.

The commutation relation (4.12) is equivalent to the following relations.

bt =q gt bt =gt b, bt =q it (4.14)

_1 1 _1
tptir =q gt togtio =t by, [ty ]=—(q7 —q )t 4ty

The duality between U,(su(2)) and SU,(2) can be represented by the bilinear map
between the operator matrices Q* and T as follows [115]. (See e.g. [78] for a more detailed
proof of the duality relation)

<T17 Q;) = R7 <T17 Q;) = R;ll ) i.e. <tij> (q+)kl> = Rijkl ) <tij7 (qi)kl> = (Ril)ijkl ’
(4.15)
where Ryy = 0o R = Z R(g) X R(l).

4.2 From phase space to Hopf algebras

We are interested in the quantization of the Poisson brackets (2.35) and (2.36) for a single
ribbon. To this aim, we construct the operators associated to the classical variables (the
holonomy-flux algebra) and introduce the Hilbert space structure on which we represent
these operators.
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4.2.1 Poisson bracket quantization

As a first step, we introduce the deformation parameter, ¢ = ™. Then the classical 7-

matrix is quantized as r — R according to the relation (4.7). Note that one obtains the
inverse matrix R~! if one replaces ¢ by ¢~!. We quantize the holonomies and fluxes to be
matrices of operators ¢ — L,u — U,{ — L,@ — U. The quantization of the Poisson
brackets (2.35) and (2.36) gives the following commutation relations for the matrices of
operators [194, 0]

RoyUhUy = UsUrRay,  RLyLo = Loln R, L\Ry'Us = UsLy, LyR7'Uy = Uy Ly,
Ry'UhUy = UbUr Ry, R7'LiLy = LyLyR™, UsRo1Ly = LyUs, UiRLy = LUy,
LUy Ry} = Us Ly, RU\Ly = LyUy Ry LUy = ULy, UpLyR = Loy,
(4.16)
The Poisson brackets (2.35), (2.36) and (2.38) are recovered at the first order through

the map [A, B] = ih{A, B}. Note that R~! appears because of the minus sign difference
between the classical Poisson structures respectively defined in (2.35) and in (2.36).

The classical Casimir r + ry; can be quantized as Ry R and requesting this operator to
be a Casimir implies that

[Rn R, L1Ls] = [Ry1R,UsUy] = [RnR, LyLy] = [RuR, U Us] = 0. (4.17)
Using this in (4.16) leads to the following equivalent commutation relations
Ro UiUy = UsUi Ry <— R_lU]_UQ = UQUlR_l,
R;ll[jlﬁz = 0201R511 < R0102 = UQﬁlR.
Note that the R-matrix for U,-1(su(2)) is simply the inverse of the R-matrix for U, (su(2)).
Comparing to the defining commutation relations (4.10) and (4.12) for U,(su(2)) and
SU,(2) respectively, one realizes that the commutation relations (4.18) of the quantum

holonomies with themselves and those of the quantum fluxes with themselves included in
(4.16) imply that the holonomies and fluxes can be quantized as

(€ AN2) — L € Fun,+(AN(2)) = U, 1 (su(2))

(4.18)

u € SU2) — Ue SU,-1(2) (4.19)
¢ e AN(2) — Le Fun,(AN(2)) = U, (su(2)) )
e SU12) — U eSU,?2)
We have in particular
K 0 ) . ( K 0 )
L - 1 1 1 ; L — _1 1 _1y = ~ ; 420
(—q4(q2—q2)J+ K ¢ (g2 —q2)Jp K (420
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where (J., K) are another copy of the U, (su(2)) generators commuting with the non-tilde
pieces. The antipodes S(L) and S(L) are given by acting the correspondent antipodes on
all the matrix elements. That is

0= ( iy D 500 ) = (ot Do, ) 420

~ S(K) 0 K1 0

o) < ¢7i(g? —q72)S(Jy) S(K) ) ( —qi(qz —q2)J, K ) - u
Neither of these antipodes is an involution. However, they are the inverse of each other:
So08 =508 =1 Also notice that the antipode acting on the quantum holonomies and
quantum fluxes plays the role of exchanging ¢ <> ¢~'. That is, S(U) € SU,(2),S(U) €
SU,1(2),S(L) € Uy(su(2)),S(L) € U;1(su(2)). Thus when the antipode acts twice on
the same quantum holonomy /flux, both .S and S need to be used which leads to the original
object.

[N

We note that the left Iwasawa decomposition leads to elements in the Hopf algebras,
U,-1(su(2)) and SU,-1(2) while the right decomposition leads to elements in the Hopf
algebras, U,(su(2)) and SU,(2). At the classical level, this is reflected in the presence of
the minus sign difference between (2.35), (2.36), the Poisson structures respectively for
the elements u, ¢ of the left Iwasawa decomposition and for the elements 1, ? of the right
Iwasawa decomposition.

One can also quantize the phase space element d = fu € SL(2,C) into an operator
matrix. At first glance, it would lead to SL,(2,C)?. However, since the Heisenberg double
is not a Poisson-Lie group, its quantization does not lead to a Hopf algebra either®.
Nevertheless, one can form the objects LU and U L whose commutation relation would give
the quantization of the Poisson bracket (2.34). They are not necessarily equal as the ¢-
determinant is not preserved under matrix multiplication, i.e. det,(UL) # det,(U) dety(L)
and det,-1(LU) # det,~1 Ldet,—1 U. To fix the coefficient, we define

D = ¢ (q)LU = cx(q)UL (4.23)

such that det, D = I, where ¢;(¢) and cg(q) are g-dependent constants whose ¢ — 1 limit
are both one. This will guarantee that the classical limit gives back (2.34). These constants

2SL,(2,C) is defined in the same way as in Definition 4.1.2 but with ¢ complex.

30n the other hand, the Drinfeld double (SL(2,C),7p) as a Poisson-Lie group is expected to be quan-
tized to the Hopf algebra SL,(2,C) and describes quantum symmetries of the system. We leave this for
future investigation. See [170] for the Iwasawa decomposition of a SL,(2,C) into SU,(2) and AN,(2),
in which the commutation relations of the two quantum subgroups are the quantization of the Drinfeld
double Poisson structure (A.17).
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will not affect the commutation relations. We then can write the quantum version of the
ribbon constraint as

o cr(q) 7+
LU = enld) UL. (4.24)

Coupling the commutation relations in (4.16), one finds that the quantization of the Poisson
bracket (2.34) gives the following equivalent commutation relations.

RDlDQ = D2D1R21 < R2_11D1D2 = DQDlR_l . (425)

The equivalence of these two equations can be shown by using the Casimir property (4.17)

~

), (4.25) is equivalent to

of Ro1 R. Corresponding to the matrix elements of D = ( Cf 2
¢

the following relations:
(4.26)

This shows clearly that D ¢ SL,(2,C).

Lastly, the matrix R also captures completely the duality in the sense of Hopf algebra
between the quantum holonomies and quantum fluxes according to (4.15). Denote the
matrices U = < U Uy >, U= ( U Uy ) and use the parametrization (4.20) of

) Up- Uiy Ui- Uiy o
L, L. Then the dualities between L, U and between L, U mean

<U——7 Ki> = qj:i ) <U—+7 ‘]+> = <U—+7 J—> =1, <U++7 Ki) = q:Fi ) (4 27)
O Ry = g (T Jo) = (O L) = 1, (Tey K5 = g7 '
< - > a4, < —+> +> < —+> —> ) < ++> > q 4,

and other bilinear maps vanish.

In this section, we have fully quantized the Poisson brackets (2.34), (2.35) and (2.36)
and extend the duality between the classical fluxes and holonomies in the sense of Lie
bialgebra to the duality between the quantum fluxes and quantum holonomies in the sense
of Hopf algebra. We have found that the quantum symmetry of 3D gravity with a (negative)
cosmological constant is captured by the quantum groups U, (su(2)) and SU,(2) (if taking
U,-1(su(2)) and SU,-1(2) as the isomorphism of U, (su(2)) and SU,(2) respectively). This
is consistent with the results in the literature from other approaches [2041, 53, |. The
advantage here is that we derive these results starting from first principle and following
the loop quantization program. It is thus encouraging to apply the flux and holonomy we
defined in this model for future developments of the quantum theory and to generalize to
higher dimensions.
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4.2.2 The R-matrix contains the information about fluxes and
holonomies

Let us add some additional comments on the defining relations

LiLyR'=R 'LyL,, R 'U,Uy=UU R, LiLyR=RLyL,, RUUy=UUR

(4.28)
for the quantum fluxes and quantum holonomies. It is well-known [184] that they can be
obtained from the (QYBE) (4.4), which in components is written as

i1 4 tky @ 1k k iy i 11k k1 k
Z R R PR = Z R R m R (4.29)
ki,k2,ks k1,k2,k3

Here, R, R/, R" are different copies of the R-matrix. The first two indices (i, 7) of Rijkl
are the indices for Ry and the last two indices (k,[) are the indices for R ) given the
decomposition R =Y Ry ® Ra).

Let us fix the representation of R(g),R'(Q) and R” to be the fundamental represen-
tation of U,(su(2)), then the indices (iz,43), (j2,js), (k2, k3) € {—3,3} in (4.29). In this
representation, we then have .

(Lkl)aﬁ = Raﬁkl (4.30)

where the indices k,l = :I:% are the indices labelling the matrix elements of L, while «,
are the indices of the U, (su(2)) generators in any representation. The QYBE (4.29) thus
can be written as Ly LoR = RLy Ly, which is the third relation of (4.28).

On the other hand, fixing the representation of R, R/(1) and R’(’l) to be the fundamental
representation and using that _ '

(U5)% =R (4.31)

when i,j € {—1,1}, the QYBE can be written as RU,U, = U,Uy R, which reproduce the

last relation in 2(4.228).

In the same spirit, the first two equations in (4.28) are the QYBE for the R-matrix of
U,-1(su(2)) (which is the inverse of the R-matrix of U, (su(2))) in a given representation.
Therefore, the R-matrix captures the quantum holonomy and quantum flux information in
its two sub-spaces. This gives a more geometrical interpretation to the R-matrix in terms
of quantum “holonomies” either in some deformation of AN(2) or SU(2)%.

4 Although we stick to the terminology that ¢ and ¢ are called fluxes, they are AN(2) holonomies in the
ribbon picture as each is assigned to a side of the ribbon.
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The construction of tensor operators (such as spinor and vector operators) usually re-
quires some braiding defined in terms of the R-matrix to transform appropriately [179, 175].
We will show in Chapter 5 how this braiding can be re-interpreted in a more geometrical
setting, 7.e. in terms of parallel transport. Last but not least, as the R-matrix has been
intensively used and studied in the integrable lattice model (see e.g. [147, 84] and a recent
lecture note [178] and reference therein), we expect that the methodology and analysis
therein can offer lessons on understanding the quantum structure of LQG. We leave this
for future investigation.

4.3 Kinematical Hilbert space intertwiners

Let us consider a node v with n (n > 3) incident links. A quantum state on this node
lives in the tensor product of the n vector spaces or dual vector spaces for the incident
links depending on their orientations. The quantized Gauss constraint, as an operator on
such a space, is provided by the coproduct of U,(su(2)) and U,-1(su(2)). In this section,
we construct the quantized Gauss constraint and solve it. The solutions are the so-called
intertwiner states. It was first given in [39], in which different definitions of the quantum
fluxes were used.

Figure 4.1: An n-valent node v (in gray) with incident links ey, eq,- - e, attached on v in
a cyclic order and its corresponding ribbon graph.

Denote the incident links by e, es,--- ,e, in a cyclic order in the counterclockwise
orientation as shown in fig.4.1. We rewrite the classical Gauss constraint on v (in an
inverse way compared to (2.44)) as G, = L1Ly--- L,, with £; = {; if 0; = —1 and £; = (7!
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Upon quantization, lis quantized to Land ¢(~'is quantized to L=' := S(L). The change
of orientation for a link leads to the exchange of L and L in the quantized Gauss constraint
thus the exchange of U, (su(2)) and U,-1(su(2)) operators. Moreover, the change of orien-
tation results in the exchange between the representation on the vector space and the dual
representation® on the dual vector space. We can thus define the associated quantum state
for an incoming link in the representation space of U, (su(2)) and the associated state for
an outgoing link in the dual representation space of U,-1(su(2)). Combining these ideas,
we consider the representation IT(L) = L of Uy,(su(2)) in the quantized Gauss constraint
for an incoming link, while for an outgoing link we need to consider the dual representation
I*(S(L)) = So S(L) = L of U,(su(2)). The quantized Gauss constraint on v is thus

A

G, = ALY, with A = (A1) o A A(Ly) = L ® Loy, 6,5 = +.
k=+

) (4.32)
On the right hand side of the last equation, £, = L if o, = —1 and L, = L if 0o, = 1 with
a = 1,2 denoting the incident links.

4.3.1 Kinematical Hilbert space

Let us now construct the Hilbert space, more particularly the kinematical Hilbert space,
denoted as Hyiy, of the g-deformed LQG model. A Hilbert space is mathematically defined
as a squared integrable space with a measure defining the inner product of states - elements
in the Hilbert space. And the kinematical Hilbert space is spanned by the state invariant
under the quantum Gauss constraint. These states are called the spin network states.

Let us first take a step back and consider the case A = 0. It is well-known that the
kinematical Hilbert space for one link in 3D LQG is L9(SU(2),dg) with dg being the Haar
measure of SU(2)6. According to the Peter- Weyl theorem, this Hilbert space can be written
as the direct sum of the tensor products of all the irreducible (denoted by a half-integer,
called spin j) vector spaces V7 and the irreducible dual vector spaces V*J, which is formally

5Given a representation (I1,V) of a Hopf algebra H, the dual representation of H is a pair (IT*,V*)
consisting of a dual vector space V* = Hom(V, C) and a homomorphism IT* : H — End(V*) such that

(IT* (), v) = (¢, II(S(h))v) ,Yh e H, ¢ € V" ,we V.

6A Haar measure of SU(2) is a measure invariant under the left and right SU(2) transformation,
i.e. dg =d(hg) = d(gh),Yh € SU(2).
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written as

M. = Ly(SU(2),dg) = P VI @ V7. (4.33)

J=N/2

Before imposing any constraint, the Hilbert space for a graph I' composed of E links is
the E-times tensor product of the Hilbert space for a single link. Graphically, one can
understand that V7 for a link e is the vector space associated to the half-link incident to
the target node ¢(e) and V*7 is the dual vector space associated to the half-link incident
to the source node s(e). It is common that instead of studying the whole Hilbert space,
one specifies on certain irreducible” representations. In this spirit, we assign a spin j, to
each oriented link e, implying that we are picking the representation space V?J @ V7 for
this link. Then a spin network state for an n-valent node v is a state invariant under
the SU(2) transformation imposed on v. Such an SU(2)-invariant space is denoted as

Inv <®e|t(e):v VIi® Qejs(e)=v Ve J ) The basis of the kinematical Hilbert space Hyi, is given
by the intertwiners, which by definition are states invariant under SU(2) transformations.

We now want to generalize the spin network states and hence the kinematical Hilbert
space from the flat case to the ¢-deformed case by considering the irreducible representa-
tions of SU,(2) (or of U,(su(2)) which are identical). The generalization is rather direct
and we collect some ingredients needed for future illustration here [33]. To simplify the
notation, we still denote the vector space and dual vector space of the spin j representation
for SU,(2) by V7 and V*/ in the rest of this section unless it brings confusion.

For the spin j representation space, we introduce an orthonormal basis called the mag-
netic state basis denoted as |j,m) € V’ by a spin j and a magnetic number m which can
take 25 + 1 different values: —j,---,7. Dualizing it, we get the corresponding magnetic
state basis (j,m| € V*J for the dual representation space. It is an orthonormal basis in the
sense that their inner product gives

They form a complete basis for the vector space V7 ® V*7, that is

Z |]7 m) <]7m| = IV7®V*j . (435>

We now use these formulas to construct the U, (su(2))-invariant states in the kinematical
Hilbert space of g-deformed LQG for a single node. Note that the flat case, which is more
well-known, can be recovered at ¢ = 1 for all these results.

"On physical ground, the representation should be irreducible because otherwise, we have closed sub-
spaces which give superselection sectors [200].
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4.3.2 Intertwiners for three-valent nodes

We are particularly interested in the case of n = 3 which corresponds to triangulation
of Y. We specify the quantum Gauss constraints for the different orientations in this
case. Firstly, consider a node with three links ey, e, e3 incoming, as given in fig.3.4d. The
quantum Gauss constraint reads
KeKoK 0
_ AN@7T _
G=A"L= (% (K 9K e, - . . - (4.36)

- K1'oK ' K1
@, 9K +J, 9K ®K)

Nl MH

An intertwiner i;,;,;, € Inv(V’* @ V2 @ V7 is defined as a state on a node invariant under
the quantum Gauss constraint, that is the eigenstate for Gi;, 5, = %;,j,55- Note that the
generators act on the magnetic basis state |7, m) as

Jeljom) = Em+ 1 FmlljmE1), Kljm)=q2|jm), (4.37)

and J., K act in the same way. Using the recurrence relation of the ¢-Wigner-Clebsch-Gordan
(WCG) coefficient ,C7 72 s [33]:

mi1m2ms3

m2

g2 /[ Emulli Fa + 10,670 20+ ¢ = /g2 £ moa]jz F ma + 1] ,CJL ma1
. \/]3 :F m3][j3 :|: ms —|— ] an111 ,,3122 mjg,g:i:l = O, (438)

we can solve the Gauss constraint, Gis i, = i, and get the U, (su(2)) intertwiner
defined as
(_1>j3+m3 g

Ujais = D Tq_chﬁfl g2 3 i ma) ® |ja,ma) ® |s, ma) . (4.39)
m; J3

When changing the orientation of any link, the correspondent intertwiner can be ob-
tained by turning the representation, say 7, associated to the orientation-changed link to
the dual representation j*. To do this, we make use of the U, (su(2))-invariant bilinear form,
B, : V'@V’ — C, which is defined with the ¢-WCG coefficient projected on the trivial rep-

resentation [33]. Explicitly, for two given vectors w = wp,|j,m),r =Y., r,lj,n) € V7,
Z dCommo Womlm = Y (1" Fw_ (4.40)
m
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One can thus define the dual vector w* of w as

w* = ,mlw’ = Ll 2 (=), = wh =q¢ 2 (=1)Tw_,. (4.41
> Gymlwy, = (j,mlg % (<1) "=

m m

Apparently, this dual operation is not involution. One can also define the dual vector with
the U,-1(su(2))-invariant bilinear form B,-1, that is to replace ¢ with ¢~* in (4.41).

When link e, is outgoing and ey, e3 incoming, as given in fig.3.4c, one needs to dualize
the vector on ey, that is to change ,CJ% 72 %2 |jy,ma) — ,CJL ],7212 78 {ja, ma| and add
(—=1)72t"m2¢==" according to (4.41). Thus the correspondent intertwiner is

)J3+m5 _ mgtmy

. (=1)istma m | ,
z]-u;jszz N (=142, Gt 2, 2 L, ) @ (o, ma| ® [ja, ma) , (4.42)

which can be checked to be the eigenstate for the quantum Gauss constraint
KoK '®K 0

A . KloK@K!
(4.43)

When link e, is outgoing and e, e3 incoming, as given in fig.3.4b, the intertwiner is obtained
using the same dualization as in (4.42) but for j; and m;. The last case for keeping e3
unchanged is to switch both e; and e; to be outgoing, as given in fig.3.4a, then the same
dualization should be applied to both (j;,m1) and (j2, ms).

What needs special care is when one switches the orientation of e3, i.e. when e3 is out-
going and ey, e; incoming. In this case, one needs to dualize the vector on e3 with a different
rule. This is because the ¢-WCG coefficient ,CJ! 72 73— (J1,ma; J2, ma|(jrj2) 3, ms3) can
be viewed as the coefficient w,,, (resp. wy,,) of a vector in V7' (resp. V72) or the coefficient

*

wy,. of a dual vector in V7* in the sense of the decomposition (4.41).

Note that the factor (—1)tm3¢="%" in ijljm is the transformation factor from the
coefficient w,, of a vector w to the coefficient w;, of a dual vector v* as shown in (4.41), thus

one needs to change (—1)J3+m3q_* C’ﬂ,jl T{i ansljg,mg) — (—1)73~ mdq 7 C’njll1 %22 73;33 (73, m3|

and add (—1)%~ms¢~"2" which is the factor of the inverse transformation of w*. This leads
to the intertwiner

1, M) @ |Ja, ma) ® (j3, ms], (4.44)

]1]2]3 : : \/_ m1moms
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which is exactly the eigenstate for the quantum Gauss constraint

K®K®K™! 0
e B T ST Y P Py
+K'@J, o K '+ J, @ K@ K1)
(4.45)
(4.44) can also be used to define the ¢-WCG coefficient
(O P2 3 = (i, mal @ (o, mali jogs s, ms) - (4.46)

Indeed, when we change the orientation of e3 again, we recovers the original intertwiner
i _1)ds+ma,— 5 i ni
i1j255 Dy adding the regular factor (—1) q~ 2 as in obtaining iz, from ij,j,;,.

As the last example, we consider the case of three links outgoing, the correspondent
intertwiner is

. (—1)37™3 my  my4mytmg L . -
%wyg::E:'——TEfT—q2 R G ) ) I G Vi
m; J

qu%l jfmzjfng (71, m1| @ (Ja, ma| ® (j3, ms|

1 mg
=2t

_1)j1+m1(_1)j2+m2qc_{";1 j—2m2j§n3 <j17 m1| ® <.j27m2| ® <j37m3| :

(4.47)

To summarize, we have clarified the quantization of the holonomy-flux algebra for one
ribbon and the Gauss constraint for a three-valent node with incident links of any orienta-
tion and the corresponding intertwiner. These serve as the hints to quantize the deformed
spinors that we will describe in Chapter 5 and the yardstick to measure the consistency of
the results. Recall that the quantum fluxes defined in (4.20) can be defined from the R-
matrix of U, (su(2)) and U,~1(su(2)) and form neat dualities with the quantum holonomies
in terms of the R-matrix, as given in (4.27). We thus believe that the intertwiners built
from the quantized Gauss constraint with such quantum fluxes are more useful in con-
structing the kinematical Hilbert space and are more promising to link to the Turaev-Viro
model. This is left for future investigation.
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Chapter 5

Quantum spinorial representation of
g-deformed LQG

The canonical quantization we did for holonomy and fluxes can also be performed on the
classical deformed spinors we introduced in Chapter 3 and promote them to operators.
These quantum deformed spinor operators, or quantum spinors for short, can recover the
g-deformed LQG structure described in Chapter 4.

The use of quantum spinor in LQG was first introduced for the flat case (¢ = 1)
[118, 98, 99, , A4, 75, 71]. One of the most appealing results is that the quantum
spinors can be used as a tool to define the SU(2) coherent states, which build the U(N)
formulation of LQG (see e.g. [98, 99, 50]). In this formalism, the focus of building quantum
states is turned from the spin networks on links to the coherent intertwiners on nodes as, for
a given graph, spins live on links while spinors live on nodes. The application of quantum
spinors in the spinfoam model has also been much explored (e.g. [32, 96, 111]) See Chapter
7 for more discussion on the this topic.

The spinor operators that meet at an n-valent node can then define gauge invariant
operators. Moreover, the latter form a u(n) algebra of operators at each n-valent node.
Later on [120], the larger algebra so*(2n) was identified as the full algebra of observables
associated to n-valent nodes. These observables are the most fundamental ones since any
other observable in the holonomy and flux variables, such as Wilson loops, can be rewritten
as a function of those fundamental observables [111]. In other words, they parametrize the
invariant subspace of the phase space.

The generalization to the quantum group case SU,(2) was not fully understood until
now and this is what we intend to achieve in this chapter (with ¢ real). Here we quantize
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the spinors directly, which gives rise to spinor operators. Those objects have already
been developed quite extensively using the full algebraic apparatus of quantum groups
[179, |, such as the notion of braiding, induced by the quantum R-matrix. Those
algebraic considerations thus provide the guide lines to actually build local observables
directly at the quantum level [30, 81]. However, since we are working on a graph, it is
also natural to use the geometric picture to construct the observables in terms of quantum
parallel transport. Note that in the non-deformed case, no parallel transport is involved
in these local observables. However, in the deformed case, AN(2) elements play the role
of holonomies to transport spinors around the ribbon structure of nodes. It was already
noticed in [39] that one can find quantum invariants without using the braiding provided
by the R-matrix. In this chapter, we clarify this aspect and show that these two different
approaches, algebra versus geometry, actually coincide beautifully. Indeed, the notion of
braided permutation used to construct the tensor operators can be understood as a specific
parallel transport along the ribbons. This interpretation in the context of loop quantum
gravity is new to the best of our knowledge.

Quantizing the spinors leads to the quantization of the local observables which are
built with them. The algebra of those observables around a node of valence n is shown to
be a ¢-deformation of so*(2n) from [120], with a U, (u(n)) subalgebra. This is proved by
reproducing the Serre-Chevalley relations from our quantized observables.

This chapter contains one of the key results of this thesis and it is based on [11] by
the author and collaborators. In Section 5.1, we introduce the quantum spinor formalism.
We provide the quantization rule to have the quantum deformed spinors. We then show in
Section 5.2 that the quantum holonomy-flux algebra can be fully recovered by the quantum
spinors in a geometrically clear way. In Section 5.4, we show that the action of the R-
matrix can be interpreted as parallel transport. This section contains the main original
results of this chapter. Finally, in Section 5.5, Finally, we obtain the quantization of the
local observables and prove that they form a deformation of s0*(2n) in terms of the Serre-
Chevalley relations. These observables will be used intensively in the next chapter for
constructing the Hamiltonian constraint.

5.1 Quantizing the spinors

In this section, we quantize the deformed spinors t¢, 7¢, £, 7¢ defined in Section 3.2. We will
describe their properties as quantum spinors. Let us first work on the non-tilde variables,
then the tilde variables follow the same quantization law but give rise to an independent
copy of operators.
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The quantization of the deformed variables (%, (%, N4 will give rise to the g-deformation
of the Jordan map for su(2). Indeed these variables can be quantized as g-boson operators:
the variables (% are quantized as g-boson annihilation operators, the variables (% as g-boson
creation operators and the variables N4 as number operators. Explicitly,

(€5 65) = (a,B) (C.85) = (alb), (N No) = (N, V), o)
(CE7CJ’?) — (d7 b) ) (Cfu <i) - (a’TvbT) ) (N,, N+> — (Nava) :
These g-harmonic oscillators obey the following commutation rules
aa’ — q¢%aTa = qi% ) ala — qi%aaT = _qi% ) [NmaT] = aT7 [No,a] = —a, (5.2)
from which one can deduce
GNe/? — g Na/?
qNa/2aT — q1/2aTqNa/27 qNa/2a — q—1/2ana/27 aTa/ — [Na] = - - , aaT — [Na + 1] .
q§ — qfﬁ
(5.3)

Similar relations hold for the operators (b, b, N) and the tilde variables. The different
sets of g-boson operators (a,a’, N,) (b,b', N}), (a,a, N,) and (b, b, N,) all commute with
each other.

States can be labeled by their occupation numbers, |n,) = a™=|0)/1/[ng| and |n,) =

b10)/+/Tns], and

M, M) 1O = [Na) @ 1) (5.4)

The g-deformed Jordan map is [33],

Na—Ny

J.=a'b, J_=ab, K:q%:q 1 7j+:dTl~), j_:di)T, f(:qj?z:q

Na—N,
4

(5.5)
Indeed, with the quantization map (5.1), we recover the classical generators z,z, A and
Z,Z, X at the linear h-order of the quantum fluxes (4.20) by taking ¢ = e*" = 1+xh+O(h?),

=
=

Jo = F=r(CE

N|=
~—

(g2 —q~

(g2 —q2)Jy — z=—kr(CE q

Y

—-q
K7 — X=exp(4(Ny—N.))

>

— A =exp(

=

We define the right adjoint action', denoted as » (resp. ®»), of U,(su(2)) (resp.
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U,-1(su(2))) on some operator O:
Ji» O=S8(J)OK+SK0J:  Kw» O=5K)OK

L , _ , 5.7a

= ¢ JLOK + KOJ. = K~'OK 57

Ji» O =5(J)OK '+ 5(K)OJ.  Kw»O=S3(K)OK (5.7b)
= ¢ JLOK '+ K'OJ, = K 'OK '

Let V7 be the irreducible representation of U, (s1(2)) of dimension 2j + 1. The basis state
|7,m) € V7 of fixed magnetic number m is the Fock state |ng, n)no,

()™ (1) "
G+l —

i.e. j=1(n,+m) and m = 3(n, —ny). The g-bosons act on those states as

atlj,m =\/j+m+1|j+§,m+ ), aljm \/y+mlj—27m——
b”]a =V j_m+1 |j+2am__ ) b‘]a =V j_ ’] 27m+ (59)

lj,m) =1[j+m,j —m)uo =

10,0)1o0 , (5.8)

Na|j7 >:(j+m) |]7 >a Nb|]7 >:( - )|jv >
™ Lt
(&
T

Figure 5.1: The reference ribbon. The spinor operators t¢ and t¢ are U, (su(2)) quantum
spinors, while ¢ and T° are U,-1(su(2)) quantum spinors.

With the quantization map given above, we are now ready to define the U, (su(2)) and
U,-1(su(2)) quantum spinors, which decorate the ribbon as in fig.5.1. A U, (su(2)) (resp.

!Given a generator = of a Hopf algebra H with coproduct A(z) = > (1) ® z(2), there are two kinds
of adjoint actions on operators O’s of H namely the left adjoint action > O := ) 21)0S(x(2)) and the
right adjoint action z » O := 3 S(x(1))Oz(y).
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T_
T.
under the U, (su(2)) (resp. U,~1(su(2))) adjoint action as a spinor, i.e.

U,-1(su(2))) quantum spinor, denoted as T = ), by definition should transform

JyeTy=0, J.eT,=T,, KeT,=q"iT,, (5.10)
where e is the right adjoint action (which can be either » or » ).

Remark 5.1.1. According to Biedenharn’s terminology [77], the relations (5.10) define
what he calls conjugate spinors. This is what we will call the right adjoint quantum spinors
in this article. A left adjoint quantum spinor, or a quantum spinor according to Bieden-
harn’s terminology, is defined by the Uy (su(2)) or U,-1(su(2)) left adjoint action. Denote
uniformly the Uy (su(2)) or U,—1(su(2)) left adjoint action by o, then the left adjoint action
of the generators on a left adjoint quantum spinor, say T’, is

JeoT, =0, JeoTL=T., KoT,=¢1T,.

Note the different behavior under the action of K compared to (5.10). A U,(su(2)) right

adjoint quantum spinor ;T can be obtained via a U,~1(su(2)) left adjoint quantum spinor

1T with the relation ;T4 = (—1)%_Aq%q71Tf4, while a U,—1(su(2)) right adjoint quantum

spinor 1T can be obtained via an Uy(su(2)) left adjoint quantum spinor ;T with the
. l,A _A /

relation 1Ty = (—=1)27%¢" 2, T,.

A spinor operator is a special example of a tensor operator T/=2. A tensor operator
T/ associated with the representation j transforms under the adjoint action as an element
of the representation j. The Wigner-Eckart theorem provides the matrix elements of any
tensor operator T7.

Theorem 5.1.2 (Wigner-Eckart Theorem for U, (su(2)) [33] ). The matriz element of a
tensor operator TV of rank j with j an irreducible representation of U, (su(2)) is proportional
to the g-WCG coefficient:

<j1,m1’TZn’j2,m2> = N] le J J2 (511)

J1J2 4~ m1mmeo
where T, is the m-th component of T7, ,C1 J 72 is the q-WCG coefficient for coupling j,

and j to get jo and N’

5, 1S a constant independent of m,my, ma.
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The quantization map (5.1) leads to the quantum spinors defined as

kN_ =
—eTCfr

Ny =
e~ T cr

-

e (r
t
t+

+_ —
o=
-

s = =
<T+

+

Tr

+
—>’E‘:(JE‘
t

. i+
= 3
- (ti
— T
T = =
<T+

~+

~ T
—>T+:(~+
T,

Ny
) — ( 133 > , (5.12a)
qg b
_pte— Ny
) _ ( QTZNZ’IT ) : (5.12b)
= "y | (5.12¢)
_quN“4“
):: ( PASIRE (5.12d)
q%&
= v~ | (5.12¢)
qg b
_BT 71\7(14+1
) - ( aTZN"Il ) : (5.12f)
q*%&
- Na v 5 (512g)
ENY
_htg e
) = ( - Lo > . (5.12h)
a'q 4

The spinors t¢ and #¢ are quantized as U,(su(2)) spinor operators while the (braided)
spinors 7¢ and 7¢ are quantized as U,-1(su(2)) spinor operators. Indeed, under the right
adjoint action, these quantum spinors transform as desired:

T wts =0,
Je»ts =0,
Jip T =0,
Ji T =0,

— 4€

Ji » t;: = Sk?
Ji T =T,

T = T,
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K»t, = q%fj[ ,

1 (5.13)
Kw»ti =qTite,

— ~¢ l~¢
Kw»t, =qit,.



As a consequence, the Wigner-Eckart theorem tells us that

(g1, malty, g2, ma) = 05y jorera\/[dii] Cvjnl,l Qmiiw (5.14a)
(J1, M|, 52, m2) = 65y jares2 \/ [djy] g ijﬁl 5m322, (5.14b)
(1, malts, g2, ma) = 0, joies2 \/ﬁ ch émi?iz , (5.14c)
Gy ma [T 2, m2) = 8y jorrerz \/ [di] -1 Com, 2mir2l2- (5.14d)

Therefore, as in the quantum fluxes, we again see both the U, (su(2)) and U,-1 (su(2)) struc-
tures appearing upon quantization. We decorate the ribbon with spinor operators as in
fig.5.1. t¢ and t¢ are the U,(su(2)) quantum spinors, while T and T° are the U,-1(su(2))
quantum spinors both in the sense of the right adjoint action. The quantum spinor com-

ponents satisfy the commutation relations
Ot =g It 1T, =ittt =gttt 7T =TT, e :( i.)
5.15

We define the inner products of the spinors with a bilinear form B, determined by

the ¢-WCG coefficient ++/[2 CQ 30 20 = E0m o (=1)12mgm/2 with ¢ compatible with the
spinor nature. B, thus deﬁnes a (non symmetric) metric on the spinors. We denote the
inner products as spinor brackets in the following way

(t]t) := B —VEICE 2o 0t = N,

(T|T) := By (th, 1) = —\/ﬂ 10% 7mo T, = [N], (5.16)
<E‘E> = BQ(E+757) = _\/[_ m > tJ—Fmt;l [N]7

(T7) =B (t5,7) = —V[2]4 1072 }10 T, T, =[N,

as well as

[t]t] == B, (t7,t%) = \/_ méot* = IN+2],

[t|t] := By (7, th) = q 10,?1 ;no’t W =[N +2], (5.17)
[£]t] == B,(t7,t%) = \/_ oto, =[N+,

[Tft] = B, (T, T7) = \/ﬂ 10,@ ;no%:m%; =[N +2].
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while it can be checked directly that the remaining vanish,
[t]t) : =B, (t7,t7) =0=B,(t*, t*) =: (t|t],
[t]T) == Bya (T, 1) = 0= Bya(rh, ") = (1]1],
[t[t) == By(t7,t7) = 0= B,(t". tF) =: (t[t],
[T|T) =B, (T ,T )=0= Bq71<:f+,:f+> =: (1|T].
Unlike in the classical case, the norms of the spinors and their duals are not equal, (-|-) #

-], due to the non-commutativity (5.15) of the spinor components. Furthermore, one can
get [N + 1] or [N + 1] by the following inner products,

1, — l _ —
IN+1]=q i(t2tL —trt) = (t*t_ —t th)

(5.18)

1, e (5.19)

=q i(tit. — i) =¢3 (T;c+—'r;t+),
IN+1) = ¢ 3(t78F —t78) = ¢3 (tﬂ;— — ) (5.20)
— iR T ) = (A -7, '
They are actually those we will use to reconstruct the quantum holonomies, which we will
describe in the next section.

5.2 Recovering the quantum holonomy-flux algebra

Both the quantum fluxes and quantum holonomies can be built from the quantum spinors
in a neat way as their classical counterparts (3.48).

Holonomies. We start with the following proposition.

Proposition 5.2.1. Impose the norm matching constraint N = N. Then the operator

matriz U = ( U Uy ) whose matrix elements are given by
Up- Uss
) B ~ 1
Usp = (=1)27P¢2 Y 5t p —— 5.21
= O i (5.21)
. ) - U._ U, .
is an SU,-1(2) quantum matriz. The operator matriz U = | - ~ whose matrix
Ui Upy
elements are given by
~ 1 1 B ~
Upp = —= —1)2"Bg72 Y t4TC 5.22
EESIRAC R ULt (5.22)



is an SU,(2) quantum matriz.

In addition, together with the fluzes L and L (4.20) defined in terms of the Uy (su(2))
generators given by the Jordan map (5.5), the holonomies defined this way satisfy the
commutation relations (4.16).

Proof. By repeatedly applying (5.15) — (5.20) and the commutation relation of the spinor
components and the norm factor

1 1 1~ - 1 L
=T ™ =T — — T=t,r, T=t,x,
(

Te Y +* m m < Y
[N41] ™ "IN+ 1+¢€ [N41] [N +1+¢]
one can compute that

U__U_; = q%U—-‘rU—— ;o U__Uypo = Q%U+—U—— , U pUsy = Q%U++U—+ )

Up Uy = U U U Usi] = —(q2 —q ) U4 Uy, U4, U] =0,
dety 1 U=U__Uyy —q?U_ U, =1,

U Uy=q 20,0, U U_=q¢20, U_, U, U=q20.,0,,
- 1 = -~ = R ~

Up Uiy =q 20 U U U] = (¢2 —q U4 Ui, [U4, U4 ]=0,
detqﬁ = ﬁ__0++ — q_%ﬁ_+ﬁ+_ =1.

Referring to Definition 4.1.2, we conclude that U is an SU,-1(2) quantum matrix and U is
an SU,(2) quantum matrix.

Using the Jordan map (5.5), the commutation relations between the U, (s1(2)) genera-
tors and the quantum spinors

te K = qFiKty, 1K =q¢ 1K1y, t.K =¢FiKt., T.K=¢ 1K,
oSy — gt it = K, teJy = ¢t i et
T Ty — Tt = KTy, ey = qTiJets, (5.24)
T — qtiIts = K18, teJe = gF it
?;ji - quiLﬁ; = KT°, %;QE = q%j;?;,

one can show that the commutation relations in (4.16) are satisfied given the definition of
the quantum holonomies (5.21), (5.22) and the quantum fluxes (4.20). O
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Flux vectors. We can also reconstruct the quantization of the vectors X and X°P from
(2.40) in terms of the quantum spinors. They become U, (su(2)) and U,-1(su(2)) vector
operators respectively, i.e. spin 1 tensor operators. The U, (s1(2)) quantum vectors can be
built from the U, (su(2)) spinors t¢ and t¢ and the U,-1(s5u(2)) vectors can be built from
the U,-1(su(2)) spinors T and T°.

According to the ¢-WCG coupling, one can define the U, (su(2)) right adjoint vectors
as
Xy = ,C m’n Lthts, A=0,41. (5.25)

m-n ?

1
m,n=x+5

m+n=A

In components they read

X Céél—k— Céélﬁ-—_ 1 1 1

0 —4q %_%ot tt g 1§0t+t—_ﬁ<q2j+=]—_q 2J—J+) )
230 4 -1 33 1 4, ~1

X_lqu'%%lt t—=—-J K, Xlzqc_%_%_lt+t+_J+K

It is easy to check that they behave as a vector under the action of U, (su(2))

Jer Xa=VIFALLTAF Xy, Kw»Xy=q2X,, (5.26)

so that the Wigner-Eckart theorem applies and gives the matrix elements of X4 in the
irreducible representation V7,

271127 + 2
(G,n|Xalj,m) = N; .7 7 with N; = % (5.27)
Similarly, one defines the U,-1(su(2)) vector as
Xr= Y, LOE e A =0, 4, (5.28)
m,nz:l:é
m+n=A
whose components are
op 33l o 33l 4 - 1 -1
XP = C2 2 w4 Ot = <q 2, — qu_J+> ,
330 330 [2]
XOP — C%%1+—_ op _ 23—
o1 =g O, T = —J_K, X|"=, C_%_% Tt =4 K



They are indeed U,-1(su(2)) vectors since

S XP = VI FADI LA Xy, K¥XP=qg2XP, (5.29)

and from the Wigner-Eckart theorem,

272 +2]

2]

One can see that X and X°P are the natural quantization the classical deformed vectors
X and X°P as defined in (2.40). The tilde sector of vectors X and X can also be built
in the same way from t¢ and T° respectively. In addition, higher spin quantum vectors
of U, (su(2)) and U,-1(su(2)) types can be built with the ¢-WCG coefficient in a similar
method.

(j,n|XP|j,m) = Nj .+CJ ' with N; =

n—Am>

(5.30)

5.3 Flipping the ribbon

In the following, we will omit the index € on the spinor operators as it is not relevant for the
present discussion. We introduce the operator 91 associated to changing the orientation
of a link of I", which is a quantum version of m defined in (3.19).

T Lt T t
el -~ . e
U U U U
£ T t T
(a) The reference ribbon. (b) The flipped ribbon.

Figure 5.2: Flipping the reference ribbon due to the change of orientation of the link e is
equivalent to the spinor flip T — T, t—t.

When changing the orientation of a link as shown in 5.2, we have the following involutive
transformation on the spinor operators

T—=1T, t—t. (5.31)
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Since the tilde and non-tilde spinors are classically the same, and since the quantization
map is the same for both (5.12), we can define

M(t) = t, M(t) = t, M(T) =7, M(T) = T, (5.32)
and just like we did classically, we can lift 9t to the g-bosons by setting
Ma)=a,  Mah)=al, mov)=06, MmO =0 (5.33)

and requiring that 9t is an involution. By applying 9t to (5.5), one finds

M(Je) =Je, M) =Je, ME)=K, MK)=K. (5.34)
It is then possible to find (L) in terms of L,
K 0) -
M(L) = 1,1 o ~ | =5(L 5.35
) <—Q4(q2 —q ) K ) (53

where S is the antipode of U, (su(2)). Similarly, one finds / (E) = S(L) with S being the
antipode of U,-1(su(2)). Indeed, S(S(L)) = L and S(S(L)) = L, consistently with the fact
that I is an involution.

The same can be applied to U. Parametrize the matrix elements of U and U as well as
their antipode to be (See Definition 4.1.2 for definition of the Hopf algebra SU,(2).)

U._ U - U —q2U_
U= + SU,-1(2), S(U)= [t * 5.36
( Up- Uiy ) €80 (2), v) < —q2Us - U_- > ’ (536)
- U._ U - U —q2U_
U= * T ) esu,2), SU) = fipe S 5.37
(57 77 )esue. so=(_ T 1) e

where we have used S to denote the antipode for SU,-1(2). We define the operator 9

acting on the generators U__,U_,, Uy, U,y of U and generators U__,U_,,U;_, Uy, of
U as

MU__) =Upy, MU_y)=—q2U_y, MU)=—q2Us_, MUyy)=0U__,

MU__) =Usp, MU_y)=—q20U_, MU_)=—q2Us_, MUsy) =U_,
(5.38)
where 90 is indeed an involution. We then have

M(U) = S(T), MT) = S(U). (5.39)



Recall that one can reconstruct these quantum holonomies in terms of the quantum spinors
in the way as in (5.21) and (5.22) which copy here.

1 B ~
Uap = (—1)275¢2 ZTZtiB

n 1] c SUq71(2>,

(—1)2tBg~ ZtAT 5 €SU,4(2).

€=

Uip = —
AB [N—I—l]

The matrix element of the antipodes of U and U defined in (5.37) can be equivalently
written as

— A-B 1 l,pg _B e e
(S0 = (=) 5 Vg s = gy (1 2ZtAr_B, (5.40)

(S(O)ap = ()" P¢" 3 Upa = (-1)2 qum

(5.41)

Then (5.39) can be deduced from (5.32).

Therefore, we have a complete map for quantum objects in terms of flipping the ribbons.
We can now focus only on one orientation for a ribbon and use the involution map 91 to
deduce the results after the change of orientation.

5.4 The R-matrix as parallel transport

In the classical construction, the different spinors are related through parallel transport by
the AN(2) holonomies. We will see that their quantum counterparts, the spinor operators,
are related by AN,(2) holonomies. We expect to have two possible cases, either lower
triangular or upper triangular.

Parallel transport within a ribbon. The covariant and braided-covariant, classical,
spinors of a single ribbon are related to one another by AN(2) parallel transport in (3.26)
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and the first equation of (3.40).

t€, (5.42a)

= g (5.42¢)

qtte. (5.42d)

(et ot )

it = ( L lf%ﬁ_ o ) — R (5.42b)
( )
(

Kﬁl%e_ eﬁ 1te
3 _1y 7 ~e =€ 4
—(¢* —q 1) Jot_ + KT,

One can take the complex conjugate of these relations and get equivalently,

(—1)2 g%t = ¢"F g7 (1) Pgr e 5 (LT) 4 (5.43a)
(—1)7 g 2, = ¢ g T (—1)F PRt (S(D)) 4, (5.43b)
(DI AR = g T (-1 PR, (1) 4 (5.43¢)

(—1)2Ag3E = ¢ i g T (~1)3 By B R, (S(E)T)BA. (5.43d)

To get (5.43) from (5.42a) and (5.42d), we have used the formulas for taking the complex
conjugating of spinor components

14 A, . . 14 _A .
(t)" = e(—1)z 742t (7)) =e(-1)2 g2, (5.44)
Te T 1 4 A7 _¢ ~€ 1 4 _A~—¢ ’
() = e(-1)2 g2, (F) =e(-1) 4275,
and the commutation relation of the factor qe% or qeg with the spinor components
N 12 N / e N N~ el ~1 N N ¢ e ¢ N
q€4t€:q4 €Aq€4’ q€4f(f4:q41'f4q64’ q€4tf4=q4t§1q64, q€4TA:q4TAq4'
(5.45)

This quantum version of the parallel transport works within a single ribbon, see fig.5.2a.
Let us now consider what happens when dealing with more ribbons.

Spinors for many ribbons. We are interested in defining spinor operators when dealing
with many ribbons. We focus on a ribbon graph I}y, where the graph I" is an N,-valent
node v with N, links ordered and labeled as e; and ey going counterclockwise. The
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ribbon graph Iy, is an N,-gon R(v) surrounded by N, ribbons R(e,), n € {1,---, N,}.
Once more, we do not consider the index e which does not bring anything to the present
discussion. For the ribbon R(e,), we introduce

T, =19 -T2 -3, t,=19---t®---a1. (5.46)

These objects, T, or t,, are built using permutations, starting respectively from T; or t;.
However, the permutation is not consistent with the coproduct if it is non-co-commutative.
Consequently, due to the non-co-commutativity of the coproducts of U, (s1(2)) and U,-1 (su(2)),
these objects are not spinor operators, except T; and t;.

We now want to define spinor operators, that is objects transforming covariantly under
the U, (su(2)) and Uy (5u( )) adjoint actions. To make the distinction between the obJects
living on the n' leg, T, or t,, and the spinor operators, we will denote ™7 and (¢, the
objects transforming respectively as a U;-1(su(2)) and Uy(su(2)) spinor operators. The
construction of the spinor operators on different Hilbert spaces is usually done using the
braiding induced by the R-matrix [179].

As a consequence the usual construction of spinor operators (or any tensor operators) is
in terms of the R-matrix. There are two ways to define such a spinor operator. Explicitly,
we use Ri_jl or R;; to define the U,-1(su(2)) tensor operator "™7.

Wr, = RLLR. -R;;R;;(%H)ARMR%  Ru—onRu—1, @ 1® - (5.47a)

or MTy = RunaRan2 - RuaRut(Ta)aRpi Ry - Ry yRy b @ 1@ - (5.47D)

The two formulas of (5.47) are proportional to each other with the proportionality co-

efficient being a function of the norms Ny, ---,N,, which commutes with the U, (su(2))

(or Uy-1(su(2))) generators. Similarly, we use Ry; or R;;' to define the U (su(2)) tensor
operator (")t

MWty = Ry 1mRnom-- Rgann(E JARL Ran - Ryl Rty @ 1@ -+ (5.48a)

or Wiy = R R s Ry Ry () aRuRuz+ Run—2Rn-1 ® | ® - +(5.48b)

We now show that these U,-1(su(2)) spinors (resp. U,(su(2)) spinors) can be equiv-
alently obtained by using the quantum parallel transport induced by L (resp. S(L)) or
S(L)T (resp. LT).
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Braiding as parallel transport. Let us focus first on the case with all ribbons R(e,,)
oriented in the same way corresponding to incoming links in the associated graph. We
focus on the N,-gon R(v).

Proposition 5.4.1. The braiding induced by the R-matrix can be seen as a parallel trans-
port.

Mr, =R LR R R (T) aR1Ran R Rno1, @1 @ -+
=L@ - LeT,)i®1®- - (5.49)
:[:AA2®[:A2A3®...®%An_I®|®... :
MTy = Rpn-1Ram—2 " RuoRt (Ta) AR Ry Roh g R 1 RN @ -+
or =SL)f® @S0 eT)a0l®--- (5.50)
= (SN2 @ (SL)N @ @Fa, , @1@--

ME) = Ric10Rn2m RanRin()aRLI Ra -+ Ry n R @ 1@ -
=SL)® - ®SL)t)a®I®--- (5.51)
= SL)a?* Q8(L) s, @Rt , DI .

MEs =Rt 1Rz Rua Rt (8) aRuiRu2+  RyoRpn1 @1 @ -+ -

or =('e---2lfgt)axle--- (5.52)
= (IN20(IN,"*Q - ®ty, I .

The proof is lengthy and we give it in Proof B.3.2.

Geometric interpretation. We have just shown that the braiding induced by the R-
matrix can be explicitly written as a parallel transport along the ribbons using AN,(2) or
AN,-1(2) holonomies®. Indeed, equations (5.49) — (5.52) tell us that the algebraic definition
of a tensor operator written in terms of the R-matrix can be replaced by a definition which
has a very natural geometrical interpretation when working with ribbons.

Let’s illustrate the geometrical definition of the tensor operator M7 given in (5.49) in
terms of parallel transports by L’s. We put consecutively the ribbons, so that they share a
node. Let us deal again with the case where all the links are incoming. The construction
is illustrated in fig.5.3.

?Recall the matrix elements of ANy(2) and AN,-1(2) are given by the generators of Uy (su(2)).
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Figure 5.3: The choice of cilium is given by the red bullet. In 5.3a, the orientation is
anti-clockwise, while in 5.3b, the orientation is clock-wise. This choice matters since we
usually order the tensor product from left to right.

The first step consists in identifying a reference point. This corresponds to choosing
a base corner. We naturally choose the reference point to sit on the ribbon R(e;). The
construction of the spinor operators will depend on the orientation chosen for the ordering
of the ribbons: counterclockwise or clockwise starting from R(e;). Indeed, the source point
can be the left- or right-end point. (Left- or right-end point is specified by sitting at the
node in I" and looking towards the outgoing direction of the relevant link.) Let us choose
first the right end point to be our base corner as in fig.5.3a (the node in red). This means
that (VT is the reference spinor. We choose to order the ribbons counter-clockwise which
is the orientation consistent with the definition of the spinors given in Proposition 5.4.1.

Indeed, the parallel transport by L indicates that we take T — which sits at the left-
end point of R(ep) since the right-end point of R(eq) is identified with the left-end point
of R(e;) — and transport it to the reference point.

We proceed recursively with other ribbons. The object T3 sitting at the right-end point
of R(e3) which is identified with the left end point of R(ez). We can transport T3 using L
to @7, and so on and so forth.

Therefore, the geometrical construction of the spinor operator 7T is obtained by par-
allel transporting T,, which sits at the right-end point of ribbon R(e,), along the ribbon
short sides using the L’s to go from the right-end point to the left-end point of each ribbon
until reaching the reference point (the right-end point of R(ey)).
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If instead, we choose the base corner to be at the left-end point of ribbon 1, this means
we use as a reference t. This means that we order/add ribbons now in a clockwise manner.
This is illustrated in the fig.5.3b.

Now let us discuss the case when the links do not have the same orientations.

(a) We transport T using L to the base cor- (b) We transport Ty using S(L) = L to th

ner (in red) to define a spinor (7. base corner (in red) to recover a spinor (7.

(¢) We transport To using L to the base cor-  (d) We transport T using S(L) = L to the
ner (in red) to recover spinor (?t. base corner (in red) to define a spinor ().

Figure 5.4: The choice of base corner, the right-end point of ribbon 1, is given by the red
bullet. In each case, we transport the relevant spinor living on right-end point of ribbon
2 using the holonomy in ribbon 1. We recover the same spinor in each case as in the
un-flipped case.
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Flipping ribbons, again. We again drop the e spinor decoration since it does not bring
anything to the present discussion. As discussed in section 5.3, when we flip the orientation
of the ribbon, the exchange of variables is performed by I such that

It)=t, I(x)==, I(L)=5(L), I(L)=S(L). (5.53)
When flipping the orientation of a link in Proposition 5.4.1, it is thus enough to apply the
operator I, but only to the factor of the tensor product which corresponds to this link.

For instance, consider n = 2 and reverse the orientation of the link 2 only (not 1). Then
applying I on ribbon 2 (which we henceforth denote I5) to the last line of (5.49) gives

(Z)TA:[Q(EAB(X);EB) :Z?AB®[(;EB) :f/AB®TB (554)

and to the last line of (5.51), )
@ty =S(L)AP @t (5.55)

The geometric picture is as follows. The first relation (5.54) consists in the case where
the base corner is at the right-end point. Because ribbon 2 is flipped, we have T, that
stands at the right-end point of ribbon 2 which is identified with the left-end point of
ribbon 1. We then parallel transport T, using L on the sector 1 (See Figure 5.4c). The
same applies for (Pt 4, when the base corner is taken as the left-end point.

Consider now the case where it is ribbon 1 which is flipped (outgoing) but ribbon 2
is not (it is incoming), see Figure 5.4b. We thus apply I to the first factor of the tensor
product in the last lines of (5.49) and (5.51),

D, =L(L L) =SL)APots, Pta=SUL))P@tsg=LiP @t (5.56)

In the first case, we take the base corner to be the right-end point of ribbon 1, which is
decorated by the spinor T;. On the right-end point of ribbon 2, identified with the left-end
point of ribbon 1, we have T,. We can define a spinor operator by transporting T, to the
base corner through S(L), that is (S(L))4? ® T5.

When both ribbon 1 and ribbon 2 are flipped, see figure 5.4d, we use the map ;5 which
flips the sectors 1 and 2. As we just discussed, we can define the spinor

(Q)TA = —712(1:,43@%3) = g(L)AB@)TBa (Q)tA = ]12(5((Z/))AB®EB) = L %®tp. (5.57)

We still take the right-end point of ribbon 1 as the reference point, we have now T, sitting
at the base corner. At the right-end point of the ribbon 2, coinciding with the left-end
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point of ribbon 1, we have T5. We can define a spinor operator by transporting T, to the
base corner through S(L), that is (S(L))a” @ T5.

To summarize, the definition of the spinor operator on different ribbons does not depend
on the orientation of the links, since for example L and S(L) are the same operators and
so are T and T. So (5.57) is the same as (5.54) and (5.55).

5.5 Scalar observables

We will now proceed to the quantization of the observables defined in Section 3.4. The
first part of this section has already appeared in [30, 81, 39]. The spinors are promoted
to spinor operators as we have discussed previously. The scalar product is obtained by
contracting with Clebsch-Gordan coefficients projecting the tensor product of two spin 1/2
representations to the trivial representation.

Proposition 5.5.1. The quantization of the general observable (3.65) living on the links
e; and e; with i < j is given by, up to some overall normalization constant,

(ZA(_l)%+Aq7% (i)%iA (j)%eAj for o, =0, = -1
o ZA(—l)%*Aqfé O~ DT for 0; = —0; = —1 (5.58)
9 S, (1) OF, O for o = —o; = 1 :
|3 (—1)2 g2 D=5 O for o; = 0; = 1

Since the quantum operators T¢ and T° have the same matrix element, or as we discussed
in section 5.3 the spinors are invariant under the flip of the ribbon, the observables for the
different orientations in Proposition 5.5.1 are actually the same®. A natural question to
enquire is the algebra that they satisfy, if they satisfy one. One can indeed check that if
we were to build observables from the fluxes, the algebra of observables would not close
(even with no quantum deformation [118]). The great advantage of using spinor variables
is that they provide a closed algebra of observables [118, 98 |. In the non-deformed
case, the algebra of observables is given in terms of the s0*(2n) Lie algebra [120] where n
here stands for the number of links meeting at the node of I'.

3We remind the readers that the observable defined in (5.58) is not the same as in [12] for different
orientations. Here the E;;’s are defined in the same way for different orientations of e; and e;, while they
are defined differently in [42] for a uniform action on the intertwiners for different orientation cases.
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If we denote the generators of s0*(2n) by e;;, fij, fij 1,7 =1, ,n, their commutation
relations are

[eija ekl] = 5jk6il - 5il€kj ) [eija fkl] = 5ilfjk - (5ikfjl7 [%’7 gkl] = 5jk:9iz - 5jlgik7

5.59
[fijagkl] = 5jl€ki + 5ik€lj - 5jkeli - 5il€kj ) [fij; fkl] = [gijygkl] =0. ( )

We can identify u(n) as a sub-Lie algebra of so*(2n) which is generated by {e;;}.

We want to show now that a similar statement holds in the deformed case, i.e. we have
a deformation of the so*(2n) algebra which contains a deformation of the u(n) algebra.
The deformation of the u(n) algebra was already identified in [31] using the R-matrix
formalism. We extend here the construction to have the full deformation of so*(2n). We
are first going to recover the deformed substructure U, (u(n)) then the full deformed algebra
U, (s0*(2n)).

Given a semi-simple Lie algebra, its deformation is given in terms of the Serre-Chevalley
relations [58]. The (Cartan-Weyl) generators are constructed by induction.

We have constructed a set of observables using the spinor parametrization. As we
discussed, we can obtain different parametrizations because we can use different types
of parallel transport, either L or S(L)!. Hence in terms of the spinor parameterization,
we also have some arbitrariness in terms of the explicit expression of the observables. We
know that at the classical level these observables form the algebra so*(2n). Hence we could
apply the Serre-Chevalley induction for the deformed case. The goal is then to relate this
construction to the parameterization in terms of the spinors. We are going to show that
the Serre-Chevalley construction picks exclusively the parallel transport induced by S(L)T.
Let us recall more details on the Serre-Chevalley induction process to fix the notations.

The definition of the U, (u(n)) from the Cartan-Weyl generators &;; is as follows [33].
We first specify the Chevalley set of generators containing n — 1 raising, n — 1 lowering
and n — 1 diagonal generators, denoted respectively as &; 11, &—1, and &;, which satisfy
the following commutation relations

[8i7 g]] - 07 [gza gj,j-f—l] - (51] - 5i,j+1>gj,j+1 5 [f,'“ g]_t'_ld] = (6i,j+1 — 61])8‘7_"_17] ,
[5i7i+1’ 5j+1,j] = 5z‘j [&‘ - 5i+1] .

The remaining Cartan-Weyl generators &;; and &;; with j > 7 4 1 are defined recursively
as follows.

(5.60)

Nj_q 1

Eiji=q > <5z‘,j—15j—1,j - qégj—lu‘gz’,ja) 7 (5.61a)
Nj—1 _1

Eji=q * <5j,j—15j—1,z‘ —q 7 j—l,z‘gj,j—1> : (5.61b)
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By the Jordan map, the Chevalley set can be defined in terms of the ¢g-bosons (a;, ag, bi, bj»):

Eiir1 = alazq 1 +blbisig ‘ & =N +1 (5.62)
P — 7 ’ .

Mo, = Nogy —Naj+Najiy
Eiv1, = az‘a;rﬂq T + bib;'erlq T )
and other generators in terms of the g-bosons can be deduced from (5.61). We can then
identify directly the relations between the U, (u(n)) Chevalley set of generators and the
quadratic operators constructed from the deformed quantum spinors. They simply are
Ei =8, B =& E; =[E-1, E; =[E+1]. (5.63)

2,1 0,0

For the remaining Cartan-Weyl generators in terms of the quantum spinors, one can make
use of the quantum fluxes to connect the spinors from distanced sites. The result is given
in the following proposition.

Proposition 5.5.2. The Cartan-Weyl generators & 1, and &y, of Uy (u(n)) for any
p € Nt can be expressed with the quantum spinors at sites i and i + p and the quantum
fluzes for ribbon links connecting them. Explicitly, they can be written as

ShC) Nitn 14 A L. s
5i,i+p =4q 4 Z (_1)2+Azq ? tj,_—Ai H(S(Li—i-k)T)AHk—lAHkTi—&-p,AHp_l ) (5'64)
A A, k=1
Aty
Sho) Nitk 1y A L .
Eirpi =4 q Z (—1)274ig t 4, 1_[(S([A+1~c)T)Ai+,HA’*’“’l':er,AiﬂF1 . (5.65)
AiAiga, k=1
s Aitp

Proof. Notice that the following relations are satisfied.

Tty — 8T = (CDF PR (S()T) P =g ¥ i E (L)
(5.664)
bafls — 0 TRt = a7 (F)PE (S(L)T) = g7 (-0 R (L) P
(5.66b)

Using the scalar operator of two spinors at the same corner to define the ¢, (u(n)) generator

1 Ay~ 1 A, ~
_ 1pa, Az ~- _ 1o, Az 4
Eiir1 = E (=12 g2t 4 T4, Eiri= E (=1)27%g2t; 4 Ti1a,, (5.67)
Ai=+1 Aj=+1

and the induction, one can show the validity of (5.64) and (5.65). O
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We extend the construction to include all the different types of observables and verify
that the observables E;;” are the generators of U,(s0*(2n)), which is the ¢-deformation of
the algebra so*(2n) [120]. Denote for different sectors ¢; and €; for the quadratic operator
E;’7 as

)

— o +,— ot
gz’,z’ =& =N, + 1, (C:i’zq_p Ez itp 5i+p,i = E

1,1+p )

v (5.68)
Fiirp = Bl Fipi = —Fiitps Giitr = —Eiiyp, Gispi = —Giisp -

Proposition 5.5.3. The operators F; i, and G; v, with p > 1 defined in (5.68) satisfy
the recursion relations in terms of £; as follows.

Nitp—1 1
Fiitp =4 2 <~/T_.i,i+pflgi+pfl,i+p —q 25i+p71,i+pf.i,i+pfl>
) (5.69a)
= (E+1,z’+p5i+1,i —q 2 z’+1,i]:z'+1,z'+p) ;
_Nigp—1 1
gi,ier =q 2 (gi+p,i+p71gi,i+p71 —q 2gi,i+p71(€i+p,i+p71)
(5.69b)

1
= <gi,i+1gi+1,i+p - q29¢+1,¢+p5i,i+1> .

The operators &; i+1, Fiiv1 and G i1 defined in (5.68) form the generators of Uy(s0*(2n))
which is a closed algebra. These generators satisfy (5.60) and the following commutation
relations.

Eiir1Fjje — q_% Gi1&iit1 = 5i,j+1q_% i li—1 5

q_% 1385541 — Fij1€it1i = —0ij—1Fiiv2,

gi,i+1gj,j+1 - q%gj,j+lgi,i+1 = 5i,j71gi,i+2 s

q%5i+1 09541 — Gj it = _5i,j+1q%gi+li 15 (5.70)
[gu-’rjﬁ-l] = _(5ij + 5i,j+1)~7:j7j+1 ) [517 gj J+1] (513 + 0; ]+1)g] J+15

(Fiit1, Gjjr1] = 0ij (& + Eixa]) — 0ijo1&it0i — 0ij1&i—1,i41 5

[(Fiit1s Fjj+1] = [Giit1,Gj 1) = 0.

The first two lines can be seen directly from (5.69). The rest of the commutation
relations can be calculated with the definition (5.68) of the generators and the relation
between the spinors and the flux as shown in (5.66). The commutation relations (5.70) are
consistent with (5.59) when ¢ — 1, and it is in this sense that we view the operators &; ;41,
Fii+1 and G; ;41 as the generators of U, (s0*(2n)).
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In this chapter, we have revisited the g-deformed LQG in terms of the quantum spinors.
We have extended the spinor formalism whose classical setup was initiated in [79] and the
quantum aspect was touched in [$1]. We have shown how all the regular variables of LQG,
namely the flux and the holonomy are defined in the deformed case and can be expressed
in terms of the spinor operators which are the fundamental building blocks to build the
observables. We were able to recover the fundamental observables, defined in terms of
the spinor operators which are local objects, associated with a node of the graph. This
algebra is a deformation of the so*(2n) algebra where n is the number of links at the node
of interest.

This framework was instrumental to study the dynamical aspects in the context of 3D
gravity with a cosmological constant, which we will illustrate in the next chapter. See also
the work [12] by the author and collaborators. In particular, it allows us to connect the
canonical approach (LQG) to the spinfoam models using recursion relations.

Another important aspect we recovered is the interpretation of braiding in terms of
parallel transport. In a way, this is not so surprising as the ribbon structure shares a
lot of similarities with integrable systems where the L operators (or T' operators in the
standard notation of integrable systems) and the R-matrix have appeared [184]. This
geometric interpretation provides a more intuitive framework than using the R-matrix to
do calculations. It was extensively used for example in [12] as it rendered the calculations
much more amenable.
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Chapter 6

Hamiltonian constraint in spinor
representation

Having described the kinematics of the g-deformed LQG in terms of spinors, we now study
the dynamics and physical states that solve the Hamiltonian constraint. Since 3D gravity
is a topological theory, the physical states ought to be topological invariant.

On the other hand, knowing the physical states helps connecting LQG with other
quantum gravity approaches. For instance, in the case of A = 0, it has been shown by Noui
and Perez in [162] that the scalar products of physical spin network states defined in LQG
are given by the Ponzano-Regge amplitudes from the spinfoam model [173, 22, 21, , 138].

It has been shown in [13, 14] that the Hamiltonian constraint translates in the spin net-
work basis as difference equations on the coefficients of the physical states. These difference
equations should really be seen as Wheeler-DeWitt equations for 3D LQG. In particular,
they are solved by spin network evaluations, which is consistent with the Ponzano-Regge
model.

Therefore, it is natural to expect that the spinfoam amplitude for A # 0 can be repro-
duced by solving the Hamiltonian constraint in the LQG model with a non-vanishing A.
Such a spinfoam model is the Turaev-Viro model [204]. It is known to provide the partition
function of 3D gravity in Euclidean signature with a positive cosmological constant [10].
It is expressed as a sum of states in SU,(2) representation, with ¢ a root of unity encoding
the cosmological constant. It is thus a g-deformation of the Ponzano-Regge model, fur-
ther providing a regularization through a natural cut-off on representations when replacing
SU(2) with SU,(2). The large spin limit of the ¢-65 symbol matches the Regge calculus for
curved tetrahedra [199]. The Turaev-Viro model thus provides an example of the interplay
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between the cosmological constant, curved geometries and the quantum group deformation
of Lie groups.

On the LQG side, the Hamiltonian takes a more complicated form when the cosmolog-
ical constant is non-zero, so much so that even how to discretize it has been unclear and it
seems to evade traditional LQG methods. It has nevertheless been conjectured for a long
time that the quantum theory ought to be described by quantum groups, as expected from
the spin foam model [192, , 49, , ]. One (indirect) way to relate 3D LQG with
a A # 0 to the Turaev-Viro model is to take the Chern-Simons formulation of 3D gravity
and consider the Witten-Reshetikhin-Turaev path integral Zy pr(M) on a 3-manifold M
with the Chern-Simons actions with opposite levels, say k and —k. It has been well-known
that the Turaev-Viro state sum matches such path integral as Z7y (M) = | Zwrr(M)|?

207, 205).

A more direct way to bridge the two quantum gravity approaches — LQG and spinfoam
models — is to consider the g-deformed LQG model. In fact, this model provides a natural
starting point to construct the Hamiltonian constraint that describes 3D homogeneously
curved geometries built from 2D curved building blocks. This is because in this model,
the kinematical phase space, hence the kinematical Hilbert space, is solved by the Gauss
constraint that encodes the cosmological constant [30].

In [39], the dynamics of the kinematical states has been investigated, using the same
techniques as in [13], i.e. by building a Hamiltonian constraint out of the flatness con-
straints. It can be classically interpreted as generating displacements of the vertices of the
triangulation [38]. At the quantum level, the Hamiltonian constraints give rise to difference
equations, which can therefore be considered as Wheeler-DeWitt equations in the spin net-
work basis. [39] considers the (simple) case of the boundary of the tetrahedron, and showed
that the solution to those difference equations is the ¢-67 symbol, which is consistent with
the amplitude in the Turaev-Viro model (when the parameter ¢ is extended to be real).
This result thus gives a new connection between the LQG and the spinfoam approaches

for A # 0 case.

Here we are interested in using the spinorial formalism introduced in Chapter 3 and
Chapter 5 instead of holonomies and fluxes, and further extracting all building blocks for
the transition amplitudes, i.e. going beyond the case of the tetrahedron from [39]. In
Chapter 4 and 5 (which are based on [11]), we have revisited all kinematical aspects of
the g-deformed LQG model in detail, and in the spinor representation. In particular, the
quantization of the deformed spinors are performed in terms of g-bosons. We have also
used those g-bosons to define the invariant operators. These operators will be needed for
quantizing the Hamiltonian constraint in spinor variables.
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This chapter is based on the work in [12] by the author and collaborators. In Section
6.1, we construct the spinorial representation of the flatness constraints in terms of the
deformed spinors, following [11], and construct the classical Hamiltonian constraints. We
then perform the quantization in Section 6.2. This is where in particular we find the
difference equations encoding the Wheeler-DeWitt equations in the spin network basis.
Then in Section 6.3, we study how solutions to the difference equations are related under
Pachner moves, thereby providing the building blocks for the transition amplitudes a la
Turaev-Viro. We collect some of the lengthy proofs in Appendix B.4.

6.1 Classical Hamiltonian constraint

Defining the kinematical phase space (resp. kinematical Hilbert space), we did impose
the Gauss constraint. Gravity has another set of constraints, the flatness constraints.
The flatness constraints generate (deformed) translations. We need to impose the flatness
constraint to define the physical phase space (resp. physical Hilbert space). In this section,
we express these flatness constraints in terms of the deformed spinors. This allows us to
define scalar constraints in terms of the scalar products of the deformed spinors, whose
quantization has been analyzed in the last chapter.

Consider a face f surrounded by d links. Choose a random link of reference and
denote it ey, then es,...,e4 are the links encountered counter-clockwise around f. For
all possible orientations of the links ey,...,e; on the boundary of f, the SU(2) matrices
Ue,» are all counter-clockwise, where v denotes the target node of e; when e; is oriented
counter-clockwisely, pictured in fig.6.1. The flatness constraint on f reads

Ueyvy * ° ° UegvzUeqvg = I s (61)

as pictured in fig.6.1.

Let us rewrite the holonomies for one ribbon in terms of the deformed spinors which is
graphically illustrated in fig.3.3.

)] — I71(E]
VTl (e VD ER)

u =

(6.2)

with NO + Nl = N() + Nl-
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€2
€3 €1

€4 €6
€5

Figure 6.1: When considering ribbon links and ribbon nodes, the face on the left bounded
by links ey, -, e becomes bounded by long links on the right. All matrices wu., ‘

) 1 =
Vit )
1,---,6 are oriented counter-clockwise around the face.

In order to write the holonomies in a uniform way, we introduce the notations that is
different from those in Chapter 3 as follows.

t = (—1)7H¢,, i = (—1)7H,,

- and N (6.3)
thi=1_a, thi=1_4.
for A = +1/2. Similar but exchanged notations are used for 7 and 7,
Ty i =Ta, Ty i =Ta,
N 14 and . [y (6.4)
Ty = (—1)27"7_4, Ta = (—1)2""7_4.

For reference, we explicitly write the spinors and dual spinors with those notations in a
footnote!. The norms read

1 _ ~|~ 1 ~e o~—
(rlr) = 35y Soace = DF ATy, (717) = § 0, Ty (1) 775

=0 ), =05 =), =0 2),  [H=(%& ), 65)
- G o (7 A .

0~(5) we(E) me(E). me(%),

<T‘:(Tiv —Ti>7 [7—':(_7-;7 T:)a <7~—‘:(7-i1 _%j), [%‘:(—%;, %:),

where the subscripts A = 1 have been notated as A = + for simplicity.
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and the holonomies

(6.6)

— te ~—1 te
UAB W Z €T 4 Upp = \/7“ Z A

Using the notations (6.3) and (6.4), we can give a uniform expression for the four possible
scalar products at fixed orientations. For example, when both links are outgoing,

to|m] for e =4, =+
t2|’7'1> for 61:—,62:+ (6 7)

A=+1/2 to|m] for e =+,6=—

Egsli= Y miaiia= [
[to|T1) for e = — e =—

The other orientations are obtained by changing 71 to 7, and/or t, to t, as described in

Section 3.4. The invariant is still denoted Eg2:g!.

It will be convenient to encode all orientations and have a fully uniform way of writing
the invariant. We orient the wedge (containing the two links e; and ey and the node they
incident to, shown in red in the left panel of fig.6.1) between e; and es to be counter-
clockwise. We say that the orientation o; of e; for + = 1,2 is positive if it matches that of
the wedge, and negative otherwise?. We denote the spinors meeting there as t.,, and t.,,
according to

tew tegv
01 = 1 ’7~'1 09 = 1 tg (68)
01 = —1 T O9 = —1 tg

so that
( <tezv|telv] for €1 = +,6 =+
Eez,el _ <t62U|t€1’U> for €1 = —, €= +

€2€e1

(6.9)

tegu|te;n] foreg =+, 60 =—

[
\ [t62v|te1v> for e; = —, €y = —

By plugging v and u from (6.2) into the flatness constraint (6.1), one obtains a spinorial
expression of the constraint. Then by taking the matrix elements of the constraints between
different spinors, we get some scalar constraints which we call Hamiltonian constraints.
They are the r-deformed versions of [11].

2The convention for the orientation o; is indeed different from that used in constructing the scalar
products, see e.g. (3.60), since we are now referring to the orientation of a face instead of that of a ribbon
node.
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We first write the Hamiltonian constraints generally, i.e. on faces of arbitrary lengths,
then specialize them to the case of faces of length 3.

The Hamiltonian on a face of arbitrary degree

Let f be a face of length d. We will introduce a constraint, derived from the flatness
constraint, for every pair of links (e, ¢’) around f. Label the links counter-clockwise around
f aseq,...,eq. Without loss of generality, we set the pair (e, ¢’) which labels our function
to (e1,e) for k € {2,...,d}. Label the nodes around f as vy,...,vg counter-clockwise,
such that e; is incident to v; and v,y 1, for ¢ = 1,...,d mod d, as shown in fig.6.2. We
assume that f visits each node and link exactly once (as when I" is dual to a simplicial
complex), so that all ¢;’s and v;’s are distinct. By convention, we denote the orientation

/ /
€11 €12

Figure 6.2: A sunny graph with links ey, -- - | ¢4 counterclockwise oriented around the face

. Each triple of links (e;, e;_1, €;) are incident to a node v;.
P i

0; = 1 if e; is counter-clockwise and o, = —1 elsewise (this is the relative orientation of
the link with respect to the counter-clockwise orientation of f). With the notation u.,
introduced earlier, the flatness constraint reads e, - - - UeypsUes, = | in SU(2). In order

to simplify the notations a bit, we will use

’L~L—1 if 01 = 1
Ue f 1= Upp . =4 ’ 6.10
ST Tevin {u . ifo =1, (6:10)
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Furthermore we denote as t.,,, the spinor along the long side of R(e;) which is incident to
both f and v;. It is determined by the orientation of e;,

0, =1 =t =te, and teq,, = Te, ,
1 Uqg B 7 1 U141 (611)
0,=—1 = te,, =1, and f{,, =T, .

Vi+1 7

Notice that we can combine the parallel transport relations (3.49) with the notations (6.3),
(6.4) to relate the spinors which are on both ends of the long side of e; incident to f,

1 1
€i — . g ¢ _1\3tB € — . § _1\5+By—¢€
teivi,—A - _07' teivi_;,_l,—B( 1) 2 ueif’BA ? teivi+1,A - OZ ueivaB ( ]') 2 teivi,B :

B=+1/2 B=+1/2
(6.12)
The flatness constraint on f is thus we,s - - - te, f = . Assume momentarily that all links
are counter-clockwise. Then, ;! ---a;' = | implies for all k
~—1 ~1|~ ~ o~ ~ o~ ~ ~ |~ ~
[tek|uek_1 T Uy |T€1> = [t€k|u€kuek+1 T UeyUey |7_61> = <T€k|uek+1 s u€d|te1} : (613)

In the first equality, we have used the constraint itself, while in the second equality we have
used the parallel transport relations on the links e; and e. By then rewriting u,,, ..., U,
with (6.2), one obtains the following result: a constraint written as a sum of products of
scalar invariants living on the nodes around the face. Obviously, one can change [t | to
(te,| and |7.,) to |Te,] without changing that result (qualitatively). Similarly, one should be
able to write this function for arbitrarily chosen link orientations. The notations we have
introduced will help us write it in the most generic way.

Going back to arbitrary link orientations around f, we consider

Bt = >tk (e ap Uess) ap o (6.14)
A,B=41/2

as the generalization of the left hand side of (6.13). Using the parallel transport relations
(6.12), it reads
1 1
ngfek = —010k Z te_;qka,—C(_l)i_C (uekfuek—lf e u62fu61f)cp(_1)§_Dte_1€v11,D :
C,D=+1/2
(6.15)
If the flatness constraint holds, the holonomy going counter-clockwise from e; to e can
then be replaced with the holonomy the other way around f, i.e. clockwise. We thus define

€1,6k —€1 .. —€k
E61<—6k - z : Z561017714 (u@df uekJrlf)ABtekkath ! (616)
A,B=+1/2
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So if the flatness constraint holds, then

E6176k + OlOk;EEhek — O <617)

e1—eg e1<eg
Indeed, using the flatness constraint in (6.15) we get

_ 1_ -1 1_ _
ngfek = —010g Z te,::kﬂ,—C(_l) 2 C(Uedf e 'u6k+1f)CD(_1)2 Dtefvll,D . (618)
C,D=+1/2

For any matrix ¢ € SU(2), the matrix elements of the inverse can be written g, =

(=1)2Pg_p_c(—1)27C. This can be used to transform the above expression into 010, EheE,

The last step to define our Hamiltonian constraints is to rewrite E¢% and Egl:% in terms

of scalars like (6.9). The matrix elements of the holonomies are indeed

€ €
z : € teivz‘+1,Ai+1 teivu—Ai ’ (619)

e
v e;=%

Ue;f,Aip14; = Oi

1 1 1 ! —€!

; I E E (1) +A(_1\5+B 4¢i —¢€i € €

Wlth Nei - 2 €e ( 1) 2 ( 1) 2 tei,vi+1,Ateivi+1,—A tei,vi,Bteivi,—B ?
€i,6,=*+ A, B=%1/2

(6.20)
so that one can re-organize the products over the nodes instead of links,

k—1 k
rt= % (I157) (It atin) (6:21)

€2,...,€_1== =2 €i =2
Aa,...,Ap=%1/2

d d+1
e B 0;€; —€ —€;—
Eei’%kek - <_1)d g : : ( H N ) ( H teivi,—Aitez‘—lvlmAi) ’ (622)

g1y r€d==F i=k+1 " % Ni=k41
Ak+1,...,Ad+1::‘:1/2

We can now use the scalar products, which are quadratic invariants, defined in (6.9),
which encodes all four scalar products of the two spinors meeting at v;, i.e.

<t6ﬂ)i tei—lvi] for € = +,6-1 =+
€i,€i—1 €; €i—1 <t€ivi|t€z’—wi> for € = +,6-1=—
Eei;ai_l = ei’ui,—A eifl’ui,A = [t t ] fOI' € = — € _ + (623)
A==+1/2 €iVi | 7€i—1Y; i — T ti-1 —
[teivi t6¢71vz‘> for €; = — €—-1 = —,

where the spinors t.,,, and t.,_,,,_, are given by the rule (6.11) according to the orientations.
This leads us to the following definition of the Hamiltonian constraints.
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Definition 6.1.1. Let f be a face of degree d, with links labeled by eq,...,eq counter-
clockwise around f. A Hamiltonian is associated to f and a pair of links along f with
a sign attached to each of them. Without loss of generality, the pair can be chosen to be
(€1, ex) with signs (e1,¢€;) € {+, —}%, for k € {2,...,d}, and the Hamiltonian is

: Oi€i it Ne o 0;€;
= 3 () scv-ange X (I §Fe)

€2, €fp_1=+ Ni=2 = € €k epytyereq=t Ni=k4+1
(6.24)

The Hamiltonian constraint (6.24) captures the flatness constraint completely with all
choices of pairs (ey, e;) and of signs (ey, €¢). The proof is the same as in the vector case at
k=0, see [13].

Application to faces of degree three

M ey '
< [&]

4

€1 €6

€5

Figure 6.3: On the left, a triangular face with its adjacent links. On the right, we have
shown the ribbon graph it gives rise to.

Let us discuss more explicitly the case of triangular faces. We use the notations and
orientations of fig.6.3 as an example. In particular o; = 0o = —1 and 0y = 1. Here there
are three choices of pairs of links (which label the Hamiltonians (6.24)), which correspond
to the three nodes of the face.

On a node, say between the links e; and eg, there are four invariant quantities quadratic
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in the spinors, (t2|76), (t2|76], [t2|76), [t2|76] Which are encoded in the scalar product (6.9),

(ta]ts] for eo = €5 = +,
tol|t f = —€g =
Bge= 3 g e = (falfe) for & = —¢5 =+, (6.25)
A=+1/2

2,-4 6A [tz‘tﬁ] for €g = —€g = —,
[

t2|t6> for €y = €g — —

Similarly at the nodes between ey, e; and eq, €1,

Epy® = Z tel A7~—2€2A7 Eg™ = Z tEG ATlA (6.26)

A=+1/2 A=+1/2

The flatness constraint @iou; 'ug ' = | implies that if |75) and |74 are transported around

the face via @ou; 'ug !, the above quadratic quantities are left unchanged, that is

(taltguy tug ™ |76) = (ta7s) (ta|tguy tug *|76] = (tal76] (6.27)
[to|tuy tug | 76) = [ta|76) [toltiouy tug t|76] = [t2|76] - '
Similarly at the nodes where e, e and eg, e; meet respectively,
(f1|uy ug 7o) = (0] Ta) (Ts|ug aguy*|71) = (Ts|m)
(t1luy g sl 7] = (4|7, (Ts|ug gy 1] = (Ts|m] (6.28)
[F1|uy tug ol o) = [i|7) [ts|ug ‘aouy | 7i) = [fslm) '
(1 uy g o | 7o) = [t |7] [ts|ug " aouy | 7i] = [to|7]
In fact, this set of constraints can be seen as projecting the constraint ﬂguflug ' =1 onto

a basis. Therefore, as long as those vectors are generic (hence linearly independent), this
whole set is equivalent to Gpuy ug ' = I.

Let us consider the constraint (t;|tiau; 'ug '|76] — (ta2|76] and rewrite it like in (6.24). Use

the parallel transport relations ug *|76] = —|ts) and (ts|tiy = [7»| which gives (ts|tu; tug | 76] =
—[H|urtts) = [ts|u1]72). Then use u; = N%l(h'l)[fﬂ — |m](t1]) so that the constraint be-
comes
oy L 2 s - 2
(taltiauy ug 7o) — (ta]7] = N ([Eolm) [E2172) — [Ee|ma)(Ea] 72)) — (tal 7o)
" o (6.29)
= N ZEEﬁf EYy — Egq
€1 =4
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which is exactly the specialization of (6.24) to d = 3, k = 2, 0 = 0§ = —0y = —1 and
€g = €g = +,

€2,66 __ €2,€6
heso = By +

eseq

Y @By B (6.30)

€l =+

where we recall that N,, = /(71 |71) (1 [t1).

This way, the Hamiltonian constraint does not involve holonomy variables anymore like
in (6.27), but only the scalar products of spinors.

6.2 Quantum Hamiltonian constraint

We now proceed to the quantization of the system. The aim is to quantize the Hamiltonian
constraints (6.24) and solve them at the quantum level. This requires quantizing the
quadratic invariant Fei2/~'. Recall that, before enforcing the Gauss constraints, space of
states is @, , &, V). ® V;,, where V;, is associated to the target end of e and V} to its
source. At each node v, the Gauss constraint enforces a projection of the tensor product of
the vectors meeting at v onto the trivial representation. If the links meeting at v are denoted
€1, ..., en, the space of intertwiners, which we uniformly denote as Inv(je,, ® - -+ ® je,v), 18
the invariant subspace of the tensor product V;, ®---®Vj,  if all e;’s are incoming at v,
and we dualize to VJ’-‘% if e; is outgoing at v. In the case of trivalent nodes, the invariant
space Inv(Je,u ® Jeyo @ Jegw) is one-dimensional. Therefore, the kinematical Hilbert space

is given by the invariant
Hin= P QInv(je,s @+ @ o) - (6.31)
{je€N/2} v
Recall that a basis of Hy;, is formed by the spin network state

[{Jerio}) = ) teymson (6.32)

v

where ij, ,..j, v, € I0V(jeyo ® +++ @ je,0) is an intertwiner. A kinematical state [¢)) thus
can be written as the expansion under such a basis,

W> = Zzw({k,@v}) |{]eyzv}> (633>
{je} {iv}
with

[{Jerin}) = Q) teymson (6.34)

v

125



The scalar observable and its action on the intertwiner. The quantization of
the quadratic invariant (6.9), £, has been introduced in (5.58). We are particularly
interested in its action on the intertwiner for a three-valent graph. While £g2; 1 would be
independent of orientations, the vector space on which it acts does depend on orientations
(Vi versus V;). Therefore the action on an intertwiner would in fact depend explicitly
on the orientations. Instead, we decide to perform the quantization so that its action
on intertwiners is independent of orientations. Therefore, we will not use (5.58) directly
here, but instead a more complicated definition of Eg2;! whose expression depends on the

orientation of e; and e,.

The way we define such an operator is to change the spinor operator to its ¢! version
when flipping the orientation. Obviously, this exchanges the t’s with the t’s. However,
we prefer to keep the same letter for the spinor operator because we think exchanging t’s
with T’s could be confusing in the ribbon picture. We therefore define t¢ := t¢ and same
with the tildes, and eventually

E€2,61 / 1 01 1+€1 1 %H% 02 2 T0161 T 02€2
ezer 91 - ) E : 1Y A—A0 61UA® eav,—A

A=+1
(ZA:i%(_l)%iAq%EQ t9 @12, for —o0p=0y=-1
B EA:i%(_l)%+AngZ ®T_F for o =09 =1 .
- ZA:i%(_l)%iAq7§€1€2 t,7®T?, for —0op=-0y=1  (6.35)
\ZA:%(_Q%H‘(]*%Q t, 7 T for —o0;=0y=1
where T_*% =t 4 if 0o = —1 while T_7*% = t_72 , if 0, = 1, and similarly for T¢",.

We then extend this definition to the space IIlV(jew R ® jen@) of invariant vectors at v
by tensoring with the identity as necessary. It comes

€2,€ l j N
Eez’ell ZJ1J2J3 - \/[djl][djz][dll][dl2]5l1,j1+%6lg,jg+%2 { -1 121 2 } (_1>l1+12+]32l1l2j3 s (636)
q

It thus maps the interwtiner space Inv(j; ® jo ® j3) to Inv(l; ® ls ® js).

This definition also works for two links e;, ¢; 1 sharing a node in Inv(je,, ® « -+ ® Je,v),
for i =1,...,n — 1. In the trivalent case, this gives E:2i; j,;, exactly as in (6.36) with
€1 — €2,y — €3,€3 — €1

€3,€ l ] l
Eei;a; ZJ1]2]3 - \/ ]2 ]3 [dl2][dl3]5l2 Jo+ 26l3733+ 3 { ~2 ?i 2 } ( 1)12+l3+]11j1l2l3 (6'37)
q
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For the case i = n, i.e. Ly, the definition has to be amended to obtain an invariant
operator [11] and eventually one finds the same expression for E i s (6.36) with

eles Vi1 jajz @
the appropriate permutation of the indices, i.e.

1. I3 7 oty jo -
Ee{e;f Z]1J2]5 = \/[dj:s][dﬁ][dl:s][dll]éls,j:s-&-%?’éh,ﬁ-i-% { ]i lf ]22 } (_1)ld+l +]22l1j213' (638)
q

Quantize the Hamiltonian constraint. = We now need to quantize the classical Hamil-
tonian (6.24) as a well-defined operator on Hyi, (defined in (6.31)). The first step is obvi-
ously to use the quantization map described in the previous section turning the observables
Eci5i-}! into operators Egii/ ") as in (6.35). The second step is concerned with quantization
ambiguities. Indeed, factors V., appear in (6.24) and they are expected to be diagonal on
the spin network basis, as a function of j., only in fact. Notice however that the operators
E¢2st change the spins of the links ej, e; by €;/2 and €3/2. There are therefore ordering
ambiguities, the result differing according to whether N, is before or after some opera-
tors 2 which changes j.,. We found an ordering, see below, which ultimately leads to a

topological model, which would presumably not be true for other orderings.

Let us introduce

€1,€p
frerep
p d—p d+1
1 Eeiciot 0;€; N (—1)* Pere, E—ci—ei1 0i€i
- z : | | €;ei_1 § : | | €;ei_1 ’
Neyu, €2,y =2 Neow, Nepvpin Ep+ 15y i=p+1 Ne““
€Ep—1= Ed:i

(6.39)

where N,,, is diagonal on V;_ (or its dual), Ne,y, [je;, me;) = [dj, ]|je; me,;). We include the
node v; in the notation because here N, only acts on the space of intertwiners at v;, where
e; and e;_; meet. As already discussed, the ordering is important because [N.,,,, Ec."}5] #
0. However [N, Eci;[/] = 0 by definition, so that the operators Ec;e,; 5"~ which act
on the space of intertwiners at v; commute with one another. Here N¢,,, is plzaced to the
right of E¢is =, which is also the case if one reconstructs the quantum holonomies from

the quantum spinors [11].

However, the operator h?;”ep as such is not defined on Hy;,. Indeed, a state in Hiin
is a superposition of spin network states which assigns a spin to each link along with the
space V; to the target end and V;* to the source end. Say the link e; gets the spin jj.
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Then the first term of the above operator acts on e; with Eg2; ! which shifts the spin j; to
J1+€1/2, on the intertwiner which sits at the node where e; and e, meet. It thus maps V;,
80 Vj, e, 2, Or Vi, to V; ter/2 depending on orientations, but not both, i.e. it does not shift
J1 at the node where e; and e; meet. Therefore the operator brings the state out of Hyiy.

Similarly, the second term of h?;p ., acts on e through E_ -7, This shifts j; to
J1 — €1/2 at the node where ¢4, e; meet. If Eg21 in the first term acted on V;,, then this

operator acts on V¥ (or the other way around).

We thus turn h?;”ep into a well-defined operator on Hyi, by multiplying it by a product
of operators E¢'r;7! so that the intertwiners of both ends of the same link have the same

spin. Notice that the first term in (6.39) only contains the shift operators for i = 2,--- | p,
one can add E¢2/~! for all the remaining nodes, i.e. i =p+1,---,d + 1, so that the spin
changes for both ends of each link are the same. For the second term in (6.39), adding
these shift operators also shift all the spins j; — €;/2 to j; thus drags the state back in
Hyin. This is the method which was already used in [11] for constructing the quantum

Hamiltonian in the spinor representation in the flat case.

Definition 6.2.1. We define the quantum Hamiltonian on the face f, labeled by the pair
of links (eq,ep), to be

d+1
€1,€p,€p+15--5€d €;,6—1 €1,€p
Hf,617ep - [ H Eeiei_l :| hf,61,€p° (640)

i=p+1

Compared to the operator (6.39), the quantum Hamiltonian defined as such not only
depends on €; and ¢,, but also €,41,---,€44+1. The physical Hilbert space is spanned by
the physical states which are the solutions to the quantum Hamiltonian. In the spin rep-
resentation, the coefficients of these physical spin network states satisfy a set of difference
equations, which is stated in the following theorem.

Theorem 6.2.2. The constraint
Vhe (U} O ) =0, (6.41)

f75176p

is equivalent to the following set of difference equations on the spin network coefficients
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w(kjl;k%'“ akd> {ke}e¢8f) 0fW>;
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€pt1ys€q=FE Ni=p+1
Wk, ke — 2 4 P = S S kY egar) = 0. (6.42)
2 2 2 2
Here
o ly,...,1lg are the spins carried by the links €}, ..., €, incident to f, see fig.6.2.
o By definition, € = €1,€, = €,, while €y41, ..., €4 are fived.
e The coefficients are
Aoz_’ ¢ l(k‘i, ki—la lz) = OZEZ[dk](—l) iTRI—1T &1 s (643)
' ' ki1 — =5 kioi L .
. k. ko4 & 1
B;Z:,Eiq(ki’ ki—la ll) — Oigi[dki](_l)ki+ki—l+li { g G it 2 2} ’ (644)
' ki1 + =5 kioi i g
d
avr(ky, ky) = €16, i, (6.45)
[dy,, 4]

Before we prove this theorem, we first discuss some properties of the constraint (6.42).
Those constraints are recursions on the physical states. They generalize the one found in
[44] for a triangular face. Improving on [43], the differences are shifts of the spins by 1/2
instead of 1. Moreover, link orientations are kept arbitrary.

Those constraints have two types of contributions: the A-terms and the B-terms.

Notice that h;{;’jep contains all the operators ES.5~! exactly once, fori = 1,...,d. Whether
an operator E;eijf gives rise to an A-term or a B-term depends on the choice of the

€i,€i—1

reference links e; and e, around f. It is important that the coefficients Aoy (ks kiq, 1)
and Bo. ' (k;, ki_1,1;) are local: they only depend on the spins incident to the node. As
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Figure 6.4: The schematic representation of the quantum constraint (6.42) with its A-
terms and B-terms associated to the nodes around the face.

a consequence, for example, if one considers another constraint on the same face with e,
q < p, chosing e; as reference link, then the coefficients Af;i’g"‘l(ki, ki1,1;) fori=1,...,q
would be the same as those appearing above, and similarly for the B-terms. The structure
of the constraint is schematically pictured in fig.6.4.

By exchanging the role of e; with e,, the A-terms become the B-terms and vice versa.
The constraint obtained this way is equivalent to (6.42), as we now show. First, evaluate
(6.42) on k1 + €1/2,..., kg + €4/2, and then flip the signs of all the ¢; and €. That gives
the constraint

p
g e €; €i—1
§ A et kz ) ki— - 7li
(iQ ” ( 2 ' 2 >)

E2yenip_1=+

€ € €p— €p—
w(lﬁ,kz_ 52"‘527-“7]%4 - p71+p71’kp"">kd>{ke}e¢8f>
d+1
€ € €i,—€i—1
et = G- %) 5 (] B ki)

€p+1,...,€d=:|: i:p-‘rl

w(h — Sk = ok — Tk — 5,{1@5}6@]«) —0. (6.46)

We then use the key relation between the coefficients A and B,

BS:iFl (l{f“ ki—la ll) = —A;fi’_gi*l (l{f“ ki—la ll) (647)
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where we recognize the matrix element ({k.}[H}*"**[¢) and have shown the equivalence
(ke HpL 577 ) =0 & (ke HE 2 o) = 0. (6.49)

The proof of Theorem 6.2.2 is given in Proof B.4.1.
The dependence of ¥ on the orientations is given by the following lemma.

Lemma 6.2.3. If [¢)), with spin network coefficients ¥({j.}), satisfies all the constraints
(6.42) for given link orientations {o.}, then (—1)%"({j.}) satisfies all the constraints on
the same graph with reversed orientation —oq« on the link e*.

Proof. Consider the constraint (6.42) on the fixed face f. If e* ¢ Jf, multiplication
by (—=1)*" does not change anything. If ¢* = e, € {ea,...,€, 1}, then the coefficient
Aijgsﬂ(ks, ks_1,ls) changes sign. Moreover, it is the only one that depends on os. The
state coefficient on the first line of (6.42) changes from (ky — €1,..., ke, — €p,...) to
(=1)2kt)(ky — €1,...,ky, — €,...) since (—1)% = —1. Moreover, the coefficients B’s
are independent of the orientation oy and the state coefficient on the second line changes
from ¥(ky, ..., kp,...) to (=1)*¢p(ky, ..., kp,...). Factorizing (—1)?* from the equation
reveals that only the first line is modified, by —os x (—1) = 0s. The constraint therefore
still holds. If e* = e, € {eps1,--- ,€ar1}, the coefficient BE (ks — $, key — =54, 1)
changes sign while the coefficients A’s remain unchanged. The same analysis leads to the
same conclusion.

The argument is the same for all links in the boundary of f, since the orientation of
any of those links appears in a single coefficient of the equation. n

Having defined the quantum Hamiltonian, the next task is to find the solutions to
this constraint, which are the physical states. In fact, one can justify a physical state by
showing (the discrete version of) the diffeomorphism invariance of the state. This is done
by performing Pachner moves which we describe in the next section.
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6.3 Pachner moves

Pachner moves [167] are the change of triangulation of a manifold by keeping the boundary
triangulation fixed. In the graph picture, that is equivalent to keeping the xlinks piercing
the boundary fixed. Sequences of Pachner moves are then the combinatorial equivalent
of manifold diffeomorphism. In this section, we show show how to relate physical states
on triangulations which are related by Pachner moves. This is an extension of [162] to
q real (using Hamiltonian constraints instead of projection on flat connections). In two
dimensions, there are two types of Pachner moves, the 3 — 1 moves and the 2 — 2 moves
(as well as their inverses). We state the relations of the spin network coefficients in the
theorems below and leave the proofs in Appendix B.4

2-2 Pachner move. The 2-2 Pachner move changes a portion of the graph into another

one as follows,
€17Y €2
€1 es €9
— €o (6.50)
€4 €3 €4 es3

We denote the initial graph which contains the left-hand side as I;, and the final graph
which contains the right-hand side as I'y. The orientation of all links are left arbitrary.

Theorem 6.3.1. Let |¢)s) on Iy be defined in the spin network basis by

wf(j17j27j37j4aj07 s )

= (—1)/rti2tistiafg. —1)(=05)j5+(1=00)jo {']1 ]:2 ‘70} (91,72, 935 74, J5, - -+ ) -
(—1) [JO]JZE)( ) PR qw(JljzjsjUs, )

(6.51)
where the ellipses denote spins which are the same on both sides (for links which are not
affected by the move). Then |1;) is a state which satisfies all the constraints on I if and
only if [1y) satisfies all the constraints on I'y.

Since the 2-2 move is its own inverse, there is a symmetry between both sides of the
move. This must translate into a symmetry which exchanges the role of [¢;) and |¢;) in
(6.51). This is indeed true thanks to the orthonormality of the ¢-65 symbols,

J1 J2 Jo Ji J2 Jo
E d;:.||d; ooUe Y R =0; i, 6.52
— [ J H Jo] {]3 ja ]S}q {]3 4 j5}q J0,J¢ ( )
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which transforms (6.51) into

¢i(j17j27j37j47j57 s )

. . . . . 3 ) y >/ . . . . .
= (= 1)t ]y (1) mesis (1m0t {Jl /2 JO} Uyt Gos J3s s d- ) -
q

y J3 Ja Js
Jo
(6.53)
The proof of Theorem 6.3.1 is given in Proof B.4.2.
Removing a link. Consider two adjacent faces F' and f, separated by a link e.

We consider the move which consists in removing ey (as well as its two end nodes). By
performing a series of 2-2 Pachner moves (6.50), we can always assume that f is triangular,

€3
. 4 62
I' 62 I/
1 1
\ F o eo — 1 FUf (6.54)
\ \
\\ 61 \\ 61
€4

If |4;) is a state which satisfies all the constraints before the link removal, we want to
describe how it transforms through the move.

Theorem 6.3.2. |)y) with spin network coefficients

¢f(j17j2a s ) = (_1)(1+01)j1+(1+02)j2 \/ [djl] [de] ¢i(07j1,j2712>j17 - ) (655)

s a solution of the constraints on the graph after the link removal. Here o1, 04 are the orien-

tations of the links eq, es with respect to f (counter-clockwise oriented) and ¥ (jo, j1, j2, 3, Jas - - -

is the spin network coefficient of |1;).

In other words, |1;) gives rise to a solution of the constraints on Iy, obtained by keeping
only its jo = 0 components. We will use this relation to study the 3-1 Pachner move. The
proof of Theorem 6.3.2 is given in Proof. B.4.3.
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3-1 Pachner move. The 3-1 Pachner move removes a triangular face from the graph
and replaces it with a node. The links incident to the face become incident to the node,

€3 ©2 4
€3 Z,
€1 € — (6.56)
e
€5 ’

The orientation of all the links are left arbitrary.

Theorem 6.3.3. If |1);) is a state on the initial graph I'; which satisfy all the constraints,
then its spin network coefficients can be written

¢i(j1aj27j37j4)j5aj6v . )

- (_1)(1+01)j1+(1+02)j2+(1+06)j6(_1)j3+j4+j5 {jl ]:2 ]3} Zz)f(jg Jasgss---). (6.57)
Ja Js JsJ, Y
where V¢ (js, Ja, Js, - - - ) are the spin network coefficients of a state |¢s) which satisfies all
the constraints on the final graph I'y.

We recognize that (6.57) is consistent with the result in [162] when ¢ = 1. The proof
of Theorem 6.3.3 is given in Proof B.4.4.

In this chapter, we have built up the Hamiltonian constraint for the ¢-deformed LQG
model, obtained from the flatness constraints (6.1). We have written them with the de-
formed spinors and performed the quantization following the method introduced in the
last chapter, or in more detail in [41]. The result is a direct generalization of the quantum
Hamiltonian constraints derived in [11] for flat space. By studying the way the solutions
to the quantum constraints change under Pachner moves, we provide a generalization of
the Noui-Perez transition amplitudes [162] to ¢ # 1 real: the transition amplitudes are
the coefficients relating the physical states in the spin network basis under Pachner moves.
Here, they clearly lead to a Turaev-Viro model for ¢ real. It is a topological model (with
the same finiteness issues as the ¢ = 1 version, the Ponzano-Regge model).

Our method is radically different from [162] however and maybe more in the spirit
of LQG. On its way to linking the g-deformed LQG to spin foams, our method derives
Wheeler-DeWitt equations as difference equations on the spin network coefficients of the
states, see Equation (6.42). In the flat case, the Hamiltonian constraint can be interpreted
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as displacements of the nodes of the triangulation [38]. Our difference equations (6.42) are
quantum implementations of those symmetries.

Although our constraints are in fact derived from the flatness constraints, we believe
that this approach is promising to study both how to incorporate the cosmological constant
in 4D and how to write interesting dynamics for curved 4D geometries. A first step in the
continuous theory has been initiated in [119].
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Chapter 7

Spinors in the spinfoam model

The spinors and their quantization defined in Chapter 3 and 5 can not only be used in
the LQG framework but also in other quantum gravity theories. Finally in this chapter,
we use the quantum spinors to revisit another quantum gravity model - the spinfoam
model (see e.g. [21, , | for review), which is also a background-independent and
non-perturbative approach to quantum gravity. We focus on the A = 0 case in this chapter.

Unlike the LQG, the spinfoam model is a covariant formalism that can be understood
as a discrete version of gravity path integral. In 3D (in Euclidean signature), the spinfoam
model is called the Ponzano-Regge model [171] for A = 0 and the Turaev-Viro model [201]
for A > 0, where the latter is a g-deformation of the former with ¢ root of unity. For A < 0,
one can extend the result from the Turaev-Viro model to ¢ real.

Such a path-integral formalism, which can be viewed as describing all possible histories
of 2D spatial geometries along “time”, can be separated into local geometrical amplitudes
associated to individual simplicies of the triangulated spacetime manifold. The original
Ponzano-Regge model is formulated in terms of the SU(2) irreducible representations.
When considering the recoupling theory, the triangular inequalities for the representations
bring computational difficulties. As an example, the vertex amplitude of the Ponzano-
Regge model, associated to a tetrahedron (whose 3D dual is a vertex), is given by the
so-called “6j-symbols” from the recoupling theory of SU(2). The exact formula of the
67-symbols consists of nonlinear iterations and sums spin labels, thus are hard to compute.
The problem is often circumvented by looking at the semi-classical limit, which is more
controllable but we are then led far from the microscopic scale.

Alternatively, one can use the spinorial representation. Roughly speaking, it is to
replace the 67-symbols with some “spinor symbols” reflecting the local quantum geometries,
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which naturally turn the amplitude expression from an infinite sum into an integral function
of the spinor fields. In this way, understanding the behaviour of the amplitude turns
into function(al) analysis. It is expected to be a better route to approach the quantum
regime. The use of spinors in spinfoam models is not new. They were used to define
the SU(2) coherent states, which were applied to construct the EPRL-FK spinfoam model
[82, 96, |. However, the role of spinors was not yet unravelled therein.

The coherent states were then recasted with spinors in the U(n) formulation of LQG
(see e.g. [98, 99, 50]), Further development of coherent intertwiners [75] makes it possible to
eliminate spins and only spinors are left in the description. It has been used to construct
the spinfoam model in a holomorphic fashion [74, 70], and the invariance of the path
integral under Pachner moves was also well-understood [26, 59]. The drawbacks of this
holomorphic spinfoam model lie in, on one hand, that the locality of amplitudes is not
restored as in the original spinfoam using 6j-symbols, and, on the other hand, that SU(2)
holonomies and/or spins are still explicit in the expression, which makes it hard to extract
the true geometrical information carried by the spinors.

The goal of this chapter is to further construct a spinfoam model purely in terms of
spinors, which also admits the locality of amplitudes. In other words, the desired path
integral is able to be decoupled into products of local amplitudes, as functions of spinors
only, associated to local geometry which possesses an analogous structure as in the original
Ponzano-Regge amplitude. This would allow us to identify the geometrical interpretation
of the local amplitudes and the gluing process.

A natural spinorial substitute of the 6j-symbol is the generating function of the 6;-
symbols [15]. As a generating function, it brings the benefit that the analysis can be
transferred from discrete series to continuous functions (possibly with poles). Different
generating functions are distinct by different weights. A careful choice of weights allows us
to write a generating function in closed form and thus is well-controlled. Such a generating
function does exist. It is called the Schwinger’s generating function (SGF) of the 6j-
symbols, and it was found early in the 60s by Schwinger [187] and then reconstructed by
Bargmann [28] using a Gaussian integral. The SGF is in the form of a rational function
and carries a large family of symmetries as it involves only the loop structure. It came
into notice in the spinorial reconstruction of LQG [93, 44, 45, 37], in which it is identified
as a new spin network state spanning the loop Hilbert space. Bearing in mind the link
between LQG and the spinfoam approach, this construction manifestly opens a route to
a new spinfoam model [93, |. It is expected that the computational complexity of the
vertex amplitudes would be diminished compared to the 6j-symbols.

The geometrical interpretation of the SGF was discovered by the stationary analysis
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at the large scale limit [10], which shows that only the conformal geometry information
is stored in the SGF while the scale information is washed out. This provides a new way
of seeing the spinfoam amplitude as gluing scale-invariant blocks and it is potentially a
better starting point for studying the coarse-graining behaviour of quantum gravity in
the spinfoam approach. Coarse-graining, or renormalization, of different spinfoam models
has been considered both theoretically and numerically (see e.g. a recent review [193]).
It is a useful tool to bridge the microscopic theory to the observational scale and prove
its viability, and also one of the standard ways to approach the boundary structure and
understand the bulk/boundary holography from the point of view of quantum gravity. (See
[139] for a discussion on the relation of coarse-graining and holography in LQG.) Moreover,
the striking duality of the SGF and the 2D Ising model [37] provides a brand new route to
analyze the spinfoam properties using tools from the Ising model, whose coarse-graining
behaviour is better understood. On the other hand, a change in vertex amplitude draws
our attention to the boundary dependence of the spinfoam path integral as the local vertex
amplitude is the quantum counterpart of the discrete boundary action. We will investigate
the boundary action consistent with the new vertex amplitude.

This chapter is based on [137] by the author and E. Livine. In Section 7.1, we review
the original Ponzano-Regge state-sum model. We start from the classical theory with a
boundary term. The state-sum result can be derived in different ways. In one way, one
defines the spinfoam vertex amplitude as the trivial evaluation of the boundary projected
spin network state, which reveals the relation between the spinfoam model and LQG. In
Section 7.2, we briefly review the SGF as the evaluation of the spin network defined by glu-
ing coherent intertwiners associated to each node. We then construct a new spinfoam path
integral with the SGF as the new vertex amplitude and prove that the result of the original
spinfoam can be recovered by deforming the edge and face amplitudes. The topological
invariance can be proven by writing the SGF', or more generally the newly defined spin net-
work state for a general three-valent graph, into a Gaussian integral. This section contains
the main results of this chapter. In Section 7.3, we analyze the geometrical interpretation
of the newly developed state-integral model. We first look into the symmetries and the
geometrical interpretation of the SGF, which describes the local geometry of each unit 3D
block, and then the geometrical interpretation of the edge amplitude, which exposes the
gluing process of neighbouring blocks in building the global geometry. We compare the
new spinfoam model with the original one from their geometrical interpretation and their
classical correspondence.
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7.1 The Ponzano-Regge state-sum for 3D quantum
gravity

In this section, we review the Ponzano-Regge model [171], which is written as a state-sum
formula. At this stage, it is important to take the boundary terms into account.

Let us consider the first-order action with a boundary term

Sle, w] :/MTr(e/\F(w))jL/aMTr(e/\w). (7.1)

This boundary term is the first-order version of the GHY term as shown in (1.18) (we take
s = + in this chapter). The path integral is an integration over the gauge equivalent class
of the bulk configuration subject to an admissible boundary condition 0,

ZIM, ) = / Du / Deg, exp (iSle, w]) = ClOM, d] / Duw§(Flws)),  (7.2)

where C[0OM, J] is a term that depends on the boundary condition and the subscript “B”
denotes the configuration in the bulk.

The quantization program proceeds firstly with the triangulation of the spacetime,
then with the discretization of variables so that they are concentrated on the simplices of a
particular dimension, similar to what we did in the canonical framework. What is different
here is that, in the spinfoam model, we consider the triangulation of a 3D manifold.

For consistency purpose, we apply the terminology and notation introduced in Section
2.2 for 0,1,2-simplices and their 2D duals. We now also fix the terminology and notation
for 3-simplices and their 3D dual as follows. Upon the 3D triangulation, denoted as T, of
M, a 3-simplex is a tetrahedron, denoted as T'. Again, a triangle is denoted as /\; an edge
is denoted as €; a vertex is denoted as . What we call a “spinfoam” is the oriented dual
2-complex of T and we denote it as T*. In the dual picture, a dual plaquette f* is dual
to one edge e, an oriented dual edge e* is dual to one triangle A, and a dual vertex v*
is dual to one tetrahedron 7. The boundary 0T of T' contains 4 triangles, 6 edges and 4
vertices and it is topologically isomorphic to a two-sphere. When e* is on the boundary of
f*, we denote e* € Jf* The same notation and terminology will be used for the spinfoam
dual to a general cellular decomposition C whenever in need, in which case a triangle is
generalized to a plaquette denoted as f.

Moreover, we will intensively make use of oriented graphs on OM when M is topolog-
ically isomorphic to a 3-ball and is triangulated to a tetrahedron 7. We are particularly
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Figure 7.1: (a) From the tetrahedron T to the boundary dual graph I' = (9T)*: each
triangle A C T is replaced by a node v C I" and each edge ¢; C T by a link e¢; C I'. The
graph I" also has the combinatorics of a tetrahedron. (b) Combination of 0T (in black),
which is the top view projection of the left panel, and its dual graph I" (in red).

interested in the graph I' = (0T)* dual to 0T, which has the combinatorics of a tetrahe-
dron. It is illustrated in fig.7.1.

In the following, we will introduce the logic of the spinfoam model in Subsection 7.1.1
starting from the path integral (7.2) and the triangularization of M, after which we spe-
cialize in the Ponzano-Regge model in Subsection 7.1.2, which is based on the irreducible
representation of SU(2). We will derive the Ponzano-Regge state-sum expression in two
ways, first from the discretized path integral expression and then from the local amplitude
ansatz. The former method is more standard, but the latter is what we will follow when
using spinors to re-formulate the Ponzano-Regge model. The Ponzano-Regge model is
topological invariant, as it can be checked by performing the Pachner moves.

7.1.1 Spinfoam model as a product of local amplitudes
The idea of spinfoam is to write the path integral (7.2), which reduces to the flatness

condition in the bulk, in a discrete fashion that encodes the local geometrical information.
As (7.2) integrates out the triads and reduces to a function of the connection in the bulk, it
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is natural to define the discrete variables related to the connection. With the triangulation
of M and its dual skeleton at hand, we assign an SU(2) group element g.- called holonomy
to each dual edge e*, which encodes the discrete information of the connection. The reverse
of the dual edge orientation maps g.- to its inverse g.'. Inspired by lattice gauge theory,
the curvature is naturally defined by the path-ordered product of holonomies for a dual
plaquette with a randomly selected starting dual vertex. For the ey field on the boundary,
applying the same technique as in LQG, it is discretized to be the flux variable Xz, which
is an su(2) Lie algebra object, assigned to each edge € € 9M on the discretized boundary.
This leads to the discrete version of (7.2),

—
ZT[M, 8./\/1] = CT[8M, 3] / H dge* H 5(He*€8f*ge*) ) (73)
SU) o (9 1) :

where the measure dg is the Haar measure of SU(2), and the delta distribution on the SU(2)
group imposes the group element in the argument to be identity. The discrete flatness
is thus understood as the trivial holonomy associated to each dual plaquette. Zg[0OM, J]
depends on the discrete boundary condition. Upon quantization, these boundary condition
becomes boundary states, thus the quantization of (7.2) will depend on the boundary states
Y on the graph I', which is the dual of the boundary triangulation.

The spinfoam machinery to achieve localization consist in expressing the delta distri-
bution in (7.3) as a plane wave of SU(2) in a certain representation, which is then decom-
posed into a product of plane waves localized in different cells. In other words, it consists
in constructing the spinfoam path integral, also understood as the total amplitude, with
a product of local amplitudes associated to dual vertices, dual edges and dual plaquettes,
capturing the (admissible) local representations and local intertwiners, and then sum over
all possible local configurations. It is called the local spinfoam ansatz, which postulates
that one can formally decompose the total amplitude into

M8 =Y [ A HA HAU : (7.4)

P f*

where p and ¢ denote the representation and the intertwiner respectively, and the sum of
representations is only over those associated to the bulk (denoted with the subscript “B”).
The boundary state 1% encodes the representation p associated to the boundary graph I',
which is left in the expression of the total amplitude. The summation symbol was used as
we assumed the representations p are discrete, which will no longer be the case when we

!The total amplitude expression (7.4) can be directly generalized to a general cell decomposition.
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consider the spinfoam model with spinor representation in Section 7.2. In the latter case,
the summation symbol is changed to the integration symbol.

The edge amplitude A,+ and the face amplitude? A« are both kinematical. The former
describes the gluing of adjacent 3-simplices, while the latter is there in order to compensate
the factors to recover the delta distribution in (7.3), whose contribution dominates only
in the quantum regime. In contrast, the vertex amplitude A, contains the dynamical
information of the spinfoam, thus deserves a deeper investigation.

7.1.2 The Ponzano-Regge amplitudes

The Ponzano-Regge model [171] is a realization of (7.4) based on the triangulation of
the manifold, where p is given by the SU(2) irreducible representation labelled by spin
j € N/2. j is interpreted into the edge length suggested by the (flat) LQG framework
[182]. The vertex amplitude of the Ponzano-Regge state-sum geometrically describes the
3D geometry of the tetrahedron it is associated to, and an edge amplitude describes how
two neighbouring tetrahedra are glued together.

We start from the discrete path integral (7.3) and work on the dual picture. §(gs+) can
be decomposed over the SU(2) spin representations using the Peter-Weyl theorem,

8(gr) =D djp X7 (954, (7.5)

Jpx

where d; = 2j 4+ 1 is the dimension of the spin j representation space V7 and x/(g) =
TrD(g) the character of g in the spin j representation, formulated as the trace of the
Wigner matrix D7(g) of g in the j representation. Thus equivalently in the triangulation
picture, each edge € is dressed with a spin j.. When decomposing d(gy+) into spin repre-
sentations, one has an SU(2) group integration for each dual edge e*, which is dual to a
triangle, of 3 copies of the Wigner matrix D7 (g) (i = 1---n). This is the projector, also
called intertwiner ly; = |Z)(Z|, of the kinematical Hilbert space onto the SU(2)-invariant
Hilbert space Invgy) (V' @ V2 @ V73) @ Invgye) (V' @ V*2 @ V*#). One of the bene-
fits of working on a triangulation over a general cell decomposition is that the intertwiners
for 3-valent nodes are one-dimensional®, which simplify greatly the formulas. In particular,
the integration of g.« for the three Wigner matrices appearing in the discrete path integral

2Although we use the terminology that an f* is a dual plaquette, we denote Ay~ as a face amplitude
to be consistent with the literature.
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simply becomes

/SU@)dge Dit (gD, (9.)DE. (g, >=(31 2 s )(” 2 93), (7.6)

my; Mo Mg ny N9 N3

which is the product of two normalized Clebsh-Gordan coefficients, or equivalently the
3ym-symbols. A combinatorial choice of re-coupling of the 3jm-symbols gives 6;-symbol,
which is associated to a tetrahedron 7', or equivalently a dual vertex v*. For a tetrahedron
with the notation in fig.7.1 and each edge é; dressed with a spin j;, the 6j-symbol is given
by

J1 J2 J3 _ 1\ Gimma)
G = E 1)&=1
{ Ja J5 Je } -

m;

Ji J2 J3 Jv Js  Js Ja J2 J6 Ja Js  J3
mp; Mo —mMs —m; Mms Mg —M4 —My —Mg ms —ms msg |

(7.7)

It ends up with a state-sum formulation of the discrete partition function (7.3), i.e. the
Ponzano-Regge state-sum model,

sMit] = 3 [Tevea, TIevsae {0 2 ) oy

{gg=} [~ e*

It easily reads that the vertex amplitude A, is the 6;j-symbol associated to the tetrahedron
dual to v*, and the edge amplitude A, is a sign given by the spins on the sides of the triangle
dual to e*, and the face amplitude Ay« is the dimension d;,. of the spin representation
space associated to the plaquette f*. See e.g. [30] for detailed explanation of the sign
factors. When there’s no boundary, the edge amplitude term can be absorbed in the
vertex amplitude [30], then the state-sum can be written as

oI G G U ) SR

{gp=} I* Ch

Geometrically, the vertex amplitude describes a tetrahedron with edge lengths specified
by the spins in the 6j-symbol. The edge amplitude determines that the gluing of two
adjacent tetrahedra is performed by matching the side lengths of the triangles, thus the
full 2D geometrical information of the triangles. This trivial way of gluing can be viewed
as resulting from the flatness of the manifold, imposed by d(gz) for all the edges of the
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triangulation. The face amplitude is simply a weight factor, which is important only in
the quantum regime.

A locally-holographic amplitude. Instead of splitting a delta distribution into local
amplitudes as above, one can start from the local amplitude ansatz (7.4) and construct
first the vertex amplitudes and then recover total amplitude (7.3) by choosing the edge
and face amplitudes. This is feasible because a vertex amplitude A,+ can also be realized
by the evaluation of the spin network state as discussed in the following.

Consider a triangulation of M whose boundary is a union of 2-simplices. We construct
an oriented graph I' dual to this boundary made up with E links e’s, V' nodes v’s and F'
faces f’s. On I', we associate a spin j. to each oriented link e and an intertwiner (¥ to each
node v as we did in normal LQG.

An intertwiner can be viewed as an SU(2)-invariant map from the Cartesian product
of the spin representation spaces (or the dual spin representation space), associated to the
links incident to the same node, to the trivial space:

Gyl & Vvelel & vl —o, (7.10)
els(e)=

v elt(e)=v

where s(e) and t(e) respectively denote the source and target node of the link e. Or
equivalently, the basis of the intertwiner can be written as the tensor product of the
magnetic basis followed by a group averaging

om0 = [ an | @ Gndti! | | @ molioma )@
U(2

elt(e)=v e|s(e)=v

which is indeed SU(2)-invariant. Finally, the spin network state sge’”) on [ is simply
defined as the tensor product of the intertwiners. Conventionally the spin network state is

evaluated on the group elements {g.} € SU(2)¥ associated to the links, thus

8?67%}(96) - Z H<jea me’g€‘j67ne> H<®e|t(6)=v Jes ne’ﬂ()je)‘ Qels(e)=v Je: m€> ) (712)

Me,Ne € v

3For a general cell decomposition, an edge is dual to an n-gon, where n > 3. When n > 3, we need
to consider intertwiners that are higher dimensional. Then one can decompose the intertwiner into a
particular a basis and write lyy = > |Z4)(Za|. See e.g. [137] for a discussion.
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Its evaluation on the identity sg””)(l) plays the role of the vertex amplitude A« (je, t») of

the spinfoam partition function (7.4) and it describes the 2D boundary quantum geometry
of an elementary 3-simplex, which is a tetrahedron.

In short, the spinfoam can be viewed as a gluing, under certain gluing conditions, of
“bubbles” which are homogeneously two-spheres dressed with spin network evaluation.
When working on the spin network states, the gluing condition is to identify the shape
and size of the glued boundaries, i.e. they have the same spins on the glued links. The
spinfoam can thus be written as

ZelM o = 3 [T d;,. T]Signtee) T s8 ), (7.13)
{gp=} I* e* v*

where size’L“}(l) is the spin network evaluation on each bubble, and the edge amplitude

Sign(te+) is a sign depending on the spins of the intertwiner on (the node dual to) the
shared plaquette dual to the edge e*. The exact value of this sign depends on the choice
of basis of the intertwiner.

For a triangulation, each boundary is made up of a triangle and thus I" is identically
three-valent, in which case the intertwiner is one-dimensional and thus uniquely defined
under a chosen basis. In this case, the spin network evaluation is simply a 3nj-symbol.
The smallest three-valent graph embedded on a two-sphere is indeed a tetrahedron graph
I' = (0T)*, as illustrated in fig.7.1. The spin network state trivially evaluated on a
tetrahedron graph gives a 6j-symbol?,

{geyy — ) J1 J2 J3

Stet (I) - { j4 j5 jﬁ } ) (714>
which is exactly the vertex amplitude we obtained through decomposing the delta dis-
tribution on SU(2). This is the Ponzano-Regge state-sum for the simplest triangulation
of a 3-ball (with no summation at all), describing the boundary quantum geometry of a
tetrahedron. In the semi-classical limit, seen from scaling j to Aj and taking A — oo, the
6j-symbol is given by the Hartle-Sorkin action [129] in Regge calculus for a tetrahedron in
terms of the edge lengths and dihedral angles:

A1 AJ2 AJs } A—00 1 ( . 1 7T)
. . . RS S Ne+=HD+-—-1,
{ A1 AJs AJe V127V cos | Sus({A] 2}> 4

6

with Sps({lc}) = > €O, (7.15)

e=1

4We have ignored the notation ¢” for the intertwiners on the left-hand side for simplicity. The inter-
twiners are implicit in the definition of the 6j-symbol.
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where @, is the dihedral angle around the edge 3 (dual to link e) and V' is the volume of the
tetrahedron with edge length ¢, = A\j. + 5,e = 1,--- 6. This asymptotic was postulated
by Ponzano and Regge [171] and proven in dlfferent methods [180, , , 29]. The
Hartle-Sorkin action (7.15) is the discrete version the GHY boundary term [129]:

/ dVhE =55 N .0, . (7.16)
oM

e€cOM

For general 3nj-symbols, the semi-classical limit also encodes the geometry of the boundary
2-cell it describes [69]. The reproduction of the vertex amplitude with the boundary states
exposes the fact that the vertex amplitude is a local-holographic amplitude, encoding only
the boundary data of the 3-cell it is associated to. The gluing process for two adjacent
3-cells can be understood as smearing the data on the shared boundaries. In this way, the
degrees of freedom on the shared boundaries become gauge through gluing, and the only
physical degrees of freedom are on the union of the un-glued boundaries, i.e. the cellular
decomposition of M. This is exactly why the bulk part of the amplitude is independent
of the cellular decomposition.limit.

Topological invariance of the Ponzano-Regge model from Pachner moves. The
Ponzano-Regge state-sum formula

ZT[MJ,/)}] = OT[aM / H dge H5 He Eaf*ge*) (717)

e*¢(OM)*
_ Z H 1)%rd d;,. H(_l)Zleji H{ JioJ2 Js } (7.18)
" S UJa Js J6 ).
{gp=} I~ e v v
is invariant under the Pachner moves in the bulk [163], which is evidence that the amplitude

is independent of the bulk configuration and only depends on the boundary states. In 3D,
there are two types of Pachner moves, namely the 2 — 3 moves and the 1 — 4 moves
as shown in fig.7.2. To prove the topological invariance, one can either start from the
group formulation (7.17) and apply the change of variable method or start from the spin
formulation (7.18) and apply the recursion relation of 6j-symbols [105]. It deserves to
be mentioned here that adding a vertex inside a tetrahedron in the 1 — 4 Pachner move
(fig.7.2b) leads to a divergent amplitude. The divergence comes from Y, d3 = sy (1)
whose degree depends on the topology only (see [30, 47, 48] for discussion.) Regularization
was originally performed by introducing a cut-off on spin J [174]. It was then realized that
the divergence corresponds to the su(2) gauge that generates the translational symmetry
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Figure 7.2: (a) 2-3 Pachner move: adding an internal edge. (b) 1-4 Pachner move: adding
an internal vertex.

of the internal vertex thus the regularization can be performed by a partial gauge fixing
procedure [103, 104].

In the Ponzano-Regge state-sum (7.18), the boundary data are the lengths of the one-
skeleton encoded in the 6j-symbols. Therefore, the path integral constructed as such
depends on the boundary metric and thus the length scale. The scale invariance of the
bulk is merely obtained by the summation of the spin labels.

In the next section, we will study a scale-invariant path integral even with boundary
configurations. To this end, it is natural to choose a scale-invariant boundary state, then
one can define a scale-invariant vertex amplitude as the evaluation of this new quantum
state on the boundary of an elementary 3-cell. These states should encode the conformal
geometry, i.e. angles, of the triangulation of the boundary surface. Technically, to define
such a conformal boundary quantum state means to find an “alternative” representation
of SU(2) that can be geometrically interpreted as angles. Given a different formulation of
the partition function from (7.18), the recursion relation of 6j-symbols would be replaced
by other identities in order to reproduce the topological invariance, which will be the case
illustrated in Subsection 7.2.5.
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7.2 A new coherent state-integral

The “alternative” representation we are going to apply is the spinor representation of SU(2)
[113], developed from the U(n) formulation of LQG [75, 99, 50]. The quantum states under
this representation are called the coherent spin network states (see below) [11]. After a
concise review of its general construction, we will specialize in the coherent spin network
state of a tetrahedron graph, whose evaluation on identity after changing the weight gives
the SGF [187, 28]. We will construct the Ponzano-Regge model in a new formalism with
spinor variables, where the SGF serves as the vertex amplitude. Similar to the original one,
it can also be seen as built with local amplitudes associated to the elementary bubbles.

7.2.1 Scaleless spin network states and generating function

Let us introduce the SU(2) spin coherent state (or the SU(2) coherent state for short) a la
Perelomov, denoted as |j, () with a fixed spin j € N/2 and a spinor |() := ( EJF ) e C?
introduced in Chapter 3.

To this end, one needs to quantize the classical spinor components (4, (4. Upon quan-
tization, the spinors become the annihilation operators ¢ 4 5 @4 and the creation operator
¢4 — aM such that satisfies the commutator

[a?,aP] = 648 | [a?,dP] = [a™,aPT] = 0. (7.19)

This being said, the phase space for an n-valent node is quantized to be a set of 2n harmonic
oscillators. The commutators naturally inherit from the Poisson brackets (3.15). Indeed,
(7.19) is the ¢ = 1 version of the deformed commutation relation (5.2). It is natural
to obtain the Fock states |n~,n")po which diagonalize the occupation number operator
N4 = a?fa”

o - (7.20)

This basis is equivalent to the magnetic number basis |7, m) € V7 with the relation between
the eigenvalue as

NA|n_,n+>Ho = nA|n_,n

Jj= %(n‘ +nt), m= 1(n_ —nt). (7.21)

The action of (a*, a®") on the magnetic number basis allows the jumping between different
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spin representations. Explicitly,

| 1
a'ljm) =i+ (=DAmlj = oom =5+ A), (7.22a)

1
aMlljom) = i+ (CDAm A1+ o omt o — A), (7.22b)

which is the ¢ = 1 version of (5.9).

The state |,¢) is a superposition state of a pair of harmonic oscillators |n°, n')yo,
identified with a magnetic number basis |7, m) € V7 by the relation (7.21) and reads

(CA AT 2]

5.0 = el Z\/HmQJJ_ YY) (7.23)

where a1 is the creation operator acting on the oscillator n, A = 4. This is the state that
admits the generalized minimal uncertainty given by the dispersion of the SU(2) Casimir
[140]. The norm is easily computed (4, (|7, ¢) = (¢|¢)%. For a fixed spin j, |7, () serves as
an alternative orthonormal basis spanning the representation space V7. We refer to [113]
for more details.

By the definition of the coherent state basis through the magnetic number basis (7.23),
it is easy to find that a?* acts on |j,¢) as a multiplication operator while a*f acts as a
derivative operator on |j,(), i.e

O =V - 5.0, a0 = O, (12

1 0 b+ 1
NS Ak
thus a”* decreases the spin by 1/2 as well as multiplying the state by ¢, while a7 increases
the spin by 1/2 and derives the state by (4.

We also introduce a dual SU(2) coherent state [j, (| = (j, <(| in terms of a dual spinor
[C| = (sC| == ( —C*, ¢ ), which is also holomorphic ¢4, living in the dual representation
space V'* (see (3.2)). a”* acts on [,(| as the creation operator while a!" acts as the
annihilation operator,

a1 0

. A__ -
J,¢la” = V2] +10CB

1 1
U+ 56l licla® =—e""y/25¢ [ - S.¢l. (7.25)

Consider an oriented graph I" with E oriented links e’s, V nodes v’s and F' faces f’s.
We dress each link e with a spin j., and associate a spinor |(.) to the source s(e) of e
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and another spinor \56] to the target t(e). For an m-valent node v, we can construct an
intertwiner living in the tensor space (®e|5(e)zv Vje> ® <®e|t(e):v Vie ) by SU(2)-group

averaging the tensor product of the SU(2) holomorphic coherent states, i.e.

1{y(Ce) [0) r=/SU(2)dgv R lello || & goliet) | - (7.26)

elt(e)=v els(e)=v
This is called the Livine-Speziale (LS) coherent intertwiner, first introduced in [140] (see
also [99]) and used to define the EPRL-FK spinfoam models [$2, 111]. It is also closely

related to the U(n) coherent states which are by definition covariant under the U(n) action
[99]-

(7.11) and (7.26) are simply projections of a general SU(2) intertwiner on different
bases, the former on the magnetic number basis while the latter on the coherent state basis.
Equipped with the intertwiners (7.26), one can define a spin network state evaluated on
SU(2) group elements {g.} as a holomorphic function of the spinors:

S%jea(eaCe}(ge) — /S ( )V Hdh/v H ,]6) €6| h ge s(e |.]€’ §€> ° (727)
U2 v e

It is also possible to eliminate the spins and define an intertwiner associated to a node
v with only spinor labels, which can be viewed as a generating function of the LS coherent

intertwiners (7.26) with a chosen series of weight [15]. The simplest weight is T =
ecv Je):

which defines the coherent intertwiner”,

(7.28)

v _ ;Lv‘ ).
)=

It is indeed an SU(2) invariant state in Py, , <®e|s(e):v VJ'e) ® <®e|t(€)zv VJ'§>. We asso-
ciate a coherent intertwiner to each node and glue them along links associated with SU(2)
holonomies. The gluing is performed in the standard way, i.e. taking (k,n|j, m) = 6;x0mn.
The result defines the coherent spin network state [ ]

cohe ge Z/ Hd [je7<e| t(e ge s(e) ’je7Ce>
:/ Hdhv e[Celht(e>ge hoo)le)
SU@)V )

v

(7.29)
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(Jp+1)!

HeEv \/ (2j6)!7

where J, = ) ., Je is the sum of spins on the links incident to v. It defines the scale-
less intertwiner (as we will see in the next subsection that it encodes the scale-invariant
geometry of a 3-cell boundary):

[ y Lt D (LD 1)'
Lf) (C@) - ]e Ce . (730)
{je} HeEv \/ 6 (

Again, we associate a scaleless intertwiner to each node and glue them in the same way as
the coherent intertwiner. We define it as the scaleless spin network state :

SF ge Z H HeEv 2]6 / Hdh H ]e; <€| ht(e ge |je; <€> : (731>

{je} v

It can be viewed as a generating function of the spin network state (7.12). The use of spinors
shifts the view of building blocks of quantum geometries from the links to the nodes, which
is also the spirit behind the construction of the U(n) coherent states [99, 50, 75].

The LQG kinematical Hilbert space Lo(SU(2),dg)¥//SU(2)V, where the symplectic
reduction is due to the Gauss constraints performed on the nodes, is usually understood
as spanned by the spin network states labelled by spins. The quantization of the spinorial
phase space allows us to span the same Hilbert space by the coherent or scaleless spin
network states labelled by spinors. To this end, we also need to introduce a Haar measure.
It is given by the Haar measure du(¢) of the Bargmann space F, = L1°(C2, du), the space
of holomorphic squared integrable functions, over the spinor variables [113]:

A slightly different choice of weight®, which we will focus on in this chapter is

dp(¢) == %e@'@dgdgf (7.32)

It is a measure which is invariant under the SU(2) transformation du(g¢) = du(¢), Vg €
SU(2). The space F» can be decomposed into the direct sum of d;-dimensional subspace:
Fy = @jens2V’, with the orthonormal basis of each spin j subspace given by

(¢ )yrm(gy
VGG —m)!

5The term “coherent intertwiner” was used to denote the LS coherent intertwiner (7.26) for short in
some literature. We remind the readers that these two terms have distinct definitions in this article,

en(C) = [4,m) - (7.33)

following [45].

60ther choices of weight lead to different generating functions, which would be useful for different
interests. See e.g. [45] for a discussion and the application of other generating functions with alternative
weights.
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The Hilbert space of one link is thus equivalently given by H, = F» x F2//U(1), with U(1)
given by the norm matching constraint (3.8) which is first class. One can find more details
for the Bargmann space reconstruction of the Hilbert space in [143]. By taking the closure
constraint for nodes into consideration, we conclude that the Hilbert space spanned by the
coherent or scaleless spin network states can be represented as L°(C2 du)?*#//(SU(2)V x

U(1)F).

Above we have defined the coherent intertwiners, coherent spin network states, scaleless
intertwiners and scaleless spin network states for a general graph. The goal is to use these
notions to define a new vertex amplitude in terms of spinors in the Ponzano-Regge model.
To this end, we will work on a three-valent graph in the next subsection. More specifically,
we will study the tetrahedron graph as shown in fig.7.1 and study the evaluation of the
scaleless spin network state on this simple graph.

7.2.2 The holomorphic {12¢**} symbol

In this subsection and the next, we will fix the cellular decomposition of M to be a
triangulation unless specified and intensively work on the tetrahedron graph I' = (97)*
that is a 2D dual graph of the boundary two-skeleton of a tetrahedron 7". The simplicity
it brings helps to quantify the scaleless intertwiners (7.30) and the scaleless spin network
functions (7.31). On the other hand, it turns out that the scaleless spin network state
for a tetrahedron graph, when evaluated on the identity, possesses a closed form, which is
known as the SGF.

For a three-valent graph, the intertwiner (7.26) for each node is one-dimensional, thus
it must be proportional to the 3jm-symbol. The exact relation is well-known [206], with
the proportionality coefficient given by a holomorphic polynomial of degree J,. Consider
three outgoing links (ej, €2, e3) meeting at the node v, we denote the total spin as Ji93 =
J1+ J2 + 73. Then one gets

Jl]2]3 (C1, G2, G3) = P jajs (€1, G2y C3) 5 i1 joga s (7.34)
with
]1j2]3(cl C27<3) (J 5311?]3 (H \/ 2]@ ) Cl‘C J123 2j3 [C ‘C >J123 251 [C |C >J123 2]2,
(7.35)

152



where A(j1j273) is the quantum triangle coefficient defined as

o (Ji23 + 1)!
isads) \/(]1 +J2 = J3)! (U 4 Js — 32)! (G2 + Js — J)!

The scaleless intertwiner (7.30) for the node with incident links (ey, e, e3) outgoing reads

(7.36)

J
[’.15)[<C17 CQ? C3> Z 1—[( 123\;_L' j17273 C17 C27 <3> (737)
J1.g2.93 1le=1

which is an invariant vector on ®2_,(; V'), and is also a generating function of the
3jm-symbol.

The proportionality coefficient (7.35) remains unchanged when some links are incoming
(except that in this case, we denote the spinor on an incoming link with a tilde). For
instance, for a node with links ey, e, incoming and link e3 outgoing, the relation reads

J 1373 (Cl Ca, (3) = 31]2y3(<1, Co (3) Lj*j*ﬁ (7.38)

The scaleless spin network state for the tetrahedron graph naturally follows except that
there is a sign ambiguity as the graph is odd-valent. The reason is that the sign of the
intertwiner (7.34) would be changed under exchanging any pair of spinors in the argument,
thus it is necessary to fix the ordering of links incident to a node in order to specify (the
sign of ) the definition of the scaleless spin network function. In practice, it is enough to fix
a cyclic order < for each node. We apply the same notation as in fig.2.6 for the ordering
of links incident to the same node. For an ordering (e < €',¢/ <,e¢” " < e), we fix an
ordered holomorphic polynomial P, . (Ce, (e, Cer) to be

jcje’]e//<<—37<e/ ge”) = ( jeje,]e” (H m> Ce|<e Jv_2]€” [C |C,,>Jv 2je [C |<‘€>Jv—2j€/ .

ecv
(7.39)
We have ignored the tilde of spinors for incoming links for simplicity and unification.
Consider again a tetrahedron graph as in fig.7.1, it can be naturally embedded in a 2-
sphere, which generates the cyclic order for all the nodes at once. The scaleless spin
network function is then uniquely defined as

esse H’U _I_ 1) €y 67~e
S g = 3 il sieses (g, (7.40)
(27)!
Ji,.J6 6 1

153



with

{de Ce, Ce = -1 .
Stet ge /SU(2)4 H dh 1 ]ea Ce| ht(e) Je hS(e) |j67 <e>
J1]233(C17 G2, C3) ]1]5]6<C17 657 CG) J3jajs (C?n C47 C5) J2jaje (CQ7 CG C4) Sggte Lv}( e)
(7.41)

being the special case of (7.27) for a tetrahedron graph, which can be factorized, as shown
in the second line of (7.41), into the standard spin network function independent of the
spinors, and a holomorphic polynomial independent of the arguments {g.}. In particular,
its evaluation on identity gives a holomorphic “{12¢*?} symbol”, known as Schwinger’s
generating function of the 6j-symbols (SGF), which is a function of 12 spinors thus 24
complex variables,

Ststit ({Cea Ce Sge% Ce

. . . 4
Ju J2 J3 Jo—2in
Jige L 1\/H66v Jy — 2]6) ‘ { Ja J5 Js }H /H [CelCer) e (7.42)

v=1 e, e, e Ev
6<e

It was first found to be of the closed form by Schwinger [187, 28, 41]. (See also [37] for the
deduction from the duality between the 2D Ising model and the Ponzano-Regge model).
It is in a form of a scaleless function:

S({Cer ¢} = St ({¢er &) = ({Ce,Ce}) :

G =1+>" I [l —1+Z IT cle) +Z T (e, (749)

L vCL,e<e VANG vCar O veor
e<e e<e

where L’s denote the loops in the tetrahedron graph, including three-cycles A*’s and four-
cycles [J*’s. The scaleless spin network states can be used to describe the kinematical
information in the Hilbert space of quantum geometry. By the continuous nature of the
spinor arguments in a scaleless spin network state, the dynamics given by the Wheeler
de-Witt equation would be translated into a differential equation of the SGF [11], rather
than a recursion relation as for the 6j-symbols when we consider the spin network states

[43].
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Symmetries of the SGF. The loop structure (7.43) of the SGF brings a large number
of degrees of symmetry. Compared to a 6j-symbol which has only 6 real variables, the
SGF has 12 independent spinors, thus 24 complex or 48 real variables, in its argument.
The symmetries would allow us to work on a smaller set of variables. Firstly, the SGF
(7.42) is explicitly written only in terms of the inner product [(.|¢.) of spinors, which is
by definition invariant under the SL(2,C) action that acts covariantly on the spinors

9o 1) = wlC) s g [Cl =[Clg,", e’ €v, g, €SL(2,C). (7.44)

Thus the spinors form a set with 12 complex or 24 real variables. Secondly, notice that
the exact evaluation (7.43) takes the form as cycles, a (complex) rescaling of the spinor
¢ = al. (o € C\{0}) on one end of each link and an “anti-rescaling” of the spinor
fe — éfe on the other end leaves the SGF unchanged. Therefore, the symmetries of the
SGF can be expressed as

S({€:7 C:/}) =S{gv e+ G’ C:,}) =S({ae o) ae_lcgl}) ., Vg, €SL(2,C),Va, € C\{0}.

(7.45)
In words, the SGF is invariant under the SL(2, C) gauge transformation, one for each node
hence a total of 12 complex degrees of freedom, and anti-scale transformation, one for
each link hence a total of 6 complex degrees of freedom. These symmetries form the full
redundant degrees of freedom in the 12 spinors, leaving 6 complex degrees of freedom in the
SGF. The same redundancy appears when we use the spinor representation to describe the
scaleless spin network states for a general graph. It is thus possible to change the argument
variables of the SGF to a smaller set. We will see in Subsection 7.3.1 that a change of
variables will make it clear to see the geometrical information given by this scaleless spin
network state.

7.2.3 The Ponzano-Regge model in terms of coherent blocks

We now turn our attention back to the Ponzano-Regge model. We aim to decompose the
discrete path integral

SN
ZT[./\/l,@M} = CT[@M]/ o H dge* Ha(He*Gaf*ge*)
SU(2

e*¢oM f*

into the product of vertex, edge and face amplitudes encoding local quantum geometries
through the spinor representation labels, so that the global quantum geometry can be
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understood as gluing elementary blocks with local geometry information stored in these
spinor variables. The total amplitude should be written alternatively in the form as

Ar[ M, sbe] = / HAf* e HA [Cer] HA [Coe] (7.46)

where 19" is the boundary coherent spin network state and du(¢) := #e*«mdc —d(T is
the Haar measure of spinors. With the use of spinors, therefore, the amplitude would be
written as a “state-integral” instead of state-sum.

Let us first introduce the notations we will use in the state-integral formulas both
in Proposition 7.2.1 and 7.2.2. For the vertex amplitude, we denote the spinors (or dual
spinors) on the source s(e) and target t(e) of a link e as ¢, and (, respectively. For the edge
amplitude of a dual edge e*, we consider the node v in a triangle shared by two adjacent
tetrahedra. Therefore, spinors on v have two independent copies, one from the tetrahedron
dual to s(e*) and the other from the tetrahedron dual to t(e*). For a link e € v, we denote
the two spinors from the two tetrahedra respectively as (2 and ¢“”. For the face
amplitude, we consider a dual face f* whose boundary loop connects n(> 3) tetrahedra.
One needs to choose randomly a node on the boundary of one of these tetrahedra, say 7.
We denote the spinor on this node that will contribute to this face amplitude as ¢/"71. See
an illustration in fig.7.3.

Proposition 7.2.1. The spinfoam model can be expressed as an integral in terms of co-
herent blocks

AxiM, v = [ du(¢ O o [T A [T A

with the vertex, edge and face amplitude written as

4 =~ —
Ay = s (1) = /S oI (TG ol (7.47)
v=1

A = eZean@ 167 (7.48)

9

A = (™ 1,

For sake of simplicity of the main text, we leave the proof B.5.1 in Appendix B.5.

156



5%k
T, e3 ng)*
e /2
Tio1 2~ T,
\\ *
Sk T e 61
€1 ‘
|
|
T; } I
! en
GO TN =
) E—i—l | Tn

Figure 7.3: A dual face (in red) dual to the edge € surrounded by a loop (eje;---efe?),
with e} dual to triangle A\;. Two adjacent tetrahedra T; and T;,; (identifying 7,1 = T})
are glued along the triangle A,;.

A similar state-integral model for 4D BF theory was explicitly constructed in [74].
The vertex amplitude constructed above no longer depends on the spins, thus it is ex-
pected to be irrelevant to the size of the tetrahedron it is associated to. The drawback
of this construction is that the SU(2) group elements are still included in the formula
other than spinors, making it hard to single out the geometrical information stored in the
spinors themselves. Thus in the next subsection, we promote the integral expression of the
Ponzano-Regge amplitude in terms of different blocks so that only spinors are left in the
integral expression.

7.2.4 A new Ponzano-Regge state-integral formula

To get rid of the SU(2) group integral in the vertex amplitude, we replace the vertex
amplitude by the SGF. We apply the idea that the vertex amplitude can be provided by
the spin network state evaluation on the boundary of a tetrahedron. Therefore, the SGF,
as the scaleless spin network evaluation, is a natural replacement of the 6j-symbol. Notice
that the SGF can be expressed as a group integral similar to (7.29)[1]

6

SH{¢ ¢ =Y (H(JUH)! / . dhq,> II (2;6)![je,c”elh,:(;)hs<e>!je,<e>- (7.50)

jiede \v=1 S e=1

The difference is the factor (J, 4+ 1)! for each node. This can be cancelled out by modifying
the edge amplitude, and the result is given in the following proposition. The notations are
the same as in Proposition 7.2.1.
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Proposition 7.2.2. The spinfoam model can be expressed as a state-integral
AniM. o) = [1au(@) [T A6 [ Av 6o TT v o]
f* e* v*

with the vertex, edge and face amplitude written as
1
(1 + ZE H'L;C[:,e<e’ K‘€|<‘e/>)2

Av* = Sgi({Ce: 5@}) = (751)

o 2% s(e*) ) et(e®)7\ 2
B | e (Sl i)
Aer = kZ:O (k + 1)2(2k)! <e€Zv<Ce €e ]) = oF3(;2,2, 5 1 )
(7.52)
Ape = (¢ —1. (7.53)

Y3t is the boundary scaleless spin network state.

The proof of this proposition is rather technical and is given in Proof B.5.2.

To summarize, Proposition 7.2.2 is a re-grouped version of Proposition 7.2.1. In order to
have a simple vertex amplitude with a nice geometrical interpretation, the edge amplitude
becomes more complicated. However, we will see in Subsection 7.3.2 that this new edge
amplitude also possesses a nice geometrical interpretation that is compatible with that of
the new vertex amplitude (7.51).

7.2.5 Topological invariance of the Ponzano-Regge state-integral
model

The topological invariance of the new Ponzano-Regge state-integral formula can be proven
by performing the 2 — 3 and 1 — 4 Pachner moves. To do this, one can either express the
vertex amplitude (7.51) into the explicit form as the generating function of the 6j-symbols
(7.42) then use the recursion relation of the 6j-symbols [200], or work on the spinors
variables to prove the invariance of total amplitude under Pachner moves. The former
approach is rather straightforward hence here we only illustrate the latter approach.

We consider in this section the gluing of general 3-cells through triangles and show that
the resulting total amplitude after gluing is given by the boundary scaleless spin network
state on the union boundary, which means that the state-integral model is topological
invariant.
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We will show it through three different types of gluing which serve as the elementary
steps to glue disjoint 3-cells. The first type is to glue two 3-cells through one triangle
with no extra internal edge produced (Proposition 7.2.4). The second type is to glue two
adjacent triangles sharing one edge on the boundary of one 3-cell and produce one extra
internal edge (Proposition 7.2.5). The third type is to glue two adjacent triangles sharing
two edges on the boundary of one 3-cell and produce two internal edges and one internal
vertex (Proposition 7.2.6). The topological invariance of the Ponzano-Regge state-integral
model, which can be directly derived by analyzing the total amplitude under a combination
of these three types of gluing without changing the topological nature of the 3-cell, is a
natural conclusion (Corollary 7.2.7).

The scaleless spin network state for a three-valent graph can be expressed into a Gaus-

sian integral [28, 37]. Let us introduce an auxiliary spinor |y,.) = ( 125 > € C? at-
tached to each half link e attached to node v with the same spinor measure du(7ve,) =

%dy@d?@dvﬁdﬁ;efhwmﬁ. The dual auxiliary spinor is defined in the same way as z’s,

_At
B |Yew] = ( e ) . To unify the notation, we denote the new spinors at the source s(e)

ev

and target t(e) of a link e as v, and 4.. Consider a general 3-cell C whose boundary 0C
is made up by jointed triangles whose dual graph (0C)* is a (closed) three-valent graph.
The correspondent scaleless spin network state is [37]

S ({C., ¢} = / (H d#(%ﬂu(%)) e2oeeliel 200 Coa) |See) ) vs(e Yece) (7.54)

where « is the angle formed by two links s(a) and t(«) incident to a same node with the
cyclic order s(a) < t(a). We denote a € v if s(a),t(«) € v. Clearly (7.54) contains a
link-term e2e(l%el and an angle-term e2=alCs) |G st e,

Lemma 7.2.3. Arbitrary gluing of 3-cells through triangles can be separated into a sequence
of the following three types of gluing:

e Type I: identifying three edges of two disjoint triangles, each on the boundary of
one 3-cell (fig.7.4a), whose result is one 3-cell with no extra internal edges produced

(fig.7.4b);

o Type II: identifying the two remaining edges of two adjacent triangles sharing one
edge on the boundary of one 3-cell (fig7.5a), whose result is one 3-cell with one extra
internal edge produced (fig.7.5b);
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e Type II1: identifying the remaining edge of two adjacent triangles sharing two edges
on the boundary of one 3-cell (fig.7.6a), whose result is one 3-cell with two extra
internal edges and one internal vertex produced (fig.7.6b).

We consider separately these three types of gluing and analyze the total amplitude after
gluing. The formulas given are formal but notations are consistent with the corresponding
figures and the proofs, which we leave in Appendix B.5.

Proposition 7.2.4. For gluing of Type I, the scaleless spin network states 8559[01785[02 on
the boundaries OCy,0Cs of two 3-cells Cy, Cy glued with an edge amplitude A2C77C2 in
the form of (7.52) produces a scaleless spin network state Sgl(clucg) on the union boundary
J(Cy1 U Cy) after gluing. The gluing process is symbolically expressed as (referring to the
spinor notation in fig.7.4)

3§Ecluc2)=/< 11 du(g‘e)du(&)) Shey ({e G ) AZT 7% S, ({€e, &) - (7.55)

e,ce0C1NIC2

The proof is given in Proof B.5.3.

Proposition 7.2.5. For gluing of Type II, the scaleless spin network state Sic on the
boundary OC of a 3-cell C glued with an edge amplitude AS*">*=° of the form (7.52), which
is for two adjacent triangles /1, Ny € OC sharing one edge €, and one face amplitude AS.,

which is for the shared edge €, produces a scaleless spin network state S, on the resulting
3-cell boundary OC'. It is symbolically expressed as

So = / ( 11 du(§€)> Sily ALINA2=E pe (7.56)

ee AUy

The proof is given in Proof B.5.4.

Define a function of the face amplitude, which is defined with the spinor ( sitting on
the base node, as
G(Ap(Q)) := e~ IHA(Q) = (IO (7.57)

We then have the following proposition.

Proposition 7.2.6. For gluing of Type III, the scaleless spin network state Sis on the

boundary OC of a 3-cell C glued with an edge amplitude AﬁmAF{él’éﬂ in the form of

(7.52), which is for two adjacent triangles /N1, Ny € OC sharing two edges é1,és, a face
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Figure 7.4: (a) Before gluing of two 3-cells C; and C, (visualized as 2-spheres) through
identifying the left and right triangles (in thick, each visualized as a circle embedding in
the corresponding 2-sphere with three vertices on it). The links (in red), each dual to one
side of a triangle is assigned spinor information. Fix the orientation of the links e; 93 on
the left triangle to be outgoing, the sources are assigned the spinors (; 2 3 and the auxiliary
spinors 723 (not shown in the figure for clear visualization) and the targets are assigned
the spinors 51,2,3 and the auxiliary spinors 7, o 3; also fix the orientation of the links ¢; 5 3 on
the right triangle to be ingoing, the sources are assigned the spinors ; 2 3 and the auxiliary
spinors 7 2.3 and the targets are assigned the spinors 51,273 and the auxiliary spinors 7; 23
(not shown in the figure for clear visualization). (b) After gluing two 3-cells C; and Cs
(visualized as a double bubble) . The spinor information in the bulk is integrated out and
only the spinors on the union boundary 9(C; U Cy) are left.

amplitude Jé}* in the form of (7.53), which is for one of the shared edge é,, and the function
G( Jéf) of the face amplitude for the other shared edge €y in the form of (7.57), produces

a scaleless spin network state Sy, on the resulting 3-cell boundary C'. It is symbolically
expressed as

Sib, = / [T duc) | Szo Azt 45 AR, (7.58)

eéAlqu

where the e€/\; U /\y denotes that the integral is for all the spinors on (th_e dual node of)
the two triangles [y and Ny except the one defining the face amplitude A% .

The proof is given in Proof B.5.5.
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Figure 7.5: Gluing two adjacent triangles (in thick, each visualized as a semicircle and one
edge connecting the two ends) sharing one edge € on one continuous boundary (visualized
as the boundary of a 3-ball removing a lemon slice). (a) Before gluing: The left triangle
is dual to a node with three links e; o3 outgoing, while the right triangle is dual to the
other node with three links e; 45 incoming. For e, the source is assigned (;,7; and the
target is assigned §~1, 1. For links ey 3, the sources are assigned (23,723 and the targets
are assigned 52,3,%,3. For links ey 5, the source are assigned &3 3,723 and the targets are
assigned 52,3, 72,3- (Only part of the spinors are shown for clear visualization). (b) After
gluing: The shared edge € becomes internal and the other two edges from different triangles
collapse (in thick). Spinor information in the bulk is integrated out and only the spinors
on the resulting boundary (as shown) are left.

Note that (7.58) is a finite equation because we did not perform the integration over (s.
The dependence of the final result on 2 is removed simply by d(g). If one replaces G( ?2)
by ;?* (¢2) and further integrate (5 on the right hand side, one gets a delta distribution of
SU(2) group evaluated on the identity on the left hand side, i.e.

sg‘c,asw)(l):/ ( 11 du(Ce)> Spe - AT AR AR (7.59)

ecN1UANo

which diverges and the divergence corresponds to the translational symmetry of the extra
internal vertex produced after gluing as in the original Ponzano-Regge state-sum model
[103, 104]. In the state-sum model, this divergence can be eliminated by fixing the spin
(thus edge length, say ¢z,) of one internal edge incident to this internal vertex. In a similar
spirit, (7.58) can be viewed as the gauge-fixing version of (7.59) which fixes one spinor (,
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Figure 7.6: Gluing of the two adjacent triangles (in thick, each visualized as a semicircle
and two edges incident to the origin of the 3-ball) sharing two edges on one continuous
boundary (visualized as the boundary of a 3-ball removing a solid cone). (a) Before gluing:
The left triangle is dual to one node with three links e; 5 3 outgoing, while the right triangle
is dual to the other node with three links e; 54 ingoing. s(ei) (resp. t(ey)) is assigned

Ci,m (resp. &1,71), s(ez) (resp. t(ez)) is assigned (o, 72 (resp. &o,72), s(es) (resp. t(es))
is assigned (3,73 (resp. (3,73), and s(eq) (resp. t(eq)) is assigned &3,m3 (resp. &s,73).
(only part of the spinors are shown for clear visualization). (b) After gluing: The shared
edges become internal and one extra internal vertex (the origin of the 3-ball) is created.
The remaining edge from different triangles collapses and lives on the resulting boundary.
Spinor information in the bulk is integrated out and only the spinors on the resulting
boundary, i.e. (3,73 and &, 13, are left.

in the bulk. Another way of gauge fixing is to gauge fix (the norm of) the inner product
[[C1|¢2)| of the two spinors (i, (2 used to define the face amplitude Af& and Afﬁ, which
encodes the angle information of the triangle dual to the node that (i, (s lives on (see
Section 7.3.1 below). This can be seen by rewriting dsy)(l) in terms of |[¢1|(2)| as

dsuz) (1) =/ dg/du(gl)du(gz) (GG = 1)((Ga|G) — 1)eféulslon) plcalglca)
o (7.60)

Z/du(ﬁ)du(@) (G|G) = D ({GalGa) — 1)ellela®

One can straightforwardly conclude from Lemma 7.2.3 and Proposition 7.2.4, 7.2.5, 7.2.6
the following corollary.

163



Corollary 7.2.7. The Ponzano-Regge state-integral formula given in Proposition 7.2.2 is
topological invariant. This means the total amplitude is independent of the bulk configura-
tion and is equal to the boundary scaleless spin network state upon gauge fixzings, one for
each internal vertex.

In particular, in the 2 — 3 Pachner move, the gluing of two tetrahedra is of Type I; the
gluing of three tetrahedra includes three steps, two of which are of Type I and the other
is of Type II. In the 1 — 4 Pachner move, the gluing of four tetrahedra includes six steps,
three of which are of Type I, two of which are of Type II and the remaining one is of Type
I1I.

7.3 Geometric interpretation of the state-integral

Spins are geometrically interpreted as lengths thus the geometrical meaning of the original
Ponzano-Regge state-sum is rather simple as reviewed above. In contrast, the geometrical
interpretation of spinors, or the inner product of spinors which are used in the new Ponzano-
Regge state-integral described in Proposition 7.2.2, is not as apparent. To understand how
the new model describes the geometry, we analyze in this section separately the geometrical
information of the tetrahedron described by the new vertex amplitude, and that of the
gluing process described by the new edge amplitude.

7.3.1 Poles of the {12¢*?} symbol

In this subsection, we come back to the tetrahedron graph and look into the geometrical
interpretation of the SGF. To this end, we rewrite the SGF in terms of the new variables,
namely the angle couplings and the link couplings. They are both invariant under the
SL(2, C) gauge transformation of spinors and the latter is further invariant under the anti-
scale transformation (see (7.45)) thus forming a minimum set of variables.

At the first glance, since the SGF encodes the summation of spins, which geometrically
represent lengths of the one-skeleton of a tetrahedron, the length information is expected
to be washed out and it leaves the rest of the geometrical information, thus angles. Angle
information of a tetrahedron includes internal angles of triangles (called internal angles
for short) on the boundary of the tetrahedron and the dihedral angles between each pair
of triangles. By taking the large j limit of the 6j-symbols, we will find that these angle
information are exactly stored in the norms and phases of the 6 independent link couplings.
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We will first regroup the scalar products of spinors in the expression of the SGF (7.43)
into an expression in terms of the link couplings. Through a stationary analysis of the
new SGF expression, we acknowledge that the link couplings capture the internal angles
of triangles in their real part and the dihedral angles between triangles in their imaginary
part. This establishes our expectation that the SGF describes the quantum conformal
geometry of a tetrahedron.

From angle couplings to link couplings. Each pair of links incident to the same
node form an angle. We define the angle coupling X.., by the (holomorphic) inner product
of the spinors associated to the pair of links (e, ¢’) with the order e < ¢’ as

Xeo = Xero := [C|Co) = [ Xew P, e=<é, e €v, Pocl0n). (7.61)
We have separated the norm |X,./| and the phase @ of the angle coupling. These angle
couplings can be grouped to form the link couplings Y.’s [37] such that
H H Xé]ev/_me” _ H }/;Zje ) (762)
vel e,e e cv ecl’

Consider two three-valent nodes connected with an oriented link e, where eq, e5 are the
other two links incident to the source s(e) of the link e, and é, é; are the two other links
incident to the target t(e), as shown in fig.7.7. The link coupling Y, is expressed in terms
of the angle couplings as

= Y'e iWe — [Ce|<e1>[<e2|<e> [6€|<él>|:<ég|é:e> _ X661X662 Xeé1Xeé2 Lpe |
’ ‘6 \/ [Ce1|§e2> [C51|C62> )(ele2 Xé1é2 ’ S [O,’ir)

(7.63)
The norm |Y,| and the phase ¥, of the link coupling read explicitly

|X€€1 | |X€€2| |X€€1||X€€2|
’
|X€162| |X‘31€2|

1
e = mOd (5(45661 —|— dseez — @6162 + @eél —|— @652 — Qpéléz), 7T) . (764)

It will be convenient to introduce the “shared” spins for angles on the same node as

keer : = Jy — 2je” ) kererr i = Jyy — 2jeu kere := Jy — 2je’ )
where J, = jo + jeo + jer and e,€’,e” € v. (7.65)
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Figure 7.7: Two three-valent nodes s(e) and t(e) connected by an oriented link e. links
e, e1, €9 are incident to s(e), and links e, é;, €5 are incident to ¢(e).

l{}e/e//

Figure 7.8: Thicken the links e, €', e” incident to the node v into threads. Each thread

carries a spin % and the number of threads for each link is twice of the spin value it is

dressed with. The shared spins k.. can be viewed as the number of threads shared by the
links e and €’. Similarly for k..» and keen.

keer can be understood as the number of threads (equal to twice of the spin value) shared
by the links e and ¢, as illustrated in fig.7.8.

These shared spins are not independent. Referring to the relative position of the edges
e, e1,ea, €1,y shown in fig.7.7, the constraint for k..’s is

kee, + keey = kez, + kez, = 27, Ve. (7.66)

Therefore, we have six constraints for 12 shared spins k...’s, which results in 6 independent
shared spins as expected.

Let us recall the SGF (7.42) written with the angle and link couplings,

Sxeh = Y [H i }H(H Xl ) (767

Jjijge Lv=1 eeEv v=1 \e,e/'cv

or

L 6
Jv J2 J3 2j
) Y e | 7.68
{ Ja Js Je }H ¢ (7.68)

e=1

S({.}) = Z[Hr} L

Jijge Lv=1
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For any loop L, the following equality holds

Ixe =1]>. (7.69)

veL eeLl

thus (7.43) can also be written in two ways

SU{e.CH =62, GHGLEH =1+ T Xew=1+>T[Y.. (7.70)

L eecvCLl L eCL

Link couplings at the stationary point. Now that we have the expression of the SGF
in terms of the link couplings, we would like to apply the stationary analysis at the large
7 limit of the SGF to look into the poles. We first take the Stirling approximation of the
factorials: -

n! ~V2mn <—> = eninntOm) (7.71)

e
When V2 > 0, the 6j-symbol represents a tetrahedron embedded in the 3D Euclidean

space. It reads [171]
Ji J2 Js
S IT T~ (.0, + 7.72
{ Ja J5 Je } \/127TV (ez: ) ( )

where (, = je—i—% is the edge length of the edge €, V' the volume of the tetrahedron with edge
lengths {/.} calculated by the Cayley-Menger determinant, and ©. the external dihedral
angle about the edge €, i.e. the angle between the outward normals to the faces sharing
the edge € 7. The largej limit of the SGF (7.68) is thus [10]

SO ESY H k {ﬁ ji ;2 }ﬁyezje

jige Lv=1 e e=1

N S 3 (e IS ey B k) S 2j(in|Vel4iwe) L ie(S8, Ot T)
Z{] 2127V ZE:i

_ Se({Yeige})
2 ; 2\/1271/ o

(7.73)

"Note that the edges of the tetrahedron T are denoted as é€’s and the links of the tetrahedron graph

= (0T')* dual to the boundary of T' are denoted as e’s. It is on the links of I" where we associate spin
labels {j.}, but they represent the lengths of the edges €’s on T which are dual to e’s. We denote the
length /. and dihedral angle ©, with subscript e instead of € to avoid a mixture of notation in the same
equation as much as possible in the main text.
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In the second line, we have used cos (25:1 (O, +2) =33 _, (e £eOet )

As the volume V' grows polynomially with the spins, its derivative of spin will contribute
to the sub-leading correction of the stationary point. Therefore, to the leading order, one
simply needs to consider the stationary point of the exponent term S.({Y%, j.}) of the SGF.

The real and imaginary part of S, can be rewritten as

4 6
Re[S.({Y., 5.})] = Z% [Jv nJy— Y ke ke |+ jen Yo, (7.74)
v=1 e, e/ €v e=1
d 1 s
S (Yo i) = 3 { (20, +6,) + 5@} v (7.75)

e=1

Thanks to the Schlafli identity, Z je 99: — (), the phase term has a simple derivative

expression % = O,. The saddle pomt %;f can be separated into the real part and the

imaginary part. Using some trigonometry relations, the result reads (neglecting sub-leading
contributions)[37,

aRée[ ] . ‘Y |2 \/ keelkeeg \/ k€€1 %62 = ¢S2(e) tan @ , (776)
6162 6162 t(e)
Olm[S,]
0 _ __@ 777
e . (7.77)

we have identified the length of edge e with the spin values j. as j. > % Gs(e) is the
internal angle opposite to the edge € in the triangle dual to the source node s(e) of the link
e, similarly for ¢y (), as shown in fig.7.9. The saddle point corresponds to the pole of the
SGF, which is also the Fisher zero for the Ising partition function on a tetrahedron graph
[16]. Tt clearly expresses the conformal geometry of the (classical limit of) the tetrahedron:
The norm of the link coupling |Y.| corresponds to the pair of internal angles (gbs(e), gbt(e))
opposite to the edge € in the two triangles meeting at €, while the phase ¥, corresponds to
half of the external dihedral angle about the edge é.

According to the relation (7.64) between (the norms of) the angle and link couplings
and (7.76), one can also write , at the saddle point 0S,./0j. = 0, that
|Xee’||Xee”| ~ tan ¢e’e” |Xe’e||Xe’e”| ~ tan ¢ee” |Xe”e||Xe”e’| ~ tan gbee’
|Xe’e”| 2 |Xee”| 2 |X€€'| 2’
where @eerr , Peerr , Geer are the angles of a triangle as shown in fig.7.10. To determine the
shape of a tetrahedron, one merely needs the norm of the couplings or the phase of the
couplings. For sake of simplicity, we will make use of the norms only.

(7.78)
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Figure 7.9: Two (unplanar) triangles sharing one edge € and its 2D oriented dual graph
(in red). The node s(e) is dual to the left triangle and t(e) dual to the right one. @y
and ¢y are the internal angle opposite to the edge € within the left and right triangle
respectively. Their relation with the norm of the link coupling at the saddle point is given
in (7.76). O, is the external dihedral angle about the edge e. Its relation with the phase
of the link coupling at the saddle point is given in (7.77).

Figure 7.10: Three links (in red) e, €', ¢’ meeting at one node. The triangle (in black) dual
to the node is bounded by edges €, &, €”. (In fact, there is no one-to-one map from the link
couplings to angle couplings. We have chosen a “geometric gauge” for the angle couplings
which has the most local sense. See [137] for details.) The length of the edge € is given
by the spin j., similarly for & and €”. The angle formed by links €, €’ is ¢..s. Similarly for
(be’e” and ¢ee”'

7.3.2 Propagator and geometric gluing

We have shown that the SGF describes the local conformal geometry of each elementary
3D block in the Ponzano-Regge state-integral. Since the scales of the building blocks are
not fixed, the gluing process becomes non-trivial compared to the original Ponzano-Regge
state-sum model, where the gluing is performed by matching the full boundary geometry
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— both the shape and size of the glued triangles — of the blocks. This new way of gluing
is described by this new edge amplitude

* e* 2
A F 2 2 1 (Zee}( 6( )’52( )]>
e* — 0 3(7 ) “y éﬁ 4 )

To gain a global picture of the state-integral model, we here analyze the geometrical mean-
ing of the edge amplitude.

The edge amplitude is also called the propagator and it describes how two neighbouring
tetrahedra are glued. Note that the measure of the spinors du(¢) = d*¢ e~ includes a
Gaussian weight, it is necessary to take it into account so that the norm |P({(.},{&.})| of
the propagator remains finite (we have assumed that {(.} are from the tetrahedron dual
to s(e*) and {£.} are from that dual to ¢(e*) and omit the superscript for simplicity). We
rewrite the propagator as

Z2 2

e z=) (Gle], 1= (GG + (Els))
(7.79)

Similar to the vertex amplitude, we are interested in the stationary points of the prop-
agator (7.79). It turns out that the stationary point(s) for the propagator (7.79) forces
the two triangles to be glued to have the same shape. This is guaranteed by the following
proposition.

P({Ce}v {56}) - OFB(; 27 27

N | —

ecv ecv

Proposition 7.3.1. The vanishing derivative by {&.} of P({(.},{&.}) defined in (7.79)
demands that

‘[CelCe/H = er‘ge’ﬂ ) HC&"C&”)’ = ‘[66"56”)’7 HCe”’Ce)’ = ‘[5@”’56)" (780)

where (. and & are spinors associated to the links dual to edges to be glued. Likewise for
Cer and & as well as (o and Een.

(7.80) means that the angle couplings X.e, Xeer , Xeve from both triangles have the
same norm. According to the stationary analysis for the angle coupling norms (7.78), we
conclude that the gluing is picked when the shapes of the triangle to be glued are the same.
The proof of Proposition 7.3.1 is given in Proof B.5.6.

In summary, the Ponzano-Regge state-integral model as constructed above encodes only
the conformal geometry of the triangulation blocks either in the vertex amplitudes or the
edge amplitudes. A vertex amplitude A, describes the shape of the tetrahedron dual to
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v*; an edge amplitude A, describes that two adjacent tetrahedra can be glued together by
identifying the shape of two triangles, each from one of the tetrahedra. When there exists
a boundary OM of the manifold, the total amplitude built in this way encodes also the
conformal geometry on the triangulation of M since the boundary structure is described
by the scaleless spin network state wf/[.

7.3.3 Ponzano-Regge state-integral versus state-sum model

Let us recall the original spinfoam state-sum and the new spinfoam state-integral expres-
sion,

AT[M,¢F] = Z def* H(—l)z?:lji H{ ;i :;z ;Z } *

{gp=} I* e* v*

- S (CEE]) o
- / an(0) TL (1) — 1) T oP2.2. 3 ( . ) YIS e &),

I e*

(7.81)

In the state-sum expression, when no boundary is present, the edge amplitude can be
absorbed into the vertex amplitude, while the edge amplitude is always explicit in the
state-integral expression. This leads to two different ways to understand spinfoam. In the
former model, after choosing a triangulation T of M, we first associate the representation
data (spins) on the one-skeleton of T then construct the vertex and face amplitudes with
these representation data. In the latter model, in contrast, we first isolate all the elemen-
tary blocks, i.e. tetrahedra, after the triangulation then associate the representation data
(spinors) to the boundary of each isolated block, followed by constructing vertex amplitude
for each isolated block, edge amplitude through gluing these elementary blocks and finally
face amplitude for each edge after gluing.

One may also absorb the edge amplitude into the vertex amplitude for the state-integral
by integrating out, with no loss of generality, the spinors {52(6*)} from the target tetrahe-
dron in each gluing. We have not found a close form for this expression, unfortunately.
Furthermore, since the vertex amplitude is no longer trivial, it would be changed after this
absorption, which potentially changes the geometrical interpretation.

On the other hand, leaving the edge amplitude un-absorbed allows us to separate the
data from different blocks so that the saddle point analysis can be done for each vertex
amplitude independently. Moreover, the saddle point analysis on the vertex amplitudes is
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compatible with that on the edge amplitudes. The saddle point of each vertex amplitude
(7.76) relates the spinor configuration to spins within a single block, while the saddle point
of the edge amplitudes (7.80) relates the spinors from different blocks. These saddle points
can be obtained simultaneously and the result effectively relates the (ratios of) spins from
different blocks (with spinors as the mediums).

Geometrically, the gluing condition in the state-integral model is looser compared to
that in the state-sum model, since the former only requires that the triangles to be glued
have the same shape while the latter restricts that the triangles should be of the same shape
and size. At the first glance, it seems the state-integral allows more configurations and
should produce a different total amplitude. However, the size un-matched configurations
can not survive under the spinor integration, thus the total amplitude comes only from the
size-wise and shape-wise matched configurations, same as the case of the state-sum model.
We have used the same property of the spinor integration in constructing the state-integral
to move the contour integral from the vertex amplitude (7.47) to the edge amplitude (7.52).

Another difference between the state-sum and state-integral models is the source of
the divergence in the expressions. In the state-sum model, the vertex amplitude damps
as j~%/2. The divergence comes from the infinite sum of the spin labels and the total
amplitude diverges as /j. In the state-integral model, in contrast, the integration does
not lead to divergence thanks to the Gaussian weight while the vertex amplitudes give
divergence since there are poles in the vertex amplitudes. This is because the vertex
amplitude, as a generating function of the 6j-symbols, contains the summation of spins,
thus the divergence can be viewed as from the large spin contribution. To see that it is

the case, we Taylor expand the vertex amplitude and look at the pole,

Ap = oS @) = S @254 1),

2
(1+2) JEN/2 JEN/2

where x denotes the cycle-sums as given in (7.43). This illustrates that the divergence
of the vertex amplitude in the state-integral model is also given by large spins, which is
consistent with the state-sum model.

In this chapter, we have introduced a new framework of the spinfoam model for 3D quan-
tum gravity based on the spinor representation of SU(2). The continuum nature of spinor
variables allows us to represent the spinfoam as a state-integral, rather than a state-sum in
the original Ponzano-Regge model where the spin representation of SU(2) is used. The in-
tegral expression would probably make the computation of e.g. correlations and transition
amplitudes more controllable. More importantly, the state-integral framework inherits the
scale-invariant nature of pure gravity in 3D. It describes a quantum gravity model with
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scale-invariant boundary quantum geometry, which can be seen as an integration over the
conformal classes of boundary geometry. We expect that this framework would serve as
a better starting point to study the coarse-graining or renormalization behaviour of 3D
quantum gravity, and would be useful to investigate the quasi-local CFT /gravity duality.

This can be seen as the first step toward applying (the quantization of) the deformed
spinors introduced in Chapter 3 to the 3D spinfoam model with a non-vanishing A. It
would be interesting to see if the deformed spinors can be used to construct the spinfoam
that recovers the Turaev-Viro model [204], whose building blocks are the g-deformed 6;-
symbols. Along the line of the construction in this chapter, one of the first things to do can
be to construct the “g-deformed scaleless spin network state” on the hyperbolic geometry.
We expect that the spinorial framework of LQG and the spinfoam model can be generalized
to a g-deformed version with the use of a quantum group in the mathematical construction
and describe a quantum gravity with a non-vanishing cosmological constant.
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Chapter 8

Summary and outlooks

Summary of results

Let us now summarize what we have done in this thesis. The inclusion of a cosmologi-
cal constant A has not been well-understood in the LQG framework. In this thesis, we
tackle the question in a simplified setting — three space-time dimension in the Euclidean
signature. This allows us to do exact computations and provide guidance to discover new
principles and mathematical structures for four-dimensional LQG.

We formulated the g-deformed LQG model for A < 0 in a mathematically rigorous
way. In the classical model, the ¢g-deformed loop gravity phase space structure in terms
of the holonomies and fluxes is described by the Heisenberg double of SU(2) or AN(2) in
the language of Lie bialgebra. The quantization process follows the Dirac quantization
programme and the intrinsic mathematical relations between some quantum groups and
Lie bialgebras. That is, a Lie bialgebra can be seen as the infinitesimal notion of some
quantum group. The deformation parameter ¢ encodes the value of the cosmological con-
stant and it allows us to recover the 3D LQG model with A = 0 straightforwardly at the
g — 1 limit. Thanks to the work [72] on the continuous theory and the discretization pro-
cess, the g-deformed LQG model is well-defined unambiguously from first principle. This
suggests a new mathematical framework to construct LQG and provides an invitation for
generalization to the 4D case.

We also reformulated the ¢-deformed LQG in terms of deformed spinors that live on
nodes of a (ribbon) graph. Using these variables, we recover perfectly the classical and
quantum structures given by the holonomies and fluxes. These spinors are good candidates
for constructing local observables. We showed that this is indeed the case and provided a
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geometrical way to construct these observables consistent with the g-deformed LQG model.
We discovered, for the first time at least in the LQG community to our knowledge, that
the quantum R-matrix — in general understood as a mathematical structure of a quantum
group — encodes geometrical information. It opens a window to introduce techniques and
methodologies from other fields e.g. integrable lattice models [147, 84, ] to improve our
understanding of the quantum structure of LQG.

The local observables constructed from the deformed spinors were further used to con-
struct the quantum Hamiltonian constraint of the ¢-deformed LQG, which is a ¢g-deformed
version of the Hamiltonian constraint for the LQG with A = 0 [11] in a straightforward way.
This allows us to find the physical states easily. We justified the solutions through their
invariance under Pachner moves. This analysis of the dynamical aspect of the ¢g-deformed
LQG completes the program neatly.

Finally, as another application of spinors, we used spinors to rewrite the 3D spinfoam
model in a conformal way. That is the building blocks of local amplitudes only capture
the local conformal geometries. As a first step, we work on the A = 0 case where the
spinfoam model is the Ponzano-Regge model. We were able to reformulate the Ponzano-
Regge amplitude as a state-integral instead of a state-sum in the standard formula. We
analyzed the geometrical interpretation of different amplitudes in detail and systematically
gave the construction of a global amplitude from local ones. It would be fascinating to see
how this can be generalized to spinfoam models with A # 0 using the deformed spinors
introduced in the ¢-deformed LQG framework.

Future explorations

This thesis has only focused on a specific case of LQG — 3D Euclidean signature with
A < 0. Despite the completeness of the model in this situation, there is indeed a lot to
explore. We list a few of them below.

e Generalize the construction to /A > 0 case and the Lorentzian signature.
According to the equivalence of the first-order 3D gravity and the Chern-Simons
theory, it has been well-known that quantization of 3D gravity with a positive cos-
mological constant in the Euclidean signature would lead to U, (su(2)) with ¢ root of
unity. This is also the symmetry of the Turaev-Viro model. When ¢ is taken to be a
root of unity, U,(su(2)) is a quasi-Hopf algebra and its mathematical structures are
not the same as those of U, (su(2)) with ¢ real. Taking the infinitesimal limit, one
should deal with a quasi-bialgebra structure [203, ]. It would be interesting to
investigate how it can lead to the spherical geometry and its similarity and difference
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from the structure we have described in this thesis. Moreover, the quantum group
relevant to Lorentzian 3D gravity with a non-vanishing A is U(sl(2,R)) with ¢ real
or root of unity depending on the sign of the cosmological constant. Exploring the
quantum structure of these cases can help us to understand better the BTZ black
hole especially the calculation of its entropy from the LQG point of view [110].

e Relate the ¢-deformed LQG to other quantum gravity approaches. For
the case of A = 0, different 3D quantum gravity approaches namely LQG, spinfoam
models and combinatorial quantization have been shown to be consistent [105, ,

]. It is not clear if the consistency can be extended to the A # 0. The g-deformed
LQG model provides a way to connect LQG and the combinatorial quantization.
Our work has shown explicitly this connection at the classical level. To complete the
bridge, one needs to analyze the quantum theory as well.

On the other hand, the Turaev-Viro model only possesses a spin representation ex-
pression. This impedes us to interpret the spinfoam as a discrete path integral of
gravity as in the A = 0 case. The ¢g-deformed LQG framework we constructed in this
thesis has a classical discrete theory consistent with the continuous action in terms of
a change of variables. This seems to be able to lead us to a path-integral expression
of the Turaev-Viro model. If such an expression can be found (see [116] for a recent
work on it), it would allow us to study the quantum field theory aspect of spinfoam
and extend it to one with particle insertion as it was done in the A = 0 case [97].

¢ Relate the ¢-deformed LQG to quantum statistical models. It was found in
[68] that 3D quantum gravity with A = 0 in the spinfoam framework can be mapped
to some quantum statistical models e.g. the six-vertex model (or ice-type model)
and the loop models. For instance, to map to the six-vertex, one works on a spin
network state with each link carrying a 1/2 representation. The six-vertex model has
a (rather hidden) U, (su(2)) symmetry which can be seen in the form of the R-matrix
[183]. The deformation parameter ¢ is related to the anisotropy in the Hamiltonian
of the XXZ spin chain model, which is deeply related to the six-vertex model. (See
e.g. [130] and references therein for details on the six-vertex model and the XXZ
model.) The transfer matrices in the six-vertex model play the same role as the
quantum holonomies we define in Chapter 4. Using this correspondence, one could
give a gravitational interpretation to the six-vertex model. It would be interesting
to investigate how the geometrical interpretation of the R-matrix we present in this
thesis can play a role in this correspondence and possible correspondences with other
quantum statistical models.

e Include point particles in ¢-deformed LQG. 3D gravity coupling to point
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particles can be done in its metric formalism [52, 62] or the Chern-Simons formalism
[61]. Adding particles to the system would change the topological nature. As there
are no gravitational waves in 3D, the particles only change the geometries localized
at their positions. It is well-known that the masses of particles give rise to curvature
and the spins give rise to torsion of the geometry. It seems natural to interpret
the inclusion of particles in the g-deform loop gravity model by relaxing the Gauss
constraint and the flatness constraint at the location of particles. A systematic
analysis starting from the continuous action is needed to justify this intuition. To
build the Hilbert space of the quantum theory coupling to particles, a well-studied
way in LQG with A = 0 is to consider the same representation for particle degrees of
freedom as that of the quantum geometry [161]. It is interesting to see if the same
method can be applied to our framework or if new treatments need to be introduced.
The coupling with particles would allow us to construct Dirac observables, e.g.
distance between particles, hence relate to physical processes.

Extend to 4D LQG with A # 0.  The ribbon framework also opens a new
way to consider LQG with A # 0 in 4D, which might unravel how (if it does) the
cosmological constant is encoded in the quantum group structure in the real physical
situation. One possible way to generalize the ribbon in 4D is to consider 2-groups.
This was recently introduced [13, , |, where the Drinfeld double was generalized
to the notion of 2-Drinfeld double in terms of 2-groups. Along with this storyline, the
spinor should be generalized to some notion of “2-spinor”. It would be interesting to
investigate how to build such objects and construct local observables out of them. It
remains an unsolved problem whether quantum group symmetries would appear in
4D quantum gravity. It is also possible that the quantum group symmetries emerging
in the 3D case is only due to the topological nature of 3D gravity. Nevertheless, one
can still start from a topological setting in 4D then impose constraint to describe
gravity as done in the spinfoam models [21, , , 82, 96, . Quantum group
structure would still be expected to appear in the topological setting. Then the
question is whether imposing the quantum constraint would change or break the
quantum group structure.

177



References

1]

B. P. Abbott et al. Observation of Gravitational Waves from a Binary Black Hole
Merger. Phys. Rev. Lett., 116(6):061102, 2016.

A. Achucarro and P. K. Townsend. A Chern-Simons Action for Three-Dimensional
anti-De Sitter Supergravity Theories. Phys. Lett. B, 180:89, 1986.

K. S. Ahluwalia. Fundamentals of poisson lie groups with application to the classical
double. 10 1993.

Kazunori Akiyama et al. First M87 Event Horizon Telescope Results. I. The Shadow
of the Supermassive Black Hole. Astrophys. J. Lett., 875:L1, 2019.

Kazunori Akiyama et al. First Sagittarius A* Event Horizon Telescope Results. I. The
Shadow of the Supermassive Black Hole in the Center of the Milky Way. Astrophys.
J. Lett., 930(2):L12, 2022.

A. Yu. Alekseev and L. D. Faddeev. A involution and dynamics for the q deformed
quantum top. Zap. Nauchn. Semin., 200:3-16, 1992.

Anton Yu. Alekseev, Harald Grosse, and Volker Schomerus. Combinatorial quantiza-
tion of the Hamiltonian Chern-Simons theory. Commun. Math. Phys., 172:317-358,
1995.

Anton Yu. Alekseev, Harald Grosse, and Volker Schomerus. Combinatorial quantiza-
tion of the Hamiltonian Chern-Simons theory. 2. Commun. Math. Phys., 174:561-604,
1995.

Jan Ambjorn and R. Loll. Nonperturbative Lorentzian quantum gravity, causality
and topology change. Nucl. Phys. B, 536:407—-434, 1998.

178



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Francis Archer and Ruth M. Williams. The Turaev-Viro state sum model and three-
dimensional quantum gravity. Phys. Lett. B, 273:438-444, 1991.

Jacome Armas. Conversations on Quantum Gravity. Cambridge University Press,
2021.

Richard L. Arnowitt, Stanley Deser, and Charles W. Misner. The Dynamics of
general relativity. Gen. Rel. Grav., 40:1997-2027, 2008.

Seth K. Asante, Bianca Dittrich, Florian Girelli, Aldo Riello, and Panagiotis
Tsimiklis. Quantum geometry from higher gauge theory. Class. Quant. Grav.,
37(20):205001, 2020.

A. Ashtekar, J. Baez, A. Corichi, and Kirill Krasnov. Quantum geometry and black
hole entropy. Phys. Rev. Lett., 80:904-907, 1998.

Abhay Ashtekar and Eugenio Bianchi. A short review of loop quantum gravity. Rept.
Prog. Phys., 84(4):042001, 2021.

Abhay Ashtekar and Jorge Pullin. Loop Quantum GRawvity: the first 30 years, vol-
ume 4. World Scientific, 2017.

Abhay Ashtekar and Jorge Pullin. The overview chapter in loop quantum gravity:
The first 30 years. arXiv preprint arXiw:1703.07596, 2017.

Abhay Ashtekar and Parampreet Singh. Loop Quantum Cosmology: A Status Re-
port. Class. Quant. Grav., 28:213001, 2011.

Scott Axelrod, Steve Della Pietra, and Edward Witten. Geometric quantization of
Chern-Simons gauge theory. J. Diff. Geom., 33(3):787-902, 1991.

P. Baekler, E. W. Mielke, and F. W. Hehl. Dynamical symmetries in topological 3-D
gravity with torsion. Nuovo Cim. B, 107:91-110, 1992.

J. C. Baez. An Introduction to Spin Foam Models of BF' Theory and Quantum
Gravity. Lect. Notes Phys., 543:25-93, 2000.

John C. Baez. Spin foam models. Class. Quant. Grav., 15:1827-1858, 1998.

Benjamin Bahr and Bianca Dittrich. (Broken) Gauge Symmetries and Constraints
in Regge Calculus. Class. Quant. Grav., 26:225011, 2009.

179



[24]

[25]

[26]

[33]

[34]

[35]

[36]

Benjamin Bahr and Bianca Dittrich. Improved and Perfect Actions in Discrete Grav-
ity. Phys. Rev. D, 80:124030, 20009.

Maximo Banados, Thorsten Brotz, and Miguel E. Ortiz. Boundary dynamics and the
statistical mechanics of the (2+1)-dimensional black hole. Nucl. Phys. B, 545:340—
370, 1999.

Andrzej Banburski, Lin-Qing Chen, Laurent Freidel, and Jeff Hnybida. Pach-
ner moves in a 4d Riemannian holomorphic Spin Foam model. Phys. Rev. D,
92(12):124014, 2015.

Dror Bar-Natan and Edward Witten. Perturbative expansion of Chern-Simons theory
with noncompact gauge group. Commun. Math. Phys., 141:423-440, 1991.

V. Bargmann. On the Representations of the Rotation Group. Rev. Mod. Phys.,
34:829-845, 1962.

John W. Barrett and T. J. Foxon. Semiclassical limits of simplicial quantum gravity.
Class. Quant. Grav., 11:543-556, 1994.

John W. Barrett and Ileana Naish-Guzman. The Ponzano-Regge model. Class.
Quant. Grav., 26:155014, 2009.

Katrin Becker, Melanie Becker, and John H Schwarz. String theory and M-theory:
A modern introduction. Cambridge University Press, 2006.

Per Berglund, Laurent Freidel, Tristan Hubsch, Jerzy Kowalski-Glikman, Robert G.
Leigh, David Mattingly, and Djordje Minic. Infrared Properties of Quantum Grav-
ity: UV/IR Mixing, Gravitizing the Quantum — Theory and Observation. In 2022
Snowmass Summer Study, 2 2022.

L.C. Biedenharn and M.A. Lohe. Quantum group symmetry and q tensor algebras.
World Scientific, 11 1996.

Matthias Blau and George Thompson. A New Class of Topological Field Theories
and the Ray-singer Torsion. Phys. Lett. B, 228:64—68, 1989.

Matthias Blau and George Thompson. Topological Gauge Theories of Antisymmetric
Tensor Fields. Annals Phys., 205:130-172, 1991.

Martin Bojowald and Hugo A. Morales-Tecotl. Cosmological Applications of Loop
Quantum Gravity. Lect. Notes Phys., 646:421-462, 2004.

180



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Valentin Bonzom, Francesco Costantino, and Etera R. Livine. Duality between Spin
networks and the 2D Ising model. Commun. Math. Phys., 344(2):531-579, 2016.

Valentin Bonzom and Bianca Dittrich. Dirac’s discrete hypersurface deformation
algebras. Class. Quant. Grav., 30:205013, 2013.

Valentin Bonzom, Maité Dupuis, and Florian Girelli. Towards the turaev-viro am-
plitudes from a hamiltonian constraint. Physical Review D, 90(10):104038, 2014.

Valentin Bonzom, Maité Dupuis, Florian Girelli, and Etera R Livine. Deformed
phase space for 3d loop gravity and hyperbolic discrete geometries. arXiv preprint
arXiw:1402.2323, 2014.

Valentin Bonzom, Maité Dupuis, Florian Girelli, and Qiaoyin Pan. Local Observables
in SU,(2) Lattice Gauge Theory. 5 2022.

Valentin Bonzom, Maité Dupuis, and Qiaoyin Pan. Spinor Representation of the
Hamiltonian Constraint in 3D LQG with a Non-zero Cosmological Constant. 11
2021.

Valentin Bonzom and Laurent Freidel. The Hamiltonian constraint in 3d Riemannian
loop quantum gravity. Class. Quant. Grav., 28:195006, 2011.

Valentin Bonzom and Etera R. Livine. A New Hamiltonian for the Topological BF
phase with spinor networks. J. Math. Phys., 53:072201, 2012.

Valentin Bonzom and Etera R. Livine. Generating Functions for Coherent Intertwin-
ers. Class. Quant. Grav., 30:055018, 2013.

Valentin Bonzom and Etera R. Livine. Self-duality of the 6j-symbol and Fisher zeros
for the Tetrahedron. 5 2019.

Valentin Bonzom and Matteo Smerlak. Bubble divergences from cellular cohomology.
Lett. Math. Phys., 93:295-305, 2010.

Valentin Bonzom and Matteo Smerlak. Bubble divergences from twisted cohomology.
Commun. Math. Phys., 312:399-426, 2012.

Roumen Borissov, Seth Major, and Lee Smolin. The geometry of quantum spin
networks. Classical and Quantum Gravity, 13(12):3183, 1996.

181



[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Enrique F. Borja, Laurent Freidel, Inaki Garay, and Etera R. Livine. U(N) tools for
Loop Quantum Gravity: The Return of the Spinor. Class. Quant. Grav., 28:055005,
2011.

J. David Brown and M. Henneaux. Central Charges in the Canonical Realization of
Asymptotic Symmetries: An Example from Three-Dimensional Gravity. Commun.
Math. Phys., 104:207-226, 1986.

E. Buffenoir and K. Noui. Unfashionable observations about three-dimensional grav-
ity. 5 2003.

E. Buffenoir, K. Noui, and P. Roche. Hamiltonian quantization of Chern-Simons
theory with SL(2,C) group. Class. Quant. Grav., 19:4953, 2002.

Steven Carlip. Conformal field theory, (2+1)-dimensional gravity, and the BTZ black
hole. Class. Quant. Grav., 22:R85-R124, 2005.

Steven Carlip and Steven Jonathan Carlip. Quantum gravity in 2+ 1 dimensions,
volume 50. Cambridge University Press, 2003.

Ali H. Chamseddine, Alain Connes, and Viatcheslav Mukhanov. Geometry and the
Quantum: Basics. JHEP, 12:098, 2014.

Ali H. Chamseddine, Alain Connes, and Viatcheslav Mukhanov. Quanta of Geome-
try: Noncommutative Aspects. Phys. Rev. Lett., 114(9):091302, 2015.

Vyjayanthi Chari, Andrew Pressley, et al. A guide to quantum groups. Cambridge
university press, 1995.

Lin-Qing Chen. Amplitudes in the Spin Foam Approach to Quantum Gravity. PhD
thesis, Perimeter Inst. Theor. Phys., 2017.

Shiin-Shen Chern and James Simons. Characteristic forms and geometric invariants.
Annals Math., 99:48-69, 1974.

Philipp de Sousa Gerbert. On spin and (quantum) gravity in (2+1)-dimensions.
Nucl. Phys. B, 346:440-472, 1990.

Stanley Deser and R. Jackiw. Three-Dimensional Cosmological Gravity: Dynamics
of Constant Curvature. Annals Phys., 153:405-416, 1984.

182



[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

Stanley Deser, R. Jackiw, and Gerard 't Hooft. Three-Dimensional Einstein Gravity:
Dynamics of Flat Space. Annals Phys., 152:220, 1984.

Stanley Deser and P. van Nieuwenhuizen. Nonrenormalizability of the Quantized
Dirac-Einstein System. Phys. Rev. D, 10:411, 1974.

Eric D’'Hoker and Daniel Z. Freedman. Supersymmetric gauge theories and the AdS /
CF'T correspondence. In Theoretical Advanced Study Institute in Elementary Particle
Physics (TASI 2001): Strings, Branes and EXTRA Dimensions, pages 3-158, 1 2002.

C. di Bartolo, F. Nori, R. Gambini, and A. Trias. Loop Space Quantum Formulation
of Free Electromagnetism. Lett. Nuovo Cim., 38:497, 1983.

Bianca Dittrich. Diffeomorphism symmetry in quantum gravity models. Adv. Sci.
Lett., 2:151, 10 2008.

Bianca Dittrich, Christophe Goeller, Etera Livine, and Aldo Riello. Quasi-local
holographic dualities in non-perturbative 3d quantum gravity I — Convergence of
multiple approaches and examples of Ponzano—Regge statistical duals. Nucl. Phys.
B, 938:807-877, 2019.

R. J. Dowdall, Henrique Gomes, and Frank Hellmann. Asymptotic analysis of the
Ponzano-Regge model for handlebodies. J. Phys. A, 43:115203, 2010.

Fay Dowker. Introduction to causal sets and their phenomenology. Gen. Rel. Grav.,
45(9):1651-1667, 2013.

Maité Dupuis, Laurent Freidel, and Florian Girelli. Discretization of 3d gravity in
different polarizations. Phys. Rev. D, 96(8):086017, 2017.

Maité Dupuis, Laurent Freidel, Florian Girelli, Abdulmajid Osumanu, and Julian
Rennert. On the origin of the quantum group symmetry in 3d quantum gravity. 6
2020.

Maité Dupuis, Florian Girelli, and Etera R Livine. Deformed spinor networks for loop
gravity: towards hyperbolic twisted geometries. General Relativity and Gravitation,
46(11):1802, 2014.

Maite Dupuis and Etera R. Livine. Holomorphic Simplicity Constraints for 4d Spin-
foam Models. Class. Quant. Grav., 28:215022, 2011.

183



[75]

[76]

7]

(78]

[79]

[30]

[81]

[82]

[83]

[84]

[85]

[36]

[87]

Maite Dupuis and Etera R. Livine. Revisiting the Simplicity Constraints and Coher-
ent Intertwiners. Class. Quant. Grav., 28:085001, 2011.

Maite Dupuis and Etera R. Livine. Holomorphic Simplicity Constraints for 4d Rie-
mannian Spinfoam Models. J. Phys. Conf. Ser., 360:012046, 2012.

Maité Dupuis, Etera R. Livine, and Qiaoyin Pan. ¢-deformed 3D Loop Gravity on
the Torus. Class. Quant. Grav., 37(2):025017, 2020.

Maite Dupuis, James P. Ryan, and Simone Speziale. Discrete gravity models and
Loop Quantum Gravity: a short review. SIGMA, 8:052, 2012.

Maité Dupuis, Florian Girelli, and Etera R. Livine. Deformed Spinor Networks
for Loop Gravity: Towards Hyperbolic Twisted Geometries. Gen. Rel. Grav.,
46(11):1802, 2014.

Maité Dupuis and Florian Girelli. Quantum hyperbolic geometry in loop quantum
gravity with cosmological constant. Phys. Rev. D, 87(12):121502, 2013.

Maité Dupuis and Florian Girelli. Observables in Loop Quantum Gravity with a
cosmological constant. Phys. Rev. D, 90(10):104037, 2014.

Jonathan Engle, Etera Livine, Roberto Pereira, and Carlo Rovelli. LQG vertex with
finite Immirzi parameter. Nucl. Phys. B, 799:136-149, 2008.

Jonathan Engle, Karim Noui, Alejandro Perez, and Daniele Pranzetti. Black hole
entropy from an SU(2)-invariant formulation of Type I isolated horizons. Phys. Rev.
D, 82:044050, 2010.

L. D. Faddeev, E. K. Sklyanin, and L. A. Takhtajan. The Quantum Inverse Problem
Method. 1. Teor. Mat. Fiz., 40:194-220, 1979.

V. V. Fock and A. A. Rosly. Poisson structure on moduli of flat connections on
Riemann surfaces and r matrix. Am. Math. Soc. Transl., 191:67-86, 1999.

Daniel S. Freed, Michael J. Hopkins, Jacob Lurie, and Constantin Teleman. Topolog-
ical Quantum Field Theories from Compact Lie Groups. In A Celebration of Raoul
Bott’s Legacy in Mathematics, 5 2009.

Laurent Freidel. Group field theory: An Overview. Int. J. Theor. Phys., 44:1769—
1783, 2005.

184



[38]

[89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[100]

[101]

Laurent Freidel, Marc Geiller, and Daniele Pranzetti. Edge modes of gravity. Part 1.
Corner potentials and charges. JHEP, 11:026, 2020.

Laurent Freidel, Marc Geiller, and Daniele Pranzetti. Edge modes of gravity. Part
IT. Corner metric and Lorentz charges. JHEP, 11:027, 2020.

Laurent Freidel, Marc Geiller, and Daniele Pranzetti. Edge modes of gravity. Part
ITI. Corner simplicity constraints. JHEP, 01:100, 2021.

Laurent Freidel, Florian Girelli, and Barak Shoshany. 2+1D Loop Quantum Gravity
on the Edge. Phys. Rev. D, 99(4):046003, 2019.

Laurent Freidel, Christophe Goeller, and Etera R. Livine. The quantum gravity disk:
Discrete current algebra. J. Math. Phys., 62(10):102303, 2021.

Laurent Freidel and Jeff Hnybida. On the exact evaluation of spin networks. J. Math.
Phys., 54:112301, 2013.

Laurent Freidel, Jerzy Kowalski-Glikman, Robert G. Leigh, and Djordje Minic.
Quantum gravity phenomenology in the infrared. Int. J. Mod. Phys. D,
30(14):2141002, 2021.

Laurent Freidel and Kirill Krasnov. Discrete space-time volume for three-dimensional
BF theory and quantum gravity. Class. Quant. Grav., 16:351-362, 1999.

Laurent Freidel and Kirill Krasnov. A New Spin Foam Model for 4d Gravity. Class.
Quant. Grav., 25:125018, 2008.

Laurent Freidel and Etera R. Livine. Ponzano-Regge model revisited III: Feynman
diagrams and effective field theory. Class. Quant. Grav., 23:2021-2062, 2006.

Laurent Freidel and Etera R. Livine. The Fine Structure of SU(2) Intertwiners from
U(N) Representations. J. Math. Phys., 51:082502, 2010.

Laurent Freidel and Etera R. Livine. U(N) Coherent States for Loop Quantum
Gravity. J. Math. Phys., 52:052502, 2011.

Laurent Freidel and Etera R. Livine. Bubble networks: framed discrete geometry for
quantum gravity. Gen. Rel. Grav., 51(1):9, 2019.

Laurent Freidel, Etera R. Livine, and Daniele Pranzetti. Gravitational edge modes:
from Kac—Moody charges to Poincaré networks. Class. Quant. Grav., 36(19):195014,
2019.

185



[102]

[103]

[104]

[105)

[106]

107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

Laurent Freidel and David Louapre. Asymptotics of 6j and 10j symbols. Class.
Quant. Grav., 20:1267-1294, 2003.

Laurent Freidel and David Louapre. Diffeomorphisms and spin foam models. Nucl.
Phys. B, 662:279-298, 2003.

Laurent Freidel and David Louapre. Ponzano-Regge model revisited I: Gauge fixing,
observables and interacting spinning particles. Class. Quant. Grav., 21:5685-5726,
2004.

Laurent Freidel and David Louapre. Ponzano-Regge model revisited II: Equivalence
with Chern-Simons. 10 2004.

Laurent Freidel, Roberto Oliveri, Daniele Pranzetti, and Simone Speziale. Extended
corner symmetry, charge bracket and Einstein’s equations. JHEP, 09:083, 2021.

Laurent Freidel, Roberto Oliveri, Daniele Pranzetti, and Simone Speziale. The Weyl
BMS group and Einstein’s equations. JHEP, 07:170, 2021.

Laurent Freidel and Simone Speziale. Twisted geometries: A geometric parametri-
sation of SU(2) phase space. Phys. Rev., D82:084040, 2010.

Laurent Freidel and Jonathan Ziprick. Spinning geometry = Twisted geometry.
Class. Quant. Grav., 31(4):045007, 2014.

Ernesto Frodden, Marc Geiller, Karim Noui, and Alejandro Perez. Statistical Entropy
of a BTZ Black Hole from Loop Quantum Gravity. JHEP, 05:139, 2013.

R. Gambini and A. Trias. Second Quantization of the Free Electromagnetic Field as
Quantum Mechanics in the Loop Space. Phys. Rev. D, 22:1380, 1980.

Rodolfo Gambini and Antoni Trias. Gauge Dynamics in the C Representation. Nucl.
Phys. B, 278:436-448, 1986.

Marc Geiller, Christophe Goeller, and Nelson Merino. Most general theory of 3d
gravity: Covariant phase space, dual diffeomorphisms, and more. JHEP, 02:120,
2021.

Amit Ghosh and Daniele Pranzetti. CFT/Gravity Correspondence on the Isolated
Horizon. Nucl. Phys. B, 889:1-24, 2014.

186



[115] G. W. Gibbons and S. W. Hawking. Action Integrals and Partition Functions in
Quantum Gravity. Phys. Rev. D, 15:2752-2756, 1977.

[116] Florian Girelli and Matteo Laudonio. Group field theory on quantum groups. 5 2022.

[117] Florian Girelli, Matteo Laudonio, and Panagiotis Tsimiklis. Polyhedron phase space
using 2-groups: k-Poincaré as a Poisson 2-group. 5 2021.

[118] Florian Girelli and Etera R. Livine. Reconstructing quantum geometry from quantum
information: Spin networks as harmonic oscillators. Class. Quant. Grav., 22:3295-
3314, 2005.

[119] Florian Girelli, Abdulmajid Osumanu, and Wolfgang Wieland. Canonical transfor-
mations generated by the boundary volume: unimodular and non-abelian teleparallel
gravity. 1 2021.

[120] Florian Girelli and Giuseppe Sellaroli. SO*(2N) coherent states for loop quantum
gravity. J. Math. Phys., 58(7):071708, 2017.

[121] Florian Girelli and Panagiotis Tsimiklis. Discretization of 4d Poincaré BF theory:
from groups to 2-groups. 5 2021.

[122] William M Goldman. Invariant functions on lie groups and hamiltonian flows of
surface group representations. Inventiones mathematicae, 85(2):263-302, 1986.

[123] Daniel Grumiller, Wout Merbis, and Max Riegler. Most general flat space boundary
conditions in three-dimensional Einstein gravity. Class. Quant. Grav., 34(18):184001,
2017.

[124] Daniel Grumiller and Max Riegler. Most general AdS3; boundary conditions. JHEP,
10:023, 2016.

[125] Hal M. Haggard, Muxin Han, Wojciech Kaminski, and Aldo Riello. SL(2,C)
Chern—Simons theory, a non-planar graph operator, and 4D quantum gravity with a
cosmological constant: Semiclassical geometry. Nucl. Phys. B, 900:1-79, 2015.

[126] Hal M. Haggard, Muxin Han, Wojciech Kamiriski, and Aldo Riello. Four-dimensional
Quantum Gravity with a Cosmological Constant from Three-dimensional Holomor-
phic Blocks. Phys. Lett. B, 752:258-262, 2016.

187



[127)

[128]

[129]

[130]

[131]

[132]
[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

Hal M. Haggard, Muxin Han, and Aldo Riello. Encoding Curved Tetrahedra in Face
Holonomies: Phase Space of Shapes from Group-Valued Moment Maps. Annales
Henri Poincare, 17(8):2001-2048, 2016.

Daniel Harlow and Jie-Qiang Wu. Covariant phase space with boundaries. JHEP,
10:146, 2020.

J.B. Hartle and R. Sorkin. Boundary Terms in the Action for the Regge Calculus.
Gen. Rel. Grav., 13:541-549, 1981.

Stephen W. Hawking, Malcolm J. Perry, and Andrew Strominger. Soft Hair on Black
Holes. Phys. Rev. Lett., 116(23):231301, 2016.

Stephen W. Hawking, Malcolm J. Perry, and Andrew Strominger. Superrotation
Charge and Supertranslation Hair on Black Holes. JHEP, 05:161, 2017.

Jeff Hnybida. Spin Foams Without Spins. Class. Quant. Grav., 33(20):205003, 2016.

Gary T. Horowitz. Exactly Soluble Diffeomorphism Invariant Theories. Commun.
Math. Phys., 125:417, 1989.

Claus Kiefer. Why quantum gravity? In Approaches to fundamental physics, pages
123-130. Springer, 2007.

Yvette Kosmann-Schwarzbach. Lie bialgebras, poisson lie groups and dressing trans-
formations. In Integrability of nonlinear systems, pages 104-170. Springer, 1997.

Jules Lamers. A pedagogical introduction to quantum integrability, with a view
towards theoretical high-energy physics. PoS, Modave2014:001, 2015.

Etera Livine and Qiaoyin Pan. 3D quantum gravity from scale invariant blocks. in
preparation.

Etera R. Livine. The Spinfoam Framework for Quantum Gravity. Other thesis, 10
2010.

Etera R. Livine. From Coarse-Graining to Holography in Loop Quantum Gravity.
EPL, 123(1):10001, 2018.

Etera R. Livine and Simone Speziale. A New spinfoam vertex for quantum gravity.
Phys. Rev. D, 76:084028, 2007.

188



[141]

[142]

[143]

144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

Etera R. Livine and Simone Speziale. Consistently Solving the Simplicity Constraints
for Spinfoam Quantum Gravity. EPL, 81(5):50004, 2008.

Etera R. Livine and Johannes Tambornino. Loop gravity in terms of spinors. .J.
Phys. Conf. Ser., 360:012023, 2012.

Etera R. Livine and Johannes Tambornino. Spinor Representation for Loop Quantum
Gravity. J. Math. Phys., 53:012503, 2012.

Etera R. Livine and Johannes Tambornino. Holonomy Operator and Quantization
Ambiguities on Spinor Space. Phys. Rev. D, 87(10):104014, 2013.

R. Loll. Quantum Gravity from Causal Dynamical Triangulations: A Review. Class.
Quant. Grav., 37(1):013002, 2020.

D. Lovelock. The Einstein tensor and its generalizations. J. Math. Phys., 12:498-501,
1971.

S. Majid. Quasitriangular Hopf Algebras and Yang-Baxter Equations. Int. J. Mod.
Phys. A, 5:1-91, 1990.

Shahn Majid. Foundations of quantum group theory. Cambridge university press,
2000.

Shahn Majid. Quantum groups and noncommutative geometry. J. Math. Phys.,
41:3892-3942, 2000.

Seth Major and Lee Smolin. Quantum deformation of quantum gravity. Nucl. Phys.
B, 473:267-290, 1996.

Stanley Mandelstam. Quantization of the gravitational field. Annals Phys., 19:25-66,
1962.

C. Meusburger and K. Noui. The Hilbert space of 3d gravity: quantum group sym-
metries and observables. Adv. Theor. Math. Phys., 14(6):1651-1715, 2010.

Eckehard W. Mielke and Peter Baekler. Topological gauge model of gravity with
torsion. Phys. Lett. A, 156:399-403, 1991.

Charles W Misner, Kip S Thorne, and John Archibald Wheeler. Gravitation. Prince-
ton University Press, 2017.

189



155

[156]
157]

[158]

[159]

[160]

[161]

[162]

163

[164]

[165)]

166

[167]

[168]

V. Moncrief. Reduction of the Einstein equations in (2+1)-dimensions to a Hamil-
tonian system over Teichmuller space. J. Math. Phys., 30:2907-2914, 1989.

Horatiu Nastase. Introduction to AdS-CFT. 12 2007.

M. Niedermaier. The Asymptotic safety scenario in quantum gravity: An Introduc-
tion. Class. Quant. Grav., 24:R171-230, 2007.

K. Noui, A. Perez, and D. Pranzetti. Canonical quantization of non-commutative
holonomies in 241 loop quantum gravity. JHEP, 10:036, 2011.

K. Noui, A. Perez, and D. Pranzetti. Non-commutative holonomies in 2+1 LQG and
Kauffman’s brackets. J. Phys. Conf. Ser., 360:012040, 2012.

Karim Noui. Three Dimensional Loop Quantum Gravity: Particles and the Quantum
Double. J. Math. Phys., 47:102501, 2006.

Karim Noui and Alejandro Perez. Three-dimensional loop quantum gravity: Cou-
pling to point particles. Class. Quant. Grav., 22:4489-4514, 2005.

Karim Noui and Alejandro Perez. Three-dimensional loop quantum gravity: Physical
scalar product and spin foam models. Class. Quant. Grav., 22:1739-1762, 2005.

Hirosi Ooguri. Partition functions and topology changing amplitudes in the 3-D
lattice gravity of Ponzano and Regge. Nucl. Phys. B, 382:276-304, 1992.

Daniele Oriti. Space-time geometry from algebra: Spin foam models for nonpertur-
bative quantum gravity. Rept. Prog. Phys., 64:1703-1756, 2001.

Daniele Oriti. Quantum gravity as a quantum field theory of simplicial geometry.
pages 101-126, 12 2005.

Daniele Oriti. The Group field theory approach to quantum gravity. pages 310-331,
7 2006.

Udo Pachner. Pl homeomorphic manifolds are equivalent by elementary shellings.
European journal of Combinatorics, 12(2):129-145, 1991.

Alejandro Perez. The Spin Foam Approach to Quantum Gravity. Living Rev. Rel.,
16:3, 2013.

190



[169)]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

Alejandro Perez and Daniele Pranzetti. On the regularization of the constraints
algebra of Quantum Gravity in 241 dimensions with non-vanishing cosmological
constant. Class. Quant. Grav., 27:145009, 2010.

P. Podles and S. L. Woronowicz. Quantum deformation of Lorentz group. Commun.
Math. Phys., 130:381-431, 1990.

Joseph Polchinski. String theory: Volume 1, an introduction to the bosonic string.
Cambridge university press, 1998.

Joseph Polchinski. String theory: Volume 2, superstring theory and beyond. Cam-
bridge university press, 1998.

Giorgio Ponzano and Tullio Regge. Semiclassical limit of racah coefficients. Technical
report, Princeton Univ., NJ, 1969.

Giorgio Ponzano and Tullio Eugenio Regge. Semiclassical limit of racah coefficients.
1968.

C Quesne. Sets of covariant and contravariant spinors for SUq(2) and alternative
quantizations. Journal of Physics A: Mathematical and General, 26(6):1.299-L306,
mar 1993.

Ana-Maria Raclariu. Lectures on Celestial Holography. 7 2021.

N. Reshetikhin and V. G. Turaev. Invariants of three manifolds via link polynomials
and quantum groups. Invent. Math., 103:547-597, 1991.

Ana L. Retore. Introduction to classical and quantum integrability. J. Phys. A,
55(17):173001, 2022.

V. Rittenberg and M. Scheunert. Tensor operators for quantum groups and applica-
tions. J. Math. Phys., 33:436-445, 1992.

Justin Roberts. Classical 6j-symbols and the tetrahedron. Geom. Topol., 3(1):21-66,
1999.

Carlo Rovelli. Notes for a brief history of quantum gravity. In Recent developments
in theoretical and experimental general relativity, gravitation and relativistic field
theories. Proceedings, 9th Marcel Grossmann Meeting, MG’9, Rome, Italy, July 2-8,
2000. Pts. A-C. pages 742-768, 2000.

191



[182]

[183]

[184]

[185)]

[186]

[187]

188

[189)]

[190]

[191]

[192]

193]
[194]

[195]

[196]

Carlo Rovelli. Quantum gravity. Cambridge university press, 2004.

H. Saleur and J. B. Zuber. Integrable lattice models and quantum groups. In Spring
School on String Theory and Quantum Gravity (to be followed by 3 day Workshop),
4 1990.

H. Saleur and J.B. Zuber. Integrable lattice models and quantum groups. CFEA-
CONF-10558, 1990.

Bernd J. Schroers. Quantum gravity and non-commutative spacetimes in three di-
mensions: a unified approach. Acta Phys. Polon. Supp., 4:379-402, 2011.

Klaus Schulten and Roy G Gordon. Semiclassical approximations to 3 j-and 6 j-
coefficients for quantum-mechanical coupling of angular momenta. Journal of Math-
ematical Physics, 16(10):1971-1988, 1975.

J Schwinger. On angular momentum, usaec report nyo-3071 (1952); reprinted in lc
biedenharn and h. van dam,(editors), quantum theory of angular momentum, 1965.

Barak Shoshany. At the Corner of Space and Time. PhD thesis, U. Waterloo (main),
2019.

Barak Shoshany. Dual 241D Loop Quantum Gravity on the Edge. Phys. Rev. D,
100(2):026003, 2019.

Lee Smolin. Linking topological quantum field theory and nonperturbative quantum
gravity. J. Math. Phys., 36:6417-6455, 1995.

Lee Smolin. Quantum gravity with a positive cosmological constant. 9 2002.

Lee Smolin and Chopin Soo. The Chern-Simons invariant as the natural time variable
for classical and quantum cosmology. Nucl. Phys. B, 449:289-316, 1995.

Sebastian Steinhaus. Coarse graining spin foam quantum gravity — a review. 7 2020.

A. Stern and I. Yakushin. Deformation quantization of the isotropic rotator. Mod.
Phys. Lett. A, 10:399-408, 1995.

Andrew Strominger. Lectures on the Infrared Structure of Gravity and Gauge The-
ory. 3 2017.

Sumati Surya. Directions in Causal Set Quantum Gravity. 3 2011.

192



197]

198

[199]

200]
[201]

202]

203]
[204]

205

206

207]
208]

209

[210]

[211]

Gerard 't Hooft. An algorithm for the poles at dimension four in the dimensional
regularization procedure. Nucl. Phys. B, 62:444-460, 1973.

Gerard 't Hooft and M. J. G. Veltman. One loop divergencies in the theory of
gravitation. Ann. Inst. H. Poincare Phys. Theor. A, 20:69-94, 1974.

Yuka U Taylor and Christopher T Woodward. 6 j symbols for u, (math fraksl,) and
non-euclidean tetrahedra. Selecta Mathematica, 11(3):539-571, 2006.

Thomas Thiemann. Modern canonical quantum general relativity. 2001.

Thomas Thiemann. Loop Quantum Gravity: An Inside View. Lect. Notes Phys.,
721:185-263, 2007.

Thomas Thiemann. Modern canonical quantum general relativity. Cambridge Uni-
versity Press, 2008.

Thomas Treloar. The symplectic geometry of polygons in the 3-sphere, 2000.

V. G. Turaev and O. Y. Viro. State sum invariants of 3 manifolds and quantum 6j
symbols. Topology, 31:865-902, 1992.

Vladimir Turaev and Alexis Virelizier. On two approaches to 3-dimensional tqfts.
arXiw preprint arXiw:1006.3501, 2010.

D. A. Varshalovich, A. N. Moskalev, and V. K. Khersonskii. Quantum theory of
angular momentum. World Scientific, 1988.

Kevin Walker. On witten’s 3-manifold invariants. preprint, 116, 1991.

Steven Weinberg. Ultraviolet divergences in quantum theories of gravitation. In
General relativity. 1979.

Edward Witten. (2+1)-Dimensional Gravity as an Exactly Soluble System. Nucl.
Phys. B, 311:46, 1988,

Edward Witten. Quantum Field Theory and the Jones Polynomial. Commun. Math.
Phys., 121:351-399, 1989.

Edward Witten. Anti de sitter space and holography. arXiv preprint hep-th/9802150,
1998.

193



[212] James York. Boundary terms in the action principles of general relativity. Found.
Phys., 16:249-257, 1986.

[213] S. C. Zhang, T. H. Hansson, and S. Kivelson. An effective field theory model for the
fractional quantum hall effect. Phys. Rev. Lett., 62:82-85, 1988.

194



APPENDICES

195



Appendix A

Mathematical frameworks

In this appendix chapter, we summarize the construction of the Heisenberg double and
its quantization, which serve as the mathematical framework for building the LQG phase
space and the Hilbert space. We only give the definition of concepts and their properties
used in the current article. Proofs and more detailed illustrations can be found in the
textbooks of Lie bialgebra and Hopf algebra e.g. [135, , b8]. The notations in this
chapter mainly follow [115].

A.1 Heisenberg double and Drinfeld double

Definition A.1.1 (Lie bialgebra). A Lie bialgebra is a pair (g,d) over field K consisting of
a Lie algebra g whose structure is given by a Lie bracket [, ];: g ® g — g, and a I-cocycle
d:g— g®g on g which defines the Lie bracket [, g+ : g*®@g* — g of the dual Lie algebra
g* such that

(€ nlg,x) =(®@n,d(x)), Vzeg,{neg", (A1)
where (, ) : g* ® g — K is the dual map.

Thus a Lie bialgebra contains the information of the Lie algebra therein and its dual.
We consider here the case where g is finite-dimensional, then so is g*. Accordingly, one can
also define the dual (g*,d,) of the Lie bialgebra (g,d) with the cocycle d, : g* — g* ® g*
defined as

(€ [, ylg) = (0.(8),z®y), Vryeg,{cg. (A.2)
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When (A.1) and (A.2) are satisfied, we say that the Lie algebras g and g* form a dual pair
whose duality is defined through a given dual map (, ) : g*® g — K.

Given the generators e; € g, f' € g*, the dual map is given by the bilinear map

{e;, 1) = 87 [, ], and 8, give the structure constants of; of g while 6 and [, Jg- give the

structure constant 5,? of g* as follows.
leivej) = afjer, dlen) = Ble;@en, [fL =B o(f) =aif @ f (A3)

When ¢ can be written as the coboundary 6 = 0r of some 1-cochain r € g ® g, the Lie
bialgebra is called a coboundary Lie bialgebra, denoted as (g,r). We have only considered
this case in the main text. Use the notation r = rjy = > T @ rpz;. Then the transpose of
7 is ro1 1= Y T @rpy. More generally, ri; = > 1®- - @1@rp @@ - @1y 1®- - @1
(¢ # j) with ry) in the i-th vector space and rjg in the j-th vector space. Then 0§ = r
means

0(z) = [w,rp] @ rp) + 1y @ [, 7] (A.4)

Definition A.1.2 (quasitriangular Lie bialgebra). A Lie bialgebra (g,d) is called quasitri-
angular if the r-matrix r € g ® g such that 6 = Or satisfies the following conditions:

1. The symmetric part rs = %(r +791) of r is g-invariant and

2. r satisfies
(1®0)r =[riz,ri2], (0@ D)r = [ri3,7r93]. (A.5)

Either of the conditions in (A.5) implies that r satisfies the classical Yang-Bazter equa-
tion (CYBE), i.e.
112, 713] + [r12, 23] + [113,723] = 0. (A.6)
Additionally, if the symmetric part r, of r is non-degenerate, the Lie bialgebra is said to
be factorizable.

The r-matrix defining the coboundary Lie bialgebra can be viewed as a map r : K —
g ® g. Due to the duality map, r can also be seen as a map r : g* ® g* — K. This leads to
the definition of the dual quasitriangular Lie bialgebra.

Definition A.1.3 (dual quasitriangular Lie bialgebra). A dual quasitriangular Lie bial-
gebra is a pair (h,0) consisting of a Lie algebra by and a 1-cocycle § = Or which is the
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coboundary of a map r : h @ h — K satisfying the following conditions

&l = &ur(&e @n) + nur€ @), (A7)
r(€ @ n,¢) =D r&m®Or(€e @), (A.8)
r(6m®Q) =Y r€@¢u)rn® ), Y&, CED, (A.9)

where 6(§) = > &ny ® &g, and the symmetric part of r is h-invariant.

It is straightforward to check that r satisfies the condition

D rE@nu)ring ©¢) +r(§u @mréy @) +r€ @ (ur(n®@ () =0.  (A.10)

The duality between a quasitriangular Lie bialgebra and a dual quasitriangular Lie bial-
gebra is in the sense of the same r-matrix and that (A.7) is the dual of (A.4), (A.8) and
(A.9) are the dual of (A.5). Accordingly, (A.10) is the dual of the CYBE (A.6).

We do not need the concept of the dual quasitriangular Lie bialgebra in the main text
except for its quantum deformation which will be given below.

On the vector space g & g*, one can build another Lie bialgebra with g and g* as the
subalgebras. The adjoint actions ad, € End(g) and ade € End(g*) on the subalgebras are
defined by ad,y = [z,y]y,aden = [€, 0]y, Vo, y € g,§,n € g*. In addition, we can define
ad, € End(g*) and ad; € End(g) through the duality of g and g* as

(§adsy) = —(adz&,y),  (aden,z) = —(n.adgz), Ve,yeg,{neg. (A.11)

Definition A.1.4 (classical double). A classical double (9(g), ) of g is a quasitriangular
Lie bialgebra with the Lie algebra 0 = g <1 g* on the vector space g ® g* whose structure is
given by [, Jo : 0® 0 — 0 which acts on the Lie algebra elements as

[IMU]D - [‘ray]EJ [5777]0 - [577]]9* ) [l',g]a = ade - (ldgl’, \V/ZL’,y € 975?77 € g*, <A12)

and the cocycle structure is given by

H(X)=[X®X,r], Xe€d, regg Cog ®0d(g), Or=id. (A.13)

The dimensions of g and g* are necessarily the same. Given the basis e; € g and f7 € g*,
the r-matrix and the Poisson structure in (A.12) can be written explicitly as

"= Zei ® fi7 [61',6]'] = afje’“ [flhfj] = Iifjfkv [ei7fj] = ﬁzjkek - O‘fkfk . <A14>
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We will denote the double as d(g), or simply 9, and omit the cocycle. The double of
quasitriangular Lie bialgebra can be exponentiated to form a double of Lie group, which
leads to the following definition.

Definition A.1.5 (Heisenberg double). Exponentiating the double 9(g), we get a Lie group
D(G) ~ G < G*. A Heisenberg double is a pair (D(G),my) consisting of the Lie group
D(G) generated by the double 9(g) and a Poisson bivector my : D — D ® D which defines
the Poisson brackets of D as

7TH(d) = {dl, dg} = —ry1dids + dldgr, Vd € D, (A15)
where d; =d ® 1, do =1 ® d and the r-matriz r inherits from d(g).

The fact that the symmetric part 7, of the r-matrix is the Casimir, i.e. [ry, dids] =0
implies that the Poisson bracket (A.15) can be equivalently written as

{dl, dg} = T’dldg — dldQTgl . <A16)

Exchanging the role of g and g*, the double ? can be viewed as the double of g* with
the r-matrix 7 = ro; = ZZ fi®e € gt ®g and 751 = r, so as the Heisenberg double
D(G*) ~ G* >a G. Another similar and relevant notion is the Drinfeld double (D(G),p)
which is defined with the same Lie group D(G) but a different Poisson bivector

TD(d) = [7", dldg] . (Al?)

One of the most essential differences lies in the fact that the Drinfeld double is a Poisson-
Lie group while the Heisenberg double is not, and the Heisenberg double is a symplectic
space while the Drinfeld double is not.

A.2 Quasi-triangular Hopf algebra

Definition A.2.1 (quasitriangular Hopf algebra). A quasitriangular Hopf algebra is a pair
(H,R) consisting of a Hopf algebra H and an invertible quantum R-matric R € H ® H
satisfying the following properties

(A® DR =Ri3Ra3, (A.18)
(1® AR = RizRas, (A.19)
ocoAh=R(ARR™, VheH, (A.20)

where /\ is the coproduct of H and o is the permutation operator which acts on elements
in tensor space as o(a ®@b) =b® a.
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The inverse of the R-matrix can be obtained by
R'=(S®HR, (A.21)

where S is the antipode of H. One can show from (A.19) and (A.20) that R satisfies the
QYBE
Ri12R13Re3 = RasRisRiz - (A.22)

We denote the result of the coproduct acting on a Hopf algebra element as A(h) = >~ h)®
h(z) ,h e H.

Definition A.2.2 (dual quasitriangular Hopf algebra). A dual quasitriangular Hopf alge-
bra is a pair (A, R) consisting of a Hopf algebra A and an invertible map R : A® A — K
such that

Rab®@c) =Y R(a®cu)R(b® cw) . (A.23)
a® be) = ZR 2 @), (A.24)
Z b(l)a(l)R a(2) Z R 1)@ b(1 2)6(2) , Ya,b,ce A. (A.25)

(H,R) and (A, R) are dual in the sense of the same R-matrix and that (A.23) is the
dual of (A.18), (A.24) is the dual of (A.19) and (A.25) is the dual of (A.20).

Two Hopf algebras H, A are said to form a dual pair if there is a bilinear map (, ) :
A ® H — K satisfying the conditions

(ab,h) = {a®@b,A(h)), (Ala),h@g) ={a,hg), (Lh)=e(h), (a,])=ce(a),
Va,be A, h,ge H, (A.26)

where € is the counit.

We are particularly interested in a dual quasitriangular type of bialgebra which is
generated by identity and the coordinate functions 7' = {tij} on the space of n x n matrices
M,,. The coproduct and counit are then given by

AT)=TRT, eT)=1, ie A@)=3 that, t)=24. (A.27)

Given a Hopf algebra A of this type and an invertible R-matrix R, a matrix R € M,, ® M,
defined as '
R=R(T®T), ie R =R ot) (A.28)

Jjl—

200



is invertible and satisfies the QYBE (A.22). The following relation also holds in A.
RT\Ty = TyT\R, (A.29)

where T} = T ® 1,7y = 1 ® T. Reversely, one can define a Hopf algebra A(R) generated
by identity and 7' satisfying (A.27) with R satisfying (A.29). This is called the associ-
ated matriz Hopf algebra, and (A(R),R) with R obtained by inverting (A.28) is a dual
quasitriangular Hopf algebra.

Given a dual quasitriangular Hopf algebra (A(R), R), we want to build a quasitriangular
Hopf algebra (H,R) where H is dual paired with A(R) via the bilinear map

(T®T,R)=R. (A.30)

With this bilinear map, elements Q* = {(qi)ij} defined by

QT =(10T)(R)=) Ry(T\Re), Q@ =(TeNR")=D Re(T,Ray) (A31)

belong to H, where we have used the notation R = ) R(1) ® R(2). The coproduct and
counit are given by

AQF) =QF Q" «Q) =1, die A(g")) = (¢ @ @), () =7
k
(A.32)
Applying the definition (A.31) and properties of a quasitriangular Hopf algebra (A.18) and
(A.19), one can show that the following relations hold in H.

QTQyR=RQ;Q7. QrQ3R=RQ;Qy, (A.33)

where QF = Q* ® 1,Q5 = 1® QF. The pairing can be characterized by the bilinear form
between T and Q7 as

<T17 Q;) - Rv <T1’ Q2_> = R2_11 ) i.e. <tzj7 (q+>kl> = szkl ) <t2j’ (q_)kl> = (R_l)ljkl'
(A.34)
The classical theory described in the previous subsection is the first order limit of the
quantum theory. Explicitly, the relation between the quantum R-matrix and the classical
r-matrix, and the relation between the quantum coproduct A and classical cocycle ¢ are
given by
R=11+ihr+O(R?*), A —col =ihd+ O(h?). (A.35)
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Then the (dual) quasitriangular Lie bialgebra is the linear i order of the (dual) quasitri-
angular Hopf algebra, which can be seen from e.g. the following relations of the conditions
in their definitions.

(A (029 I)R = R13R23 — (5 X I)T = [7‘13, T23]
(l X A)R = R13R12 — (l X 5)7” = [Tlg, Tlg] . <A36)
coA=RAR' — 5 =0r

The kind of (dual) quasitriangular Hopf algebra used in the main text is the deformation
U,(g) of a universal enveloping algebra U(g), where ¢ = e*"(k € R) is the deformation
parameter and the classical limit is given by A — 0 thus ¢ — 1.
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Appendix B

Examples and calculation detalils

In this appendix chapter, we collect some calculation details for the results in the main
text and illustration of a toy model for the loop gravity model.

B.1 Explicit Poisson brackets for Heisenberg double
SL(2,C)

In this section, we give the Poisson brackets for the SU(2) holonomies (u, %) and the AN(2)

fluxes (¢, ¢) of the phase space described in Subsection 2.3.1. The Poisson brackets read
{0, by = —[ra, Oila], {l,ua} = —birayug, {un, ba} = lorur, {ur, ug} = —[r, ugusy],
(01,05} = [ro1, 0ilo), {01, 00} = —Toranly, {in, bo} = irly, {in, @} = [r, ],
{617 az} = —ro1lily, {471; U2} = —Z1U27“21 ) {U1722} = gzuﬂ’, {ﬂ/th} = ruly,

{61,62}:0, {ﬂl,uz}:().
(B.1)
It is important to note that (B.1) is not enough to describe the full Poisson structure.
Notice that the an(2) Lie algebra is preserved under ¢ — (¢1)71 o — —(p")T, one can
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switch r — —rT = 7y in (B.1) and write the Poisson brackets

{64, 62} = —llrty + tor (] {6}, 65} = [rar, £143] {6}, up} = —rllus,
{31, f;} = —517“21@ + @7”2151 ) {[{, 52} =0, {Uh@} = 7”21“1@ )
{471’12} = _617"@27 {g?r’g}} = 5:];7”5725 5727:57{ o ' {@a@} =0, e
{1y, @} = @7”21’111 , {1, f;} = 517”21@ — @7“2151 , {61, @} = —[ra1, E{@] ;
{EL 7{2} = —UQT«@ ; {ZLIZQ} = —l@f@r,

{uh @} = Uﬂ’m@ ) {@1; @} = Z~L1€;7”21 .

(B.2)
We parametrize them into 2 x 2 matrices

SR () (3 2) (3 ) e

where A, A € Rt and other parameters are complex. With this parametrization, the Poisson

™

joy]
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brackets in (B.1) and (B.2) are explicitly

{\z} =%z,

{Oé,ﬂ} = —%{Oéﬁ,
{a,6} = Fap,

{\a} = —if)\a,,
{)‘76} = _%)‘Bv
{z,a} = —%’“ (za +4X718) |
{Z?B} = _%257

(N2} =8Nz,
{a,0} = %ap,

{5‘73} _%257
{(\a}=-%xa,

{\ B} =48,

{573} = _%:Ba
{\a} =-TFAa,
{6y = —%A8,
{z,a} = H(za —47p),
{z.5} =25,

{5\,04} = —%’“5\04,
A5} =158,

{z,a} = §(za —417'p),
{z,a} = %za,

{\z}=-%)\z,
{a, B} = —%ap,
{a, B} = Fap,
{\a} =%)\a,
{2, 8} = §28,

{2,8} = —%’“ (ZB — 4)\i1d) ,

joR
(I
R E ST
>ls D
Qu jo] @
N S

oW
(o}

——
\.N

|

|
|5
—
IS I I

+ v

|
W~
>
jo3
N——

N
PSR!
=

{z,a} = —%za,
{8} = £(28+4)d),
{273} = _%(23 +4)‘d)7

(N a} =")a,

(2,8} = &(28 + 42\ 1a),
(2,8} = -2(Z8 + 4\ &),

{2,2} = ik(A\? = 272,

{04,54} = Z.’f657
{/67/5}:07
{\ B} =5N8,

{z,a} = %za,
{z,a} = —%"204,

{z,6} = 2(z6 — 4\ '),

—iﬁ(5\2 — 5\_2) ,

~

™=
Q|

—
I

{a,6} = —ixBp,
(3,8} =0,

{58} = —%A8,
{8} = =25,

(3,4} = —34,
{Z,5} = %(26 — 4)a)

{\ B} ="2A8,
{275} = —%ZB,
{z,a} = %za,

(2,6} = —(z4 — 4\)),

{\ B} — A8,

{z,8} = —4%28,

{z,8} = 225,

{Z,a} = —%(Za —4X719),
(B.4)

and others vanish. These explicit Poisson brackets are used to check the validity of the
spinor parametrization in Chapter 3.
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B.2 An example: g-deformed loop gravity on a torus

In this section, we apply the g-deformed loop gravity framework described in Section 2.3,
with the deformed holonomy-flux phase space provided with the SL(2, C) Poisson brackets,
to the simple case of the torus. A torus is a genus-2 2D manifold thus a graph on the torus
can have at most two independent non-contractable loops. We will see that those loops can
be assigned the physical observables that form a Goldman bracket. The phase space can
also be obtained by a gauge fixing from a fat graph following the recipe given in Section
2.4. We are not repeating the process but refer interested readers to [77].

Ribbon graph on the torus: We draw a basic graph for the 2-torus, with two
links wrapping around the torus meeting at a single node and surrounding a single face
as illustrated on the left panel of fig.B.1. The corresponding ribbon graph is depicted on
the right panel of fig.B.1, dressed with AN(2) fluxes and SU(2) holonomies. The ribbon

U A AD
u u
Y > e >
v IR/
= < > R(e1) ¢y R(v) v/
| m |
Y €2 > > >
a a
fov4 R(ey) AT

Figure B.1: The same graph as in fig.2.7 The ribbon constraints for the ribbons R(e;) and
R(e2) give the relations between the AN(2) fluxes at the source and target of the ribbons:
RO = pul=151 = I and R = mum 15! = I. The Gauss constraint g = mlm =1t = |
is a AN(2) flatness around the ribbon node R(v) while the holonomy flatness constraint
F =a'ouv! = 1 is the SU(2) flatness around the face f.

graph defines four faces, noted R(e1), R(ez), R(v) and f. The face R(v) is a ribbon node,
the face f is the face defined by the graph, while the two shaded faces, R(e;) and R(e2),
are the two ribbons. The horizontal ribbon is decorated by the variables u,u € SU(2)
along the long links and ¢, ¢ € AN(2) on the short links. The vertical ribbon is decorated
by the variables v, v € SU(2) along the long links and m,: w € AN(2) on the short links.
The variables associated to the two ribbons, (¢, u, l, w) and (m,v,m,v), Poisson-commute
with each other. And each set of ribbon variables is provided with the Poisson brackets,
(2.35), (2.36) and (2.38), defined above from the symplectic structure on SL(2,C) as the
Heisenberg double SU(2) > AN(2).
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The ribbon constraints on the two ribbons are

RO =tulta =1, R™ =mom o7 =1. (B.5)

The constraint algebra: The two loops around the faces R(v) and f define the Gauss
constraint and the SU(2) flatness constraint, which we both root at the same corner around
the central node of the graph, as drawn on the right panel of fig.B.1:

G=mlm Ut =1, F=aloww'=1I. (B.6)

Imposing the ribbon constraints, the Gauss and the SU(2) flatness constraints, amounts to
imposing the SL(2, C) flatness around the four faces of the ribbon graph. As a consequence,
the ordered oriented product of SU(2) and AN(2) group elements along any path on the
ribbon graph does not depend on the path itself but simply on where it starts and ends,
as for a flat connection theory.

The Poisson brackets of the closure and flatness constraints form a closed algebra and
therefore define a system of first class constraints:

{.7:1, QQ} = 927”.7:1 - .7:17’g27 {gng} = —[7’21791g2] ) {—7'—1;-7:2} = —[7”7 -7:1]:2] . (B-7)

As described above, G generates the SU(2) gauge transformations and F generates the
translational gauge transformations. We now identify Dirac observables, that Poisson-
commute with both the Gauss and flatness constraints.

SL(2,C) Holonomies and physical observables: From the structure of the ribbon
graph, it is clear that the SL(2,C) group elements running along the ribbons, and used to
define the symplectic structure, D = fu and D’ = mwv do not start and end at the same
point. It seems more natural to introduce SL(2, C) holonomies that wrap around the cycles
of the torus and come back to their initial point. We introduce SL(2, C) holonomies rooted
at a corner!’ around the graph node, as drawn on fig.B.2:

A=0"%, B=m'a', A BeSLZ2C). (B.8)

First, A and B contain all the information about the holonomy-flux variables around
the ribbons (once we assume the ribbon flatness constraints). They are not the SL(2,C)

"'We could consider the SL(2,C) holonomies rooted at any corner. This would not change anything, as
long as the two SL(2, C) holonomies are rooted at the point.
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Figure B.2: SL(2,C) holonomies rooted at the node O. Having chosen the root node
around the central polygon and the face for both SU(2) and AN(2) gauge transformations,
these two sets of gauge transformations are combined into a single set of SL(2,C) gauge
transformations. Then SL(2, C) holonomies going around loops starting and ending at that
root node simply transform under the SL(2, C) action by conjugation and allow to define
simple Wilson loop observables.

group elements, D = fu and D’ = mv, around the ribbons but mix the AN(2) fluxes and
SU(2) holonomies of the different ribbons.

Second, their Poisson brackets form a closed algebra expressed in terms of the r-matrix:
{A1,A2} = [7”217141142] ) {Bla BQ} = —[7“21, 3132] ) {Ala BQ} = Ayr91 By + Byr Ay .
(B.9)

Third, the AN(2) Gauss constraint G and the SU(2) flatness constraint F can be repack-
aged in a single SL(2, C) flatness constraint, implying that the two SL(2,C) holonomies A
and B commute:

G=F=1 < C(C:=ABA'B'=1. (B.10)
This is exactly the SL(2, C) constraint for a flat SL(2, C) connection on the torus, as arising
in the Chern-Simons phase space and its combinatorial quantization [7, &]. However, due

to the non-trivial braiding between AN(2) and SU(2) group elements which is reflected in
the non-trivial commutator between the constraints G and F, the Poisson brackets of the
SL(2,C) constraint C have a more complicated form than the closed algebra (B.7) formed
by G and F:

{Cl,CQ} = [7”21,6162] + AQBQ[’I“, Cl]Anggl — AlBl [Tzl,CQ]Al_lBl_l ~ 0. (Bll)

Finally, the two holonomies A and B are rooted at the same node. Their gauge trans-
formations are straightforward. Under both the SU(2) gauge transformations and the

208



AN(2) gauge transformations for their components [77], the SL(2, C) holonomies A and B
transform under the action by conjugation:

gesu(2) bEAN(2)
S -

A B gAg™', gBg™", A B bAb~', BBV, (B.12)

Moreover, one can check that the SL(2, C) flatness constraint ABA™'B~1 = I, together
with the Poisson brackets (B.9), generates these gauge transformations. This means that
Dirac observables, invariant under both rotation and translation gauge transformations,
are simply the components of A and B invariant under conjugation by SL(2,C). This
leaves us with the two complex Dirac observables given by the two Wilson loops, TrA and

TrB. We can compute their Poisson bracket using the bracket {A;, Bo} :
{TrA, TrB} = Tr(A1Ba(r 4 re)) = —2ik(TrA7®) (TrB1?)
1
= ik (Tr(AB) - §TrA TrB) : (B.13)

We recognize the Goldman bracket for gauge-invariant functions on the moduli space
Hom(m, SL(2,C))/SL(2, C), 7 being the fundamental group of the surface, with the bilinear
map identified with (2.30) up to a constant: B(M, N) = x Im(Tr(MN)) for M, N € sl(2,C)
[122]. This is the desired result since upon imposing constraints on all the faces A and B
indeed live on the space of flat connections, thus the Wilson loops TrA and TrB are the
projection on the corresponding moduli space.

Therefore, we have shown that the ¢-deformed loop gravity phase space, provided with
non-abelian AN(2) Gauss constraints and SU(2) flatness constraints, can be reformulated
as a phase space of discrete SL(2,C) connections with a simple Poisson bracket (B.9) and
SL(2,C) flatness constraints (B.10). The physical phase space is then the moduli space of
flat SL(2, C) connection with the expected Goldman bracket.

B.3 Proofs on the deformed spinors in Chapter 3 and
Chapter 5

In this appendix, we collect some lengthy proofs of propositions on the classical and quan-
tum deformed spinors in Chapter 3 and Chapter 5.

Proof B.3.1 (Proof of Proposition 3.4.1).
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We prove this proposition using the following induction result of the SU(2) transfor-
mation for any function f from [10]2.

! (H /\,f) {TrWGGT, f} = =" APTWEI, 0 f}
k=1

W® = A2 kg,
€f,V €L,V
with W) = 7 2, €_ , (B.14)
€4 0

and the Poisson brackets

{/\13@7 t;v,f} - _ZKAZQtZ v+
2 g€ _ (_ 7—Am 21€ {/\Z517 ev+}:O7

{/\ teﬂ) A} - ( 1) /\’Lteﬂ}A7 {/\2327 ‘. vf} — O

{34, eiv,+} = —irNAZtE

. AT (B.15)
}27,527 Te,ﬂ&—{ - _/7\/\-1,51 eiv,— - ZK:T_’_ 5
/\ ’ € —7A m/\ ’ Zéi?/reiv,—&- - mljl elv +
{ evA} ( ) 7 e'uA {/\25“ ev—}_ /\151 e“}_’
{AzZm ev+}_ 131 ev—f—_“{Tev—‘
The braided matrix W®) reads explicitly
(k) (k)
Wk = < 26@ - ) (B.16)
€ 0

where the vector components of é*) are defined inductively in (3.59) or explicitly

n B 1 n n ) )
i= i i

2We use different convention from [10] thus the expressions look different.
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Expanding the right-hand side of (B.14), the SU(2) transformation for t{ , , is

5et;~v = _’%71/\;2 (26,(;71) {/\2 t6 } + €g+1){/\’£5i7 t;v} + €$+1){Ai3i7 t;v}>

i Ye;v

- egi-&-l) D) p (B.18)
- 6$+1) _ﬁ(;'—l—l) €;v )

567-;11 = _/{/71/\2’72 (2€g+1) {/\127 Teeiv} + ngrl){Aiﬁiv Teeiv} + €$+1){/\i317 T;U}>
B e,(f) X0 p (B.19)
ng) _Egz) €;v )

where the right-hand sides of both equations above are calculated via (3.59) and (B.15).
We have therefore proved (3.58). O

Proof B.3.2 (Proof of Proposition 5.4.1).

For notational convenience, we remove the tildes of the generators of U, (su(2)) in the
tilde sector. We consider (5.49) at n = 2. Then from the last line,

Kot ) (B.20)

(Q‘i(qé )T+ K e,

We will show that the first line, i.e. Ry, (I ® T)R12 gives the same object. By using (5.5)
and (5.12) to express the generators of U, (su(2)) and the spinors in terms of the ¢g-harmonic
oscillators, we find

- - 1 . 1 . 1 -
JZT+ = T+ (JZ + 5), :]+T+ = inT+J+, :],T+ = qiZ (T+J, — KT,) <B21>
and
~ ~ 1 ~ 1~ ~ 1~ ~
Ja_=7_(J. - 5), J T =qit_J_, Jiro =qi(T_Jy — KTy). (B.22)

It leads to the commutation relations
[KJe, %) = —¢* iK%y, [KJo, 7. =0. (B.23)

Consider the first line of (5.49) for A = —, then

211



Let us apply these commutation relations to (5.49) for instance. Consider first n = 2.
Use the definition (4.3) of the R-matrix, then we can compute R, (I ® T_) directly.

Rip(leT.)
—J. ; d (1 _q>n _n(n-1) _ n "~
= z; a4 (KJ.)" @ (KJ-)" -
_—J®J: = (1_q)n _n(n=1) 1 n ~ n
=4 Z [ ]' q 4 (K J+) ® T (KJ_)
e (B.24)
- s . 1 - q " _M _ n n '
= E) S R () e ()

~ 1 ad 1 - n n(n— n n
:<| ® Ti)quz®(¢]27§) Z ( q) qi% (K71J+) ® (KJ,)
=(K®T )Ry = (L®7T)-Ryy
as desired. Computing R5 (I ® T,) takes more work as K.J_ and T, do not commute.

Indeed, each time we put K.J_ to the right of T, we get an extra term —q2 K>T_. This
gives

n—1
(KJ_)"Ty =T (KJ)" — ¢ 1Y K*T_¢"(KJ )"

k=0 (B.25)
~ 11 —q" o~
=Tt (KJ.)"—q 1 . _qq K*r (KJ_ )"
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by using J* K? = ¢*K?J*. We can thus write

R (leTy)
= e Z (KL @ (KJL)" - g (K @ KT
n=0 ’
> ” 1 _ (n=1)(n—2) (1 — q) n-n1—q"
A= — K_IJ n—1 KJ_ n—1
Y T T e ey
~ _ 1 > 1 — q n _n(n-1) _ n n
—(l@%)g JZWZ*”Zuq S (KL) @ (K )

n=0 [n]|
+ (g7 — ¢ 1) (K7, @ K*3_) ¢~ U=+Dedms)
— (1-¢"! w2 —17 \n—1 n—1
Z Wq T (K e (KT

n=1
=K' ®@Ty)Ryy + q%(q% - qfi) (K LK @ KT K- ) Riz
— (K@ + (gt - e )Ry = (Low),Ry.
(B.26)

The generalization to any n is straightforward as

Ty =R R s Ran Bt (Ta) aRinRan - R 22 R 1
= (La® @ 1@ )RR s Rt (T) 4, Ron ++* Ru—2nRon—1n
= (La® @ La,® @ 1@ )R Ritsn  Ran (T) asRan - Ru20Rn—1n
:"':EAAQ®I~1A2A3®"'®TA,L,1®|®"'
(B.27)

Therefore, we have proved (5.49). Equations (5.50)-(5.52) can be proven using the same
method. Useful commutation relations are as follows.

[@*11@,{1;] — —¢FIK 2t (K Je, 7] = —¢51 K%
n n K Ji,if]—O [KJi,ﬁ]—O
J J - J Jz Zl: 1 3 ) ~€
PR== :t( ) K2t5 . qZFQte K2 };{25¥ _g:FQT K2
J”tE =t (LFhn Jite =t (LT 3)"
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B.4 Proofs of theorems in Chapter 6

Proof B.4.1 (Proof of Theorem 6.2.2.).

There are two types of terms in (6.40), whose action on spin network states is now
presented. First,

d+1 1 p o 1 p oo
E€i75i—1 Ee J€i—1 11 . — 1¢1
H €i€i—1 Nelfu2 (H €;€i—1 Nelvl> |{j H [d] ]

i=p+1 =2 1 i=2 i
d+1 .
| DRRRCATACRSE ki o Rog s Wb i) (B25)
kijit3d k Jz i — % kit i=1,....d» \JeSegdf) s .

where we have applied the action (6.36) of Eci5/~ on the intertwiner i;, ;;, at the node
where e;_1,e; and €] meet for all i = 1,--- ,d. Each operator 1/N.,,, acts before the shift
operator E¢5/"| thus the result picks up a factor 1/[d;]. For ¢ = 1,...,d, the spin j; is
shifted to j; + § after the action of E¢;Z/"}. The spins of of links not on the boundary of

the face f remain unchanged. In addition, N; acts after EZ2; ! thus the result picks up
€1v2

the factor 1/[dy,]. As each link is incident to two nodes, the assigned spin shows up in two
intertwiners thus the term +/[dy,][d;,] appears twice in the result, which gives the factor
[dy,][d;,]. The ¢-6j symbols and the sign factors naturally follows from (6.36).

Secondly,
d+1 1 d+1 o
I Eninig @I%xmgﬂmm
i=p+1 €PUp+1  \j=p+1 €ile
1 a1
_ i . _)kim G ki =T kiR .
R N o A e A T S
Jp— =1 i=p+1
k. — & i 1 & k. 1
d; |dk,]|d;._, ||dg, o2 ' 2 o2 L 2
Vilada Je {50 F h}q{ e i)
{Jiti=1,..o0 {Ki Yimpi1,...d> {Je fegor)
(dy ] d+1 .
d dp H 0261 . 31 é(_l)ki*7+k-7 2 +li(_1)k¢+k¢71+li[dki_%]Q[dki]
kl kl_* i=p+1
ki — 5 Ji : ki—% ki z .
{ ] 12 k. — Ci—1 ZQ} { k. 12 k. | — €i—1 l2 |{]2}2 1,..., p;{k }7, =p+1,....d> {]6}e€8f>~
11— 11— 2 7 q 1— 11— 2 (2 q

(B.29)
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Here, two shift operators act on each site for i = p+1,--- ,d + 1 and we denote k; =
ji—$+%. The first shift operator Ec;c;”,""" (in the bracket) acts on the spin network state
and shifts 7; and j;_1 to j; — €;/2 and j;_1 — €;_1/2 respectively. It also gives the first ¢-6;

symbol in the third line and the term (—1)'“2'*%““*1*%271“1'\/[dji][dji,l][d. . el

Ji ji—1——5—
The result picks up a factor 1/[d;,] by the action of 1/N.,,, before the shift 2ope]rautor.2 In
addition, 1/N¢,.,,, acts on the spin network state after Ee_ffféz;_gp and thus brings a factor
1/ [djp_ 3 ]. The action of the second shift operator E¢;;~} shifts the spins j; — €;/2 and
Ji—1—€-1/2 to k; and k;_; respectively and brings the second ¢-6j symbol in the third line
as well as the term (—1)’“*’“*1”1\/[dki][dki_l] [dkﬁ%][dki_l_eiT_l]. Note that the spin j; = ky

and j, = k, are kept unchanged in the result as ¢; = €, and ¢, = €,. The last equality is
the rearrangement of the result.

Putting them together, using the orthogonality of the spin network states, ({k.}|{je}) o
I1L. 0k, ;. and eliminating the common terms

1 d+1 . . o

- € _ 1\kitki—1+; 7 i~ % 3

[dku] H [dk’_?l“dkl}( 1) {k €1 kifl i }
1=p+1 .

leads to the expected difference equations. O]

Proof B.4.2 (Proof of Theorem 6.3.1).

There are four faces involved in the move on each side. Clearly, |¢;) and |1)s) satisfy
the same constraints associated to faces which are not among those four. Therefore, we
can focus on the four faces involved in the move, and for symmetry reasons, we can simply
look at the constraints on two faces: the face fi» which has e, e; in its boundary, and the
face fi4 which has ey, e4 in its boundary.

Face fi5. It has a different boundary on Iy and I7, due to the disappearance of e5. On I7,

there are constraints where EZ:1 and EZ2:> are both among the A-terms of the constraint

(6.42). Let us denote the two reference edges (e; and e in (6.42)) e and €', which may be
e; and/or ey. Then the difference equations (6.42) read

- - € € €
SOCTT A D7 A sk, k) A (ko s R (b = ko = 5k bk = 5, )
{e} ecj‘e’ és==+

+ (=) B2 e a e (ke ko) Y ([ B)ilkr, ko, ks, ki, ks, ... ) =0, (B.30)

= ’
{e} e e
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Figure B.3: A graphical representation of (B.30) on the LHS and (B.31) on the RHS.

where dy2; denotes the number of boundary edges of fi2 in I and d. the number of
edges from e to € counter-clockwise. Notice that & (respectively é) is fixed if e = e
(respectively if €' = e) and summed over otherwise. We have indicated in 1; only the
spins which are involved in the move.

We have written > (T, . A4) and 37 (. . B) schematically the coefficients of
c.C. c.cC. A)

is the product of the A-terms over the corners from e to e’ going counter-clockwise, except
for the two corners with es, whose A-terms are distinguished. Then {g}(H B) is the

product of the B-terms over the corners from €’ to e counter-clockwise. This is depicted
in the Fig.B.3.

the equation which are associated to corners not involved in the move. Here >\ (I, ..

e —e
c.C.

On the other hand, a state on I'; must also satisfy a constraint along the face fi, with
the two reference edges e and €’. It reads

e € €
<{ke}1—’f|Hf12,876’|¢f> X Z( H A)A0227 1(k27 kl) k0)¢f (kl - 517 k? - §2a k37 k47 k07 .. )

~ !
{¢} eye

+ (=) B2t Pt (ke ko) Y (T Bk, ko, ks, kay ko, - ). (B.31)
{e} ¢ e
There is also a constraint where E:2 gives rise to a B-term, but as we have shown this is
equivalent to the above constraint. Here it is important that the products of the A-terms
and B-terms over all corners except the one where e; and es meet are the same as in (B.30).
The reason is obviously that those terms are local and the 2-2 move does not involve their
corners. As in (B.30), € and é may be fixed or summed over.
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We now plug (6.51) into (B.31) to check that it vanishes, provided the constraint (B.30)

holds. First compute, with ji 5 1= k12 — 52,

A2 (ky, k, ko) Uy (j1, ja, ks, ka, Ko, - )
= 0262[dp,|[dy,] Z(_l)(lf%)jﬁ(lf%)ko (= 1)FHiathatha (1 yhothi+ha

Js
ki g3 } {jl J2 ko} . .
. . i(J1, 72, k3, ka, Js, .- ). (B.32
{]2 ko ko q ks ks Js qd) <]1 J2, %3, 154, ] ) ( )
The Biedenharn-Elliott identity on ¢-65 symbols gives precisely
(— 1)tz thatha( _1)kothithe kg 3 Ji gz ko
J2 ks ko q ks ki Js q

o1 [k ks ko [koi Y ks G5 X
NI (Y ty J R ke kol TR g g 5 J5 5L (B33
%[ k5]< ) {k3 ]{;4 k;5 . 75 k5 k4 g 72 k’Q /{73 . ( )

Setting j5 = ks — %5 to change the summation over js to one over é; (there are no other
values of js allowed by the triangular inequalities on the ¢-65 symbol), we get

A§22,61 (k27 kla k0)¢f(]1; j27 k37 k47 k07 s ) = 02€3 [dkz] [dko] Z(_l)(l_05)j5+(1_00)k0<_1)k5+j5+%

ks,€s
kl k2 ]{70 kl jl : } {k5 j5 : } . . .
d . 2 ) 2 (91, 72, k3, k4, 75, ...) . (B.34
[ ks] {kS k., kB}q {]5 ks Ky , Jo ko ky q¢ (]1 J2,KR3,K4, 5 ) ( )
Using €5 = (—1)2 % we find (—1)F+95t2 = 5(—1)%s5. We also use (—1)(-os)is —

05(—1)179)% and notice that a ¢-65 symbol can be factored. Thus,

kv ko k
—o5)k —o0)k k1+ko+ks+k 1 2 0
(b Bl i) o6 30 omio(ppistasints o} g

ks ,€s5

ki j1 ks js 1
_1)\2ks (_1\k1+katka+ka 1 J1 3 5 J5 3
<Z( H A>05€5[dk5]( 1) ( 1) 0262[dk2] {]5 kg, k4}q { k2 k3}q

{€} ec'—gle’ J2
7\pi<j17j27 k37 k47j57 s ) + (_1)d12,i—de€/a€e7€e/(ke’ ke’) Z( H B)wl(klv k?v k37 k47 k57 v )) .

=~ !
{e} e e

(B.35)
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We now recognize the coefficients in (B.30),

1—o05)k 1—o00)k k1+ko+ks+k kl k2 kO
(0} i) ox o)y {k b ke Lo

(Z( H A) Z Af)ijgl(kf)’ kl’ k4)A(€7227€5(k:27 k:57 k3)wi(j1aj27 k:37 k47j57 .. )

{&} e e’ Es==

+ (—1)d12 i deelaeae ,(key ke’) Z( H B)¢Z(k1a kQa k37 k47 k5v S >> 3 (B36)

~ !
{€} e e

and conclude that (B.31) vanished provided (B.30) and (6.51).

Face fi4. We now perform the same analysis on the constraints which act on the face
f14. We use the same notation as for the face fi2, i.e. let e and €’ be two reference edges
around fi4 and consider the Hamiltonian constraints associated to them on I and ;. On
I';, the Hamiltonians contain the operator Eg:%#, which without loss of generality can be
considered to give rise to an A-term. The constraints on the spin network coefficients of

|1);) read

Z H A)AS Ky, ke, ks )i (J1, ko, ks, Jas ks, )

{e} 63.6

+ (=)t e (ke ko) Y (T B)tilkn, ko, ks, ka, ks, ...) =0, (B.37)

=~ !
{e} e e

with j; = ki — €/2,js = kg — /2. The sign € (respectively é;) is fixed if e = ¢;
(respectively if ¢’ = e4) and summed over otherwise. Here, [], . A is the product of the
A-terms from e to €’ counter-clockwise, except for the one on the corner of e1, e4 which has

been singled out. As for [[,, ., B, it is the product of the B-terms going counter-clockwise

from €’ to e.

On Iy, we need to look at two types of constraints. Either the operators Eeo”if and
E&%© which enter Hy, o on I'y both contribute to A-terms of the constraint (or both
to B-terms but this is the same), or one gives rise to an A-term and the other one to a

B-term.
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In case they both give rise to A-terms, we are in the same situation as in our previous
analysis on the face fi2, with the role of I; and Iy exchanged. Since the relation (6.51)
between [¢;) and |1/;) can be inverted with the same form, we have nothing to prove.

If EQ:S contributes to a B-term, and ES% contributes to an A-term, this means that

ep = e is a reference edge chosen for the constraint. The Hamiltonians of this type on I

are H;Zzz'o’;;,’&l and they are labeled by signs for all the edges from €’ to ¢y counter-clockwise.

The matrix elements read

({ke}r JH ) o Y ([T A)VAG (k. ko, k2)tbs (i, ko, ks, s o - - )

(=)o 05! (K, K ) Z( H B)B“ (o, ja, k3)g (i, ko, ks, la, ko, ... ), (B.38)

~ !
{€} e e

where ¢ is fixed (but € only is if ¢/ = e4) and jo4 = ko4 — €0.4/2, and Iy = j4 + €4/2.

We now plug (6.51) into the above matrix elements. We first look at the A-term,

A (ks ko, ko) (Ju, ko, ks, Jas Jo, - - ) = [djo] Z or€1[dp, ] (—1)7os)ks+(1=00)io

ks
(~1tirttz(—1) R A RS AL ST

The relevant Biedenharn-Elliott identity is

(—1)korHhha-tortii+haks Jioke Jol [k 5
ks Ja ks q LJO ko ko

) (G, 1, X il L ki ky k
= NTdy](—1)aets ] 4t 2} {34 * 2} { b 0} . (B0
%:[ l4] ( ) {kl ]1 k‘5 q ko jo k3 q k;3 l4 k5 q ( )

As for the B-term,

Z B(6)87€4 (j07j4a k3)¢f(k:17 k?) k37 l47 kO) v ) = Z OOEO[djo} [dko](_l)j0+k3+j4
l4 k’s,l4

(_1)(1705)k5+(1700)ko(_1>k1+k2+k3+l4 Ja 1.4 % ki ka2 ko Vi(ky, ko, ks, g, ks, ... ).
k() ]0 kS , kS l4 ]{?5 . 1 ) ) ) ) )
(B.41)
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We recognize the two same ¢-67 symbols as in the Biendenharn-Elliott identity above. We

can thus factor them out, so that the matrix elements of the Hamiltonian are proportional
to

€0,€/ 5unny € 1 i —o —0 ] l 1
<{ke}Ff|Hf?;;07€/ 4|¢f> x Z(_l)go+k3+g4(_1)(1 5)ks+(1—00)ko {]4 4 35 }

oy ko jgo ks q
—1\kitkatksta ki ke ko d. A Ao Ny 1(—1)k2tia—do—ks
( ) ks 1y ks [ Jo] Z( H )000161[ k1][ 14]( )

q {5} 61';;6’

(_1)]’4+l4+%(_1)jo+k3+j4(_1)k1+k2+k3+l4 j4 lfl % > wz(]l ko, ks j4 ks )
kl ]1 k/,5 . bl ) ) ) )

+ (=) e 0% (kg ko) Y (T B)oocoldioltbi(kn, ko, ks, La, ks, .. )) (B.42)
{¢} e’C'—C>Ae4

It now suffices to show that the expression into brackets vanishes thanks to (B.37). Let us
take care of the signs:

(_1)k2+j4*j0*k5(_1)j4+l4+%(_1)j0+k3+j4(_1)k1+k2+k3+l4
— (_1)2(k2*k5+k3)(_1)41'4(_1)%(_1>k‘1+l4+k5 — _64(_1)k1+l4+k5 )
Replace the sign factor in the bracket, we get

: 1
_Z H A)ogor€ [d, |[di, ] (— )Jl k1+ja— 14( 1)j1+l4+k5+% {]4 Iy 5}

kv 51k
{e} 610—(;8 1 5 q
Vi(J, ko, ks, jas ks, o) + (—1)d14’f_d505'0460’68'(k?m ker) Z( H B)ooéo|dr, |

=~ !
{e} e C'—g'e4

Vi(k, ko, k3, L, ks, ... ) = —oo€a[dy,] (Z TT A v, La, ks i G, e, s, s s, )

{e} 61346

+ (—1)he e 0t (1 k) ST B)¢i(k1,k2,k3,l4,k5,...)). (B.43)

=~ !
{€} e rea

The expression into brackets on the RHS is exactly the constraint (B.37) on I; with the
choice e = ey of reference edge and arbitrary €4 fixed. O]
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Proof B.4.3 (Proof of Theorem 6.3.2).

Consider two reference edges e, ¢’ in F'U f, and the associated constraint such that

Eiif; is an A-term (without loss of generality since A- and B-terms can be exchanged).

Its matrix elements ({ke}|Hpufee|tf) read

ke Hpopeelr) o Y ([T AAZ (ke by, 12)ebs (i, o - )

=~ !
{e} ee

+ (=14 o (e k) Y (] Bk, ka,...), (BA4)

{e} e’cj‘e
with j19 = k12— €2/2, and d; denotes the number of boundary edges surrounding F'U f.

Here, [] A is the product of the A-terms from e to €’ counter-clockwise, except for the

one on the corner of e1, e which has been singled out. We will show those matrix elements
vanish as soon as the constraints on f and on F' are both satisfied on [¢);), given (6.55).

e—e!

On f, we have the constraint, for fixed €, €2, and j12 = k12 — €12/2,

Bo_2627_61(k2a kla l2)¢i<k07j17j27 k37 k4a s )
: ol €
= a?(ky, k2) Z AR (Ko, Jas kiz) Ao (J1s Koy ka)bi(ko — 507 ki, ko, ks, ka,...), (B.45)

90, f
ep==%

where o ; is the orientation of ey relative to f. On F' there is a constraint similar to (B.44),
from the Hamiltonians Hp, . with the same signs es. It reads,

. € . €,
Z( H A) Z At (Ko, ka + 547 k1) Agy (ks + 537 ko, k)

{e} ec'—g.e’ éo==
€ € €
¢Z(k0_ anklak%k?)_ 53,]{34— 547)
+ ()W 0t (ke ko) Y (T B)tilko, b, ko, ks, ba,...) =0, (B.46)

~ !
{€} e C‘—ge

where og r is the orientation of ey as the boundary of F', which is opposite to og ;. Here &
(respectively €3) is fixed if e = ey (respectively if ¢/ = e3) and summed over otherwise.

We now specialise (B.45) and (B.46) to ky = 0, where they simplify a lot. First, that
enforces g = — in (B.45) and & = — in (B.46), so that those sums reduce to a single term.
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In (B.46) we further take ks = ko and kg = k1. All ¢- 6j symbols with a spin equal to 0 can
ki 3
]%1 0 ky4 }q J1 k4 j1+k1+2/v j1

As a consequence, (B.45) gives

B (ka, k1, la)¥i(0, j1, J2, J2s J1, - - )

be evaluated as {

[djl] w(l
2/ ]1d,] 2
where k3 = jo and ky = j; on the last term is enforced by the special evaluations of the
g-67-symbols with a spin 0. (B.46) gives

d 1
Z H A 00f03€1 [ kQ] @Z)( ,k1,k2,]2,]1,---)
{& e—e ] [dk’1][d/€2]

+ (=)W @ (ke ko) Y (T B)wil0, ky, b kay by, ) = 0. (B.A48)

= !
{€} e C:>le

klak27j27j17"')7 <B47)

= —a? (l{?l, k2)007f0162

The term v;(3, k1, k2, j2, j1, . .. ) can be eliminated using (B.47). Moreover we turn the B-
coefficient of this equation into an A-coeflicient using — A2 (kg, k1, lz) = By~ (ka, k1, 12).
It is then enough to recognize 1); as given in (6.55) to obtain that (B.44) vanishes.

O
Proof B.4.4 (Proof of Theorem 6.3.3).

Let us write the constraints on the triangular face. There is one constraint for each
pair of edges of the boundary. For the pair (eq, es), for instance, one gets

Z A€1 62 klu k?u k3)A22751 (k67 k17 k5)¢i(j17j27 k37 k47 k57j67 .. )
1=+

+a€2’€6(k27k6>362 €6(]27.767k4)¢z(k17k27k37k47k5ak67"‘) 0. <B49)
Here j; = k; — ¢;/2, for i = 1,2,6. The coefficients are

ki 71 3

€1,€2 _ . k1+ko+ks 1 jl 2

A01 (]{31, ]{52, k?g) = 0161[dk1]( ]_) {]2 ]{52 ]{;3}(17
1
2

og " 1 ke  Jo
At (e, K, ki) = oges|dig] (1) Frothe {Ji ky ks}q’ (B.50)
i 1
B2y, jg, ka) = 09€ady,](—1)7TFatie {@6 Jo 3 }
Jo ka Ky .
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We thus have the recursion

Z010206[dk](_1>2k1+k2+k3+k5+k6+%+%+% ]?1 i /fﬁ jo %
! ]2k2k33q]1k’1/€5q

e1=*%
S|
i1 Joo ks, ks ks, s, ) + (—1)F Rtk {k.ﬁ w2 } bi(ky, ko, ks, ka, ks kg, .. ) = 0,
J2 k2 Raf

(B.51)
and similarly for the pairs (ej,es), (eg,e1). A similar result for the flat case was found in
[11], where ¢ is set to 1. Those recursions determine the dependence of v; on ji, j2, j¢ up
to a single initial condition. As the recursion involve three terms, it may seem like several
initial conditions are required. However, at k; = 0, only two terms are left in the recursion,
as shown in (B.47). This means that from the initial condition ;(0, ks, k3, k4, ks, ks), one
gets wi(%, ks — €3/2, ks, kq, ks, ks — €6/2). Then this determines v; for arbitrary &y, ko, k.
The result is known to be

ki ko k
wi(klakQak3ak4ak5vk67"') - {kl k2 k?’} ¢(k37k47k57"')7 (B52)
4 5 6 q

where ¢(ks, ky, ks, ... ) is independent of kq, ko, kg. To determine ¢, we set ky = 0,

0 ky ky)
¢(k3,k4,k5,...):{k4 ki k:i} Vi (0, ks, ks, ky, ks, ks, . ..)

q

= (—1)ksthaths  Jldy 1[dy 105(0, ks, ks, ky, ks, ks, ... ). (B.53)
We conclude with Theorem 6.3.2. OJ

B.5 Proofs of propositions in Chapter 7

Proof B.5.1 (Proof of Proposition 7.2.1).

Recall that the coherent spin network state for a tetrahedron graph is

4 = _
D sre(ge) = /SU(Q) [T ax. o=t Celhieygeha(ey|Ce) (B.54)

{je} o=t
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The evaluation on identity gives the vertex amplitude (7.47). To glue the vertex amplitudes
associated to adjacent tetrahedra, we make use of the identity in the representation space
VI @ V* spanned by the coherent states [143]

1 . . 1 . )
v = o / WO = o / (Ol Il ¢l (B.55)

To do the gluing, we will use the following identity,

/ dp(&) / dp(£,) ellolen+E e+ elhlch
1 . . ’
= Y ] ) [ au) b clals &) (. k&Il C)

jkleN/Q

= Z 117 Clghlj, ¢') = el

eN/2

We have used (B.55) to obtained the third line. This product rule can be applied to
contract terms between adjacent tetrahedra, say T and T5, connected with the triangle
whose 2D dual is a node v, while 3D dual is an oriented dual edge e*. Say the source dual
vertex s(e*) is dual to T} and the target ¢(e*) is dual to T5. Consider the graphs (07)* and
(0T3)* both including the node v. To identify the triangles from 7} and 75 is to identify the
three links e, ¢/, ¢” € v from the two graphs. However, the spinors associated to links from
different graphs are different. For instance, consider a link e € v, the spinor ¢ (or (57
with the dual language) on (97})* is not the same as > (or ¢l ) on (0Ty)*. Integrating
over the relevant terms from vertex amplitudes of s(e*) and t(e*), and the edge amplitude
of e*, one gets (we write only integration for one link e for short)

/dM(CS(e*))/dlu(gt(e*))e[gvl(hfll)_lhflKg(e*)) (DD JEHDN(RE2) T hiZIce)

TI\N~=L, T/, To\ "L, T T\~ 1! T (B56)
—olet(ha}) hot (a?) haZlet2) _ len(hot) hohu3|C°2)

with h, = AT (KT2) 7",

The contraction (B.56) can be repeatedly performed along a closed chain (eje;...ele) €
T* (or equivalently (A1As--- A, Ay € T) surrounding an edge € shared by n tetrahedra,
as illustrated in fig.7.3. The edge amplitude can be absorbed into the vertex amplitudes.
As a result, one simply flips of the spinors [Cé(e )| associated to the target t(e*) of e* to
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their dual ( é(e*)| and identify the spinors for the same link from different tetrahedra. In
this way, then the gluing of a close chain of tetrahedra reads

n
/Hdu(gvi)e«vl|(hf%)_1hf;|<”2>+<<v2|(h3§)_1h§§|<”3>+---+<<vn|(h3’::)1h35?|<”1>
=1

/dlu(cvl) (C"1]Gel¢vr) (B.57)

with Gz = (hfll)_1 Py Py = =+ Py, hf" Different from the magnetic number basis, each dual
plaquette is weighted by a factor (("|G¢|("") depending on the the spinor attached to the
(randomly chosen) base node v; and the Wilson loop around the dual plaquette, or a factor
((¢vr[¢or) — 1) (or ({(¢/7T1|¢7 1) — 1) depending only on the spinor attached to the vy [74].
At the end of the day, one gets the partition function expressed as

[M 8/\/{ / (H dh) H /d[L Cm 1_|_ <U1|G |Cv1>) (C¥1|Ge|¢v1)

vel freT*
/ (H dn ) 1 /du ¢ = el
vel’ freT*
H
= (Lo T ) TG0 = ([, Thowe ) T
SU@) per eeT SUR) “ex e

(B.58)

where an integration by part is used to get the second line. This matches the results by

using the spin network basis as shown in Subsection 7.1.2. O

Proof B.5.2 (Proof of Proposition 7.2.2).

This is a re-arrangement of the vertex amplitude and edge amplitude compared to

(7.47)-(7.49). The difference between (7.47) and (7.51) is a factorial factor. We first apply
the identity
1 1 s

e
- ds— B.
(n—1)! 2w sn (B-59)

[s|=ro

to rewrite the vertex amplitude (7.47) so that it is related to the SGF (7.50):

Scohe(|>: Z (ﬁL%dS e (J ‘|—]. / dh)ﬁ C|h h | <>
tet 927i v J+2 elll(e)!ts(e) Jes Se) -

Jije \v=1 e=1
(B.60)
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Then we expand the exponential of the edge amplitude (7.48)

oD een(€ V1) S I1 ke’@ ‘ke’ge ], (B.61)

ki---kse€N/2 ecv

The spinor integration in the total amplitude expression will select k. = j. , Ve from (B.60)
and (B.61), thus we are safe to redefine J, = ) ., k.. This moves the contour integral
from the vertex amplitude to the edge amplitude, leaving the vertex amplitude purely
given by the SGF. As such, each edge amplitude absorbs two contour integrals, one from
the tetrahedron s(e*) and the other from ¢(e*), and is written as

1 o5t 1 ke, |, CHED
Ae*({<6}7 {we}) = W fds%dtw Z H C 2/{!6). C ]

~kz€N/2 e€v
F T s+t+r25@(<s(e )\558*)]
st
k
dS dt k) 2—7 tm 2—7 <Z<Cs(e*) éé(e*)]>
k,mmneN ecv

- 2%
Z '2 Qk) (Z(g:(e*) 62(6*)])

k:O
* e* 2
g L (D)
— 0 3(1 ) 757 4 )

(B.62)

thus (7.52). We have used the identity (k., 2|k, ¢1€)] = (¢2)|€l*))2k 10 get the
second line. To arrived at the fourth line, we have identified n with 2k — 2 and m with
k followed with a change of variable £k — k£ + 1 since %m $dtt" =1 for n = —1 and zero
otherwise. O]

Proof B.5.3 (Proof of Proposition 7.2.4).

Let us write explicitly, using the definition of the scaleless spin network state (7.54), the
relevant part of the right-hand side of (7.55) in terms of the spinors on the two triangles
to be glued (see fig.7.4a). Denote the links on (the dual of) the boundary 0C; of the left
3-cell as e’s. For each link e, the source s(e) (resp. target t(e)) is assigned a spinor (.
(resp. Q:e) and an auxiliary spinor 7, (resp. 7.). Also, denote the links on (the dual of)
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the boundary dCs of the right 3-cell as ¢’s. For each link ¢, the source s(c) (resp. target
t(c)) is assigned a spinor &, (resp. &) and an auxiliary spinor 7, (resp. 7). With no loss
of generality, we can fix the orientation of the relevant links. We fix that the links ey, es, e3
on the left triangle are outgoing from the node dual to the left triangle and ¢y, co, c3 are
incoming towards the node dual to the right triangle. Let C; to be the source of the dual
edge dual to the glued triangle and C, the target, then the edge amplitude for the gluing
is

naC 1 Zi:1<§e|ée] ; 0 1 3 ) 2k
AL = 0 F5(;2,2, 5; ( 1 ) ):Zm (Z(Celﬁe]) .

k=0 e=1

The right hand side of (7.55) reads

/ (H du(re)dp(Ge) [T du(nc/)du(ﬁc,)>

e/ c

exXp [Z<’7€’|’?e’} + Z(%’We’} + Z[CS(a’)|€t(a/)>hs (o) |'7t /) + Z Es(o |€t B 778(,3’)|nt(,3’)>]

e’ c o

/(H d,u(%)d,u(ﬁe)> o2 o1 ({velFe]+ nelm])/ (H dge(Co)dpu( §6)>

€xp Z [Ce|<e’>[f76|’>/e’> + [ée’ée’)[ﬁe|ﬁe’> Z m (Z<Ce’£~e]> : <B63)

e,e’'=1,2,3
e=<e’

We have denoted the irrelevant part with primes in the first line. The second line till the
first term in the fourth line is the part of S§, ({Ce, ¢.}) and Sic, (&, £.}) relevant to the
triangles to be glued. The last term in the fourth line is the edge amplitude gluing C; and
C,. We first perform the spinor integration for ¢; 23 and 51,273.

Let us introduce the complex triples, following Bargmann’s trick [25],

a=((,6.G), b=(G.¢), c=(.4.8), d=(E.G.8), (B64)
a=01.7,7%), B=0F7.7), o=0.0,75), p=00.05,75).

a = (ay,ay,as)’ is the conjugate of a, and we denote the measure for the a as dus(a) =
7%3dald(lldanagdozgd&g Likewise for b, c,d, a, 3,0, p. For simplicity, we also denote = =
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ax f=([&l8), [1sln), [nlr2) and ¥ = o x p = ([12]73), [73]71), [71]72). We then arrange
them in the matrices

=1 Zy Ej U Uy Uy 00 O
A= ay o9 A3 > B = Ci C2 C3 5 I'= 00 -1 . (B65)
bl b2 b3 d1 d2 d3 O 1 0

One can thus rewrite the integral of (323 and 51,273 in the second and third lines of
(B.63) in a compact way:

det A+det B+ —=Tr(ATT'B)
i oo [ () s

~ (2mi)? j{dtj{ds /dua( )dpis(b)dps(c)dps(d)

o a-a=bb—cc—dd (Sxb) a+(wd) ef( a-d)

(B.66)

Y

where we have used the contour integral expression for the inverse Gamma function ———; ] +1) =

5 f dt -+ tl+2 One can calculate this Gaussian integral for a,b, c,d one by one. Note that
for a complex n-ple bfv and a complex n x n matrix A whose Hermitian part is positive
definite, one has the Gaussian integral

/dun(v)e"'A"+“'v+“/"’ — det A lew AT , (B.67)

where u and u’ are independent n-ples.

After integrating out a, b, ¢, one can use (B.67) to perform the remaining integral for d:

S - 1 1
dpa(d) e=%d eg(u'/xd)( xd) /d d ed-(k%)d _ _ S B.68
where the matrix M has entries

sothat d- Md = (W-Z)(d-d) — (¥ -d)(Z-d) = (¥ xd)-(Z xd). The explicit form of
v.Zis
v E=(axp) (oxp)=(a )8 )~ (- p)(B0)
(B.70)
=il i) + [relvs) [2lmis) + [yslva) [7sl ) -

228



Now we perform the counter integral to complete the integration in (B.66):

ﬁfdtfdw <1—1€—E>2

1 2 k4 1smr (w2
:—,27{dt7{d3 E T'822< >
(271) o, mint s t st (B.71)

1 _
:,; TSy

:Cl(w 5)7

where C(2) is the Bessel-Clifford function of order one. A Bessel-Clifford function of order
n expands as Cy,(z) 1= >, Win), The explicit form (B.70) of ¥ - = allows us to express
C1(¥ - Z) into an SU(2) integral by the following beautiful identity [37]

k
~ 0 1 5 B .
dgeXilblol) =N~ — AEIEY ) . Ve Gect. 579
/SU@) ge ;k!(kﬂ)! (;mm[uo) GirGi € (B.72)

Therefore,

Cy( - ) = / dg eSiabelolis) (B.73)
SU(2)

We next combine this result with the integral of the auxiliary spinors in the second line
of (B.63). It is straightforward to calculate that

3
/ ( )dg/ (H du(%)d“(ﬁe)> S (el +e gl + (e )
SU(2 e

f— / dg 62?:1(”76'9"’?6}
SU(2)

Finally, one performs the SU(2) transformation with g on all the auxiliary spinors (e, J.) —
(9%, 9%e) from Cy, which preserves the inner products (ve|Ye] and [Yso)|7er)) of the
irrelevant auxiliary spinors (see the first line of (B.63)). Thanks to the SU(2)-invariant
property of the spinor Haar measure, one can rewrite (B.74) into fSU(Q) dg eXimi(nelie] —

(B.74)

ezgzlmem, which is exactly the link term for a general scaleless spin network state (see
(7.54) and fig.7.4b). Combining this result with the irrelevant part in the first line of (B.63),
one arrives at a scaleless spin network state Sgl(cluCQ) on the union boundary C;UC, after
gluing. O
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Proof B.5.4 (Proof of Proposition 7.2.5).

Before gluing, the 3-cell boundary OC and the dual graph is as shown in fig.7.5a. The
right-hand side of (7.56) reads (we again denote the irrelevant part with primes.)

/ (H du(ye) H du(%/)> e2oer et e+ 20 G ar) [Suar) ) Dis(ary Pecary)
3
/ (H d,u('ye)dlu(ﬁe)> @<'71‘ﬁl]"'zgzl(<’Ye|§e]+<7le‘ﬁe])

e=1

/ (H d/J(Ce)dN(ge)) eXp Z [Ce|<6’>[76|76’> + [ge|ge’>[ﬁe|ﬁe’>

;m (;(celrfe]) (GG —1). (B.75)

With no loss of generality, we have fixed the half links incident to the left node to be
outgoing and denote the spinors and auxiliary spinors on these half links to be (; 23 and
712,35 respectively, and fixed the half links incident to the right node to be incoming and
denote the spinors and auxiliary spinors on these half links to be 5172,3 and 7); 2 3 respectively.
The difference of the relevant integral in (B.75) (the last three lines) from that in (B.63)
are the terms e/l since the two auxiliary spinors & and 7j; are from the same link ey,
and (((1|¢1) — 1) which is the face amplitude on edge € given that the left node is chosen
to be the base node.

We now claim that the face amplitude ((¢;|(1) — 1) can be replaced by ({(y1|71) — 1)
without changing the amplitude. To prove that, we first rewrite e/ by introducing two
intermediate spinor integrals,

el — /d’u(i/l)dlu(nﬂe(%|’Tfﬂ+<771|771] elilm) (B.76)

so that the second line in (B.75) can be expressed in a symmetric way:

3
/ dpa(F ) dpa () el / (Hdum)du(ﬁe)) eXe1 (el + i) (B.77)

e=1
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We next notice for the edge amplitude that each term of the summation is a homogenous
holomorphic polynomial of spinors (; 23 and §~1,273 of order 2[. Each term of order 2/ can
survive under the spinor integration only by matching with a homogenous anti-holomorphic
polynomial of spinors ¢ 23 and & 55 of order 2. This means we can safely move the term
Y oleN m from the last line of (B.75) to the third line, then the last two lines become

k
1 -
/ (H dﬂ Ce du §e>> Z k! Z [CE‘CG’H%”)%/) + [56‘€e’>[ﬁe‘ﬁe’> 5k,21
kEN 7 | ee’=1,2,3
; 2l6'<e
> TR (H EE] (Z @\@) (GG 1)
leN e=1

2l

/ (H dﬂ Ce dﬂ 56 > Z l—|— 1 Z [Ce|€e’>[’7€|’7e’> + [ge|ée’>[ﬁe|ﬁe’>

leN e,e’=1,2,3
e=<e’

626 1 (Celée] (<C1|C1> ~1). ( )
B.78

Now the third line in (B.78) is a summation of homogenous holomorphic polynomial of the
auxiliary spinors &; 23 and 723, each of order 2/. For the same reason, one can furi;her
move the term ), W to the second line of (B.75). We also separate zeta, and & in

the last line of (B.78) by adding six intermediate spinor integral over 51,273 and &1 23. As a
result, the last three lines of (B.75) can be rewritten as

dp(yn)dp(m e [T dpve)dp(ie) Z% > ((elFel + (elie))
I+ )P

leN e=1

/ (H d“(ce)dﬂ<g(i)> eXp Z [C6|Ce/>[76’76’> + [ge‘ée/>[ﬁe’ﬁe/>

e,e’=1,2,3
e<e’

3
/ <H d,u(ée)d,u(we)> e e=1lCel€e) p300-1(CelCe)+(€slEe] (GG = 1), (B.79)
e=1
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We now realize from comparing (B.79) and the last three lines of (B.75) that &; 53 and 212 3
take the exchanged expressions. This means one can simply replace the face amplitude
((z1]21) — 1) in (B.75) with ((&1]&1) — 1) without changing the total amplitude. This allows
us to use the same Bargmann’s trick as in (B.64)-(B.71) as well as the identity (B.73) so
that the last three lines of (B.75) arrives at

/du(%)du(m)du(%)e”l'”“/ dg elnil+imlah) gmlolial+mlalial ( (4 |,) — 1)
SU(2)

:/ dg/du(%)(<%|%> — 1)e<71|g|71)€<n2\9Ii2]+<n3\g|%]
SU(2)

:/ dg 6(g) elmelehel+mslghsl — o2yl + syl
SU(2) ( |
B.80

which is the link-term for a general scaleless spin network state. To arrive at the third line
of (B.80), we have used the identity for delta distribution on SU(2)

5(g) = / au(¢)((CIC) — 1)l (B31)

Combining the result of (B.80) and the irrelevant part in the first line of (B.75), one arrives
at a scaleless spin network state Sio, on the 3-cell boundary OC’ after gluing. O

Proof B.5.5 (Proof of Proposition 7.2.6).

This gluing can be visualized as collapsing a cone into a triangle bounded with two
edges connecting the apex and two points on the base circle, as shown in fig.7.6a. With no
loss of generality, we again consider half links associated to one of the nodes (the left one
in fig.7.6a) are outgoing and are assigned the spinors (; 2 3 and half-links associated to the
other node are incoming and are assigned spinors 5172,3. With this setting, it is not hard to
get a similar expression for the relevant part of the right-hand side of (7.58) as in (B.80)
after integrating out (i 23, 51’273 and other auxiliary spinors, which takes the form (we use
here the spinors zeta; » instead of the auxiliary spinors v, 2 as in (B.80) which does not
change the final result.)

/ dg/d,u(z1)(<z1|z1> — 1) ellol) glealglea)—(oalz2) o malglés]
SU(2)

_ / dg §(g)e 2191221~ (e2lz2) nals] (B.82)
SU(2)

:€<n4|53] )
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The result is again the link-term for the general scaleless spin network state. Together with
the irrelevant part of the right-hand side of (7.58), we arrive at the scaleless spin network
state for the 3-cell boundary after gluing, thus the left-hand side of (7.58). O

Proof B.5.6 (Proof of Proposition 7.3.1).
We consider w, .~ with e, €’,e” € v to be the configurations of the propagator and

obtain the stationary points by the vanishing derivative of w, ¢ .». For instance, the deriva-
tives of w%! give

8P({%§é &b _ o g - 12)]?2(2k)!z2k—16—r2 0F(2,2, 5 2
=(, oF3(;3,3, g; ZZQ)Ze * 00 F3(;2,2, %5 Z;)er2 =0,

6P({€;§}_E &) == g T 1)2(2k) 12)T2(2k)'z2k_16_r2 — & oF3(;2,2, %, Z;)e_‘r2
= {0 F5(;3,3, ;; %) ze ™ — ¢ Fs(;2,2, %; ZZQ)erQ =0.

This saddle point formula is valid for the spinors &, &/, €. associated to three links incident

to the same node, thus there are totally six such formulas, which can be summarized as
2 2

follows. Denote A := oF3(;3,3,2;2)ze™ and B := (F5(;2,2,1;2)e ™", then

123 122,957
Al¢] + Blé&) =0 B?Elée) = A*C|C]
Al¢e] + Blée) =0 — | B[Euller) = AX(o|Cer] - (B.83)
Al¢er] + Bléer) =0 B?Eenle) = A(erlC]

The corresponding angle coupling from different tetrahedra have the same ratio A%/B2.
Recall the stationary analysis for the angle coupling norms in (7.78). According to the
trigonometric identity

¢;e/ tan ¢62,e" + tan Qﬁe;" tan qb;/e + tan gb;”e tan ¢;e/ =1,

the angle coupling norms satisfy the closure constraint | X |* 4 | Xerer | + | Xeer|* = 1, thus
|B|4 = |B’4 (ng|§e’>’2 + |[£e”£e”>|2 + |[£e”|§e>|2)
= [A]" (KCelCT* + 1{Cer Cer] 1 + [CerlCel?) = |AI*
Taking the norm of the right equations in (B.83), we arrive at (7.80).

(B.84)

tan

(B.85)
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