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Chapter 1

Motivations and scope of the thesis

One of the most fascinating aspect of physics is the possibility of addressing fundamental
questions such as what is time? what is space? what is matter?

Tentative answers date back to the very beginning of physics itself, due to the works of
Galileo and Newton, and, despite the great results of the XX century, a complete description
of nature at high energies, particularly the Planck energy, is still missing. The first aspect
that should be pointed out is that a good physical theory should predict the results of possible
experiments (i.e. there is a notion of determinism). The second aspect is that a notion of
relation between different observers would be required (i.e. there is a principle of relativity).
Indeed Galileo realized these issues in the XVII century formalizing the scientific method and
the Galilean principle of relativity between inertial observers. For more than three centuries,
nature has been investigated and many observed phenomena have been described in terms
of mathematical equations. Particularly, in early '900 several experiments indicated that the
fundamental description of nature is depicted by Quantum Mechanics. At the same time, a
reconsideration of the gravitational theory inspired Einstein to formulate General Relativity,
characterized by a new principle of relativity together with a new idea of space-time. Thus, a
Quantum theory of Gravity would unravel the essential nature of space and time.

General Relativity

General Relativity is “probably the most beautiful of all existing theories” [1].

Indeed, it proposes a new description of space-time, clarifies the relation between space-time
and matter in a pure geometric picture and generalizes the notion of relativity to all inertial
as well as non-inertial frames. Actually, in the framework of General Relativity space-time is a
four-dimensional Lorentzian manifold with a Levi-Civita connection, whose curvature is related
to the energy-momentum tensor by the Einstein field equations [2]:

1
R, — éRg,w + Ag, = 87T}, (1.1)

The metric g,,, the curvature R,,, and matter, described by the stress-energy tensor 7),,, are
dynamical fields affecting each other: matter tells space-time how to curve, and curved space-
time tells matter how to move [3]. Actually, since the metric is the gravitational field, General
Relativity is the most advanced classical field theory that we have developed describing the
gravitational interaction, with many experimental confirmation [1-3].

The tensorial nature of the Einstein field equations expresses the first fundamental sym-
metry of the theory, the general covariance, i.e. passive and active diffeomorphism invariance.
Particularly, a physical state corresponds to an equivalence class under active diffeomorphism [4]
of solutions of the Einstein field equations (1.1). As a consequence, coordinates have no phys-



ical meaning, whereas physical observables are diffeomorphism invariant quantities, relational
concepts, such as the intersections of world-lines.

The second fundamental symmetry of the theory is local Lorentz invariance, related to the
principle of equivalence. Specifically, in any gravitational field it is always possible to choose
a coordinate system which is locally flat and such that the tidal effects of the gravitational
acceleration may be ignored. In other words, “space-time curvature and tidal gravity are the
same thing expressed in different languages, the former in the language of relativity, the latter
in the language of Newtonian gravity” [5].

Importantly, the gravitational field (the space-time metric), has a dynamical nature, since is
the solution of the Einstein field equations. The precise structure of space-time is background
independent as it is the result of a subtle interaction between matter fields and the gravitation
field [6]. Therefore, in General Relativity there is no absolute space nor absolute motion [4].

Quantum Mechanics

The second aspect of the revolution that characterized the beginning of the XX and that has
deeply changed the notion of determinism in physics is Quantum Mechanics. While General
Relativity was formulated in order to describe gravitational interactions in a coherent theoretical
framework, and then experimentally verified, Quantum Mechanics was formulated in order to
explain a wealth of phenomena in the microscopic world. In the new picture of Quantum
Mechanics, the previous classical description could be only a macroscopic approximation, where
quantum effects are neglected.

The main feature of Quantum Mechanics relies in its intrinsic probabilistic nature, since
only the probability of possible outcomes of experiments can be predicted. The consequences
are manifold involving both technical [7] and fundamental issues [8]. Mathematically, at mi-
croscopic scale (quantum regime) the classical notion of trajectory disappears, the phase space
is replaced by a Hilbert space, physical states are represented by rays in the Hilbert space, and
observables are represented by Hermitian operators acting on physical states. Particularly, the
operatorial nature of observables and their non-commutativity lead to the uncertainty principle
and the quantum regeneration of states. Also the role of the observer has changed, especially
in the measurement process.

However, Quantum Mechanics is formulated in a non-covariant language: while position is
a physical observable (an Hermitian operator), time is just a parameter, that parametrizes the
evolution of states (in the Schrodinger picture) or observables (in the Heisenberg picture) [9)].

Quantum Field Theory

Attempts to conciliate Quantum Mechanics and Special Relativity lead to the formulation of
Quantum Field Theories [10], which are the mathematical framework of the Standard Model.
Among the confirmations of the Standard model, we can mention the agreement between the
predicted and measured value of the anomalous magnetic dipole moment of the electron, the
prevision of Z and W+ and Higgs bosons, and the predictions concerning the nucleon internal
structures in deep inelastic scattering experiments.

Mathematically, the Standard model is a Yang-Mills theory (non-abelian gauge theory) de-
scribing strong and electro-weak interactions, characterized by global Lorentz invariance and
internal gauge symmetries.

However, Quantum Field Theories are formulated on a fixed background, i.e. a fixed metric
structure (the Minkowski space-time or, more generally, a curved space-time). Particularly,
Quantum Field Theory in curved space-time [11] has been used to formulate semi-classical
gravity, resulting in the predictions of black holes radiation [12], and the black hole entropy [13].



Nevertheless, the notion of particle, Fourier modes, vacuum, Poincaré invariance are essential
tools that can only be constructed on a given space-time geometry [14]. Particularly, the fixed
background is necessary in the decoupling of high energy modes and low energy modes, and
thus in the standard renormalization process. Actually, we know that standard background
dependent quantum field theories are characterized by divergences, which can be removed by
tuning the parameters of the theory in order to match observations [14]. The remarkable fact is
that if we try to formulate a background dependent quantum field theory of gravity it turns out
that the theory is non-renormalizable [15]. Generally, it is considered that a non-renormalizable
theory could be only an effective theory, a low-energy approximation of a more fundamental,
renormalizable theory [14]. The reason is that in a non-renormalizable theory we have to fix
an infinite number of quantities by comparison with experiment [16], and consequently it has
very limited predictive power. Therefore, the fundamental background independent quantum
theory of gravity is expected to be a renormalizable theory.

Quantum Gravity

As we have seen, both General Relativity and Quantum Field Theory have several experimen-
tal confirmations, the first describing macroscopic phenomena of cosmological scales, while the
second microscopic phenomena, such as elementary particle physics; but they are not compat-
ible, since they rely on a different notion of space-time, different mathematical assumptions, a
different principle of relativity and a different notion of determinism.

Since fundamental aspects of nature are described by quantum physics, it seems that a
quantum theory of gravitation, describing the microscopic degrees of freedom of space-time,
is necessary. Moreover, Quantum Gravity is expected to solve several open questions. For
example, the break-down of classical General Relativity in presence of space-time singularities;
the need to explain the Bekenstein-Hawking entropy in terms of microscopic space-time degrees
of freedom; the description of the early universe approaching the Big Bang; the question of the
fate of black holes at the end of Hawking’s evaporation and the information paradox [17].

Moreover, Quantum Gravity may provide a description of the interaction between quantum
matter fields and the gravitational field; clarify the consequences of the uncertainty principle
on General Relativity and the the role of UV divergences [17].

But what would be the principal features of a quantum theory of gravity?

From General Relativity insights we know that space-time is the gravitational field, and it is a
dynamical entity.

From Quantum Field Theory insights we know that all dynamical fields (and thus also the
gravitational field) are described within the framework of Quantum Mechanics, they are quan-
tum fields [4].

Thus, from the great results of Quantum Field Theories and General Relativity we would
expect that Quantum Gravity could be a background independent, renormalizable Quantum
Field Theory. Recently, there have been proposed several background independent Quantum
Field Theories that could describe Quantum Gravity [18] such as M-theory and Supergravity,
Loop Quantum Gravity (LQG) and Spin Foams, Causal Dynamical Triangulations (CDT) and
Simplicial path integrals, Tensor models and Group Field Theories (GFT).



1.1 The Spin Foam approach and Group Field Theories

In this thesis we consider the Spin Foam approach and, particularly, its formulation in terms
of Group Field Theories.

Spin Foams models [14,17,19-21] were originally introduced as an attempt for a covariant
quantization of space-time and geometry, charaterized by a fundamental discreteness. Partic-
ularly, continuum space-time is replaced by a cellular complex to which purely algebraic data
are associated to encode geometric degrees of freedom. Indeed, the Spin Foam approach shares
several features with lattice gauge theories [22], nevertheless the nature of the cellular complex
is different in the two approaches [20].

Subsequently, it was argued that Spin Foams may be also seen as a covariant quantization
of Loop Quantum Gravity [4,21], whereas the latter is based on a canonical formalism [23—
26]. Indeed, also the canonical quantization of gravity has been considered in past decays.
However, the difference between Loop Quantum Gravity and canonical quantum gravity studied
by DeWitt [27] is related to the choice of the canonically conjugate variables.

Finally, it has been understood that every Spin Foam model admits a dual formulation in
terms of Group Field Theories, a generalization of matrix models for 2d gravity (proposed in
a string theory context [28-31]) and a point of convergence of many approaches to quantum
gravity, such as Simplicial path integrals, Loop Quantum Gravity, Tensor models and Non-
commutative geometry [32].

Group Field Theories [32-35] are quantum field theories on Lie groups, characterized by

combinatorial non-local terms in the action. The expansion of the partition functions in terms
of Feynman diagrams defines a sum over all topologies and all geometries of simplicial com-
plexes, corresponding to Spin Foams.
The reason of this duality is related to the fact that the classical phase space of these theories
is connected to the cotangent bundle of Lie groups [36,37]. The quantization process of these
phase spaces is subtle, as it requires tools from algebraic canonical quantization, but it has
been discovered that there are three representations on the Hilbert space: a spin representation
(corresponding to Spin Foam models), a group representation (corresponding to GFT mod-
els) and a non-commutative metric representation (corresponding to simplicial path integrals).
Remarkably, these representations are equivalent.

In four dimensions, model building has been mainly inspired by the classical formulation of
General Relativity as a constrained BF theory, called the Holst-Plebanski formulation.
Importantly, BF theory is a topological field theory, and it is easy to quantize, both in the Spin
Foam framework and in the corresponding Group Field Theory context.

Having quantized the BF part, the crucial step is the implementation of the constraints that

reduce it to gravity, called simplicity constraints.
At the classical level, simplicity constraints have been extensively studied in recent years, both
in the continuum as well as in the discrete context. Historically, the first simplicity constraints
considered were the quadratic simplicity constraints, replaced recently by the stronger linear
simplicity constraints, as the latter have several advantages [38—41].

Using tools from geometric quantization [42], simplicity constraints are turned into operator
equations and then imposed on the quantum states. However, the correct imposition has not
been fully understood yet, although several strategies have been developed and applied in the
literature, based on different mathematical tools, and leading to different candidate models for
quantum space-time.

In the thesis we investigate and compare some of these models, pointing out key differences
and similarities. Specifically, we consider the EPRL model [43], based on the Master constraint
criterion; the modification of the EPRL model suggested by Alexandrov [44], proposed to
relate the spin connection of Spin Foam models and the Ashtekar-Barbero connection of Loop



Quantum Gravity; the Ding-Han-Rovelli solutions of the Gupta-Bleuler citerion [45]; the Freidel
Krasnov model [38], based on Livine-Speziale coherent states [46,47] and the Baratin Oriti
model [48-50], based on a non-commutative representation of Group Field Theory. Actually,
we implement all these models in the extended GFT formalism, recently developed in [49,50].
Remarkably, we show that the Baratin Oriti model satisfies the Gupta-Bleuler criterion
and the Master constraint criterion exactly, for every well-defined quantization map, with no
restriction on the Immirzi parameter. This is the main result of the thesis, as it put the Baratin
Oriti model into the foreground as one of the most promising model for four dimensional
Quantum Gravity.
Moreover, we investigate the Baratin Oriti model in the large-j limit, which is supposed to be
related to the semi-classical limit, although the continuum limit has not been fully understood.
Particularly, we show that the function weighting the Baratin Oriti solutions peaks on the
conditions that characterize the Freidel Krasnov (FK) model and (partially) the EPRL model.
However, the Baratin Oriti model is more general, since it does not enforce the spin relations
characteristic of the EPRL/FK models, and it does not impose any rationality condition on
the Immirzi parameter, allowing more solutions. Also the Ding-Han-Rovelli model allows more
solutions than the EPRL and Freidel Krasnov models, although these extra solutions have not
been explored in the literature.
In the thesis we investigate these extra solutions, particularly in relation with the extra solutions
characterizing the Baratin Oriti model. Our preliminary analysis shows that these solutions
are good solutions, with a proper asymptotic behaviour (as the extra solutions with a strange
large-7 behaviour are suppressed by the weighting functions) and shouldn’t be overlooked.

1.2 Plan of the thesis

Chapter 2 is dedicated to the presentation of the Palatini formulation of General Relativity,
which is the starting point of most of the approaches to Quantum Gravity. Then, in Chapter
3, we introduce Loop Quantum Gravity, a canonical quantization of General Relativity, based
on the introduction of the Ashtekar-Barbero connection.

The reason we introduce Loop Quantum Gravity is twofold. On one hand spin network states
are the boundary states of Spin Foam models. On the other hand, Spin Foam models are a
covariant quantization of General Relativity, and they might provide a solution for the problem
of the dynamics, affecting Loop Quantum Gravity.

In Chapter 4 we introduce some mathematical tools that are extensively used in the thesis.
Particularly, we consider the classical and quantum mechanics on SO(3). The reason are
manifold, since 7*S0(3), the cotangent bundle of SO(3), is related to the phase space of Loop
Quantum Gravity, Spin Foam models and GF'T models. As mentioned before, the corresponding
Hilbert space L?(SO(3)) has three equivalent representations, depicting the Spin Foam / GFT
/ Simplicial path integral correspondence: the spin representation (related to Spin Foam), the
group representation (related to GFT), and the metric representation (related to simplicial
path integrals). Moreover, these representations appear also in Loop Quantum Gravity as the
holonomy representation, the spin network representation and the flux representation.

Then, in Chapter 5 we introduce Spin Foams, and their relations with Loop Quantum
Gravity, lattice gauge theories and Group Field Theories. Particularly, we consider the Spin
Foam and the GFT quantization of BF theories, as gravity can be seen as a constrained BF
theory. The constraints that reduce BF theory to gravity are described in Chapter 6. In
Chapter 7, we present the strategy to define a GFT model describing Quantum Gravity, and
then we present the EPRL model in Chapter 8; the modification of the EPRL model suggested
by Alexandrov in Chapter 9; the Ding-Han-Rovelli solutions of the Gupta-Bleuler citerion in
Chapter 10; the Freidel Krasnov model in Chapter 11; and the Baratin Oriti model in Chapter



12.

Last sections are dedicated to the important results of this thesis, namely the proof that
the Baratin Oriti model satisfies the Master constraint criterion and the Gupta-Bleuler exactly,
without imposing any rationality condition on the Immirzi parameter, nor imposing any par-
ticular choice of the quantization map. Moreover, the Baratin Oriti model is compared, in the
asymptotic limit, with the other modes presented in the thesis. Results are summarized in
Chapter 13, together with discussions on the role of simplicity constraints and possible out-
looks. Finally, in Appendix A we describe part of the differential geometry used in the thesis,
as well as quantization procedures in Appendix B.

10



Chapter 2

General Relativity

In this chapter, following [4,51], we present some topics in advanced General Relativity. Par-
ticularly, we start with the Palatini (or first order) formulation of General Relativity, as it
is the starting point for modern approaches to quantum gravity. Then, following [20,51] we
present the Lagrangian and the Hamiltonian formulation of General Relativity in the first or-
der formalism. Both path integral and canonical attempts to quantize General Relativity have
been considered in the past decays, particularly after the formulation of Yang-Mills theory.
However, significant improvements have been obtained with the introduction of new variables:
holonomies and fluxes. Specifically, the last section is dedicated to the introduction of the
holonomy-flux algebra, a particular example of the Poisson algebra of a system whose phase
space is the cotangent bundle of a Lie group.

2.1 The Palatini formulation of (General Relativity

In General Relativity, space-time is a four dimensional smooth manifold M. Coordinates on

M are denoted by x = z#, where indices p,v =0, ...,4 are space-time tangent indices.
The gravitational field or tetrad e is a one form with values in Minkowski space:
el(z) = ei(x)dx” (2.1)
where indices I, J = 0, ..., 3 label the components of a Minkowski vector, carry a representation

of the Lorentz group, and are raised and lowered by the Minkowski metric 7;;. The tetrad is
symmetric under

e Diffeomorphism

N
e,u (l’ ) - aZL‘/” SV(CL’) (22)
e Local Lorentz transformation
eif(x) = Ag(x)ei(x) (2.3)

Mathematically, the tetrad provides an isomorphism between the tangent bundle of M,
TM, and a Lorentz principal bundle F' = (M, SO(3,1)) [51].
On this bundle we have a connection wﬁ‘] , that is a 1-form with values in the Lorentz algebra,
which we can use to define a covariant differentiation on the fibres,
D' (x) = v (z) + wiJ(x)vJ(x). (2.4)
and a gauge covariant exterior derivative D on forms. For instance, for a 1-form u’:

Du! = du’ + Wl A’ (2.5)

11



The torsion 2-form is defined by the first Cartan structure equation:
T! = Tlfyd:L‘“ ANdz” = De! =de’ +w';ne’. (2.6)

A tetrad field e determines uniquely a torsion free spin connection w = wle], called compatible
with e, by
T! = de +wle]’;ne’ =0, (2.7)

Given the connection, the curvature of w is the Lorentz algebra valued 2-form defined by the
second Cartan structure equation:

RY = Riidx“ Ada” = dw!' + Wl e AW, (2.8)

which shows that General Relativity is a gauge theory whose local gauge group is the Lorentz
group, and the Riemann tensor is nothing but the field-strength of the spin connection.
In terms of the tetrad the Einstein-Hilbert action can be rewritten as

S(ei) = %E]JKL/GI Ael NFEE (w(e)). (2.9)

Finally, we can consider the connection to be an independent variable. Namely,

1
S(ei,wi‘f) = §eIJKL/eI/\eJAFKL (w). (2.10)
The two actions are equivalent on-shell since the extra field equations, coming from varying the
action with respect to w, simply impose that the connection is the spin connection of General
Relativity.

2.2 Hamiltonian analysis of tetrad formulation

In this section, following [24,51], we consider the Hamiltonian analysis of the Palatini formu-
lation of General Relativity, since it is the starting point for loop quantization. As usual, the
first step is to rewrite the Palatini action in terms of canonically conjugated variables and then
perform a Legendre transform.

To this end, we assume that the space-time manifold M is globally hyperbolic. Specifically,
M has the topology M ~ R x ¥, where ¥ is a fixed three-dimensional manifold of arbitrary
topology and space-like signature, and M has no causally disconnected region.

With this assumption, we can foliate M into a one-parameter family of hypersurfaces
Y = Xi(¥) embeddings of ¥ in M, with coordinates coordinates (¢,x), where we identify
the coordinate t € R as a time parameter.
Due to diffeomorphism invariance, physical quantities are independent of the specific choice of
the foliation [51].
Given a foliation X; and the adapted coordinates (¢, x), we can define the time flow vector:

wrn _ 0X{'(2)
™(z) = o

= (1,0,0,0). (2.11)
Note that generally, this vector is not parallel to the unit normal vector to 32, which we denote

n#, despite the fact that they are both time-like.
Thus, we can decompose 7" into its normal and tangential parts,

™(x) = N(z)n*(x) + N*(x). (2.12)

12



Finally, it is convenient to parametrize n* = (1/N, N*/N), so that N* = (0, N*), where N is
called lapse function, and N shift vector.
Now, in the tetrad formalism, it it possible to show that [51]:

ed = efﬂ'“ = Nn' + N%!, dijetel = gap, i,a=1,2,3. (2.13)

where we have introduced the triad ¢, i.e. the spatial part of the tetrad.

As mentioned before, in order to perform the Legendre transformation we need to identify
canonically conjugated variables. Fortunately, Ashtekar found a particular choice of variables
which simplifies the analysis, the famous Ashtekar variables, which are usually introduced in
the “time gauge” eﬁn“ =6}

The crucial change of variables is the following: we define the densitized triad

1 .
E! =eef = Eeijksabceielj, (2.14)
and the Ashtekar-Barbero connection
. . 1 . .
Al =y + égékwgk. (2.15)

where 7 is the Immirzi parameter.
These variables are conjugated, with the fundamental Poisson bracket:

{AL(2), B (y) } = 70,0;0°(x, y) (2.16)

The new internal index i corresponds to the adjoint representation of SU(2), should be seen as
an auxiliary local symmetry group, since the connection with the original Lorentz group of the
tetrad formulation is hidden in the change of variables (2.14)-(2.15).

Finally, we can rewrite the action in terms of the new variables as [23,24, 51, 52]

1 5 |
S(A, B, N, N°) =~ / dt / B [A;Eg _AiG,— NS — N“Ca] , (2.17)
b
where
gj = DaE;l - aaEJ('l + gjkagLEaea (218)
1 1+ 72

Co = ;ngEj? — KiG,, (2.19)

g
. . a b 2 ) a
S = [l — (4 +1) eymuKmiy] A0 LT i L

detE ol “detE’

(2.20)

Lapse and shift are Lagrange multipliers, and consistently we refer to S(A, E) and C,(A, E) as
the Hamiltonian or scalar and space-diffeomorphism or vector constraints. The last constraint,
the Gauss constraint (2.18), generates SU(2) gauge transformations.

Despite the fact that for the special case v = ¢ we have several advantages [51], for example
the SU(2) subgroup of the Gauss constraint corresponds to the self-dual subgroup of the Lorentz
group, as well as the Hamiltonian constraint (2.20) simplifies, in this case we would need to
impose reality conditions on the complex variables (2.14)-(2.15). These reality conditions are
difficult to deal with at the quantum level, and for this reason we focus on = real and positive.

13



2.3 Smearing of the variables

In this section, following [32], we smear the algebra (2.16).
Being a 1-form A can naturally (i.e. without referring to a background metric) be integrated
along 1-dimensional submanifolds of ¥, namely along embedded edges e.

/A = /Azfjdxa (2.21)

where 7; are the generators of SU(2).

Moreover, a brief look at (2.14) shows that the densitised triad is a 2-form. Hence, it has a
natural associated 2-form (xE)?, (o) = €. E% (o) that can be integrated along submanifolds of
codimension one, namely analytic 2-surfaces S (by means of appropriate parallel transports):
it is natural to smear it on a surface,

E(S, f) = /S(*E)J‘fj, (2.22)

where f is a smearing function with values in su(2)*, the topological dual of su(2) and f; are
its components in a local basis.

2.4 The holonomy-flux algebra

In order to get quantities with a nicer behaviour under SU(2)-transformations we introduce
the holonomy

ho(A) = P exp {— / A] (2.23)

where P denotes the path-ordering, that is,

he(A) =Y /// Ale(s1)) -+~ Ae(sp))dsy - - - ds, (2.24)

=0 155575550

and we parametrized the line e with z%(s) : [0,1] C R — X.
Let us list some important properties of the holonomy [24]:

e The definition of h.[A] is independent of the parametrization of the path e.

e The holonomy is a representation of the groupoid of oriented paths. Namely, the holonomy
of a path given by a single point is the identity, and, given two oriented paths e; and e
such that the end point of e; coincides with the starting point of ey, we have

he=eyes[A] = he, [A]he, [A], (2.25)
where the multiplication on the right is the SU(2) multiplication. We also have that

he-1[A] = hZ1[A]. (2.26)

e The holonomy has a very simple behaviour under gauge transformations. Particularly,
under a gauge transformation generated by the Gauss constraint, the holonomy transforms

he[A] = g(x(0)) he[A] g7 (x(1)). (2.27)
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e The holonomy transforms in a very simple way under the action of spatial diffeomor-
phisms. Given ¢ € Diff(¥) we have

held™ A] = hyoro A, (2.28)

where ¢*A denotes the action of ¢ on the connection. In other words, transforming the
connection with a diffeomorphism is equivalent to simply ‘moving’ the path with ¢~

For a graph v with |v| edges the holonomy assigns an element h,(A) € SU(2) to every edge.

Importantly, as noted in [32] we can either specify the connection field at every point in the
spatial manifold or provide the holonomies along all the paths embedded in the same manifold.
In fact, they are two different parametrization of the same phase space.

Now, we can introduce the cylindrical functions, which play a crucial role in the definition
of the configuration space of the theory.
Generically, a cylindrical function is a functional of a field that depends only on some subset
of components of the field itself. In our case, the field is the connection, and the cylindrical
functions are functionals that depend on the connection only through the holonomies along
some finite set of paths e.

Thus, we can define the space:

Cyl’ = {C7 : A s C(A) € CICV(A) = clhe, (A),... he. (A)} (2.29)

of functions called cylindrical with respect to v, i.e. that depend on A only through the
holonomies h,,(A) and ¢ : SU(2)" — C is a continuous complex valued function.

As mentioned, the configuration space of the theory is related to C'yl”, particularly is defined
to be the space C'yl as the space of functions that are cylindrical with respect to some graph.
Then, it is possible to show [32] that the fluxes E(S, f) are vector fields on Cyl.

Finally, as mentioned in [32], in principle one can compute the classical Poisson algebra be-
tween cylindrical functions in full generality, finding commutativity among any two holonomies
and non-commutativity among fluxes. However, the Poisson brackets are rather complicated,
as they depend on the specific path and surface associated to the variables considered, to the
point that the general commutator between fluxes is not known [53, 54].

Fortunately, we can compute the simplest case of a single link e and a surface and a single
elementary dual surface S, also labelled by e intersecting it at a single point:

{he7 he’}v =0
{Efa he’} = 5:’%]7'6 (230)
{E;, Ejl} = _566/6ijkEl§

with 7; the generators of the su(2) Lie algebra and the dual triad Ef is define as:

$=W%/owW@} (2.31)

where h. , is the holonomy along the path from the starting point of the edge e to the point x
on the surface S..

Remarkably, this phase space has the algebraic structure of 7*(S0(3)) ~ SO(3) x s0(3), the
cotangent bundle over SO(3) [53], that we study in detail in Chapter 4. The interesting fact is
that 7*(SO(3)) is also the kinematical phase space of discrete topological BF theory [55-57],
with SO(3) as gauge group, and thus also simplicial BF theory is based on a configuration
space given by cylindrical functions for the gauge group.

For a more general graph I', we need to consider the direct product of phase spaces of the L
individual links [ € T", modulo relations arising from the requirement of SO(3) gauge invariance
at the V vertices v € I', T* (SO(3)% /SO(3)V) [37].
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Chapter 3

Loop quantum gravity

General Relativity can be formulated in terms of canonically conjugated variables: the Ashtekar-
Barbero connection and the densitized triad with Poisson brackets (2.16). In terms of these
variables the Hamiltonian is a totally constrained system, specifically the sum of three sets of
constraints: the Gauss constraint G;, the spatial diffeomorphism constraint C, and the Hamil-
tonian constraint S.

At this point, following [24,51], we can consider the quantum theory defined using Dirac
quantization, Loop Quantum Gravity. The first step is to represent (2.18), (2.19) and (2.20) as
operators in an auxiliary Hilbert space Hyg;, and then solve the constraint equations

GU=0, CU=0SU=0. (3.1)

The Hilbert space of solutions is the so-called physical Hilbert space Hppys. In Loop Quantum
Gravity, being a totally constrained system, constraint equations govern the quantum dynamics
and represent quantum Einstein’s equations. Importantly, in the thesis we usually assume
natural units ¢ = h = 1, although sometimes we restore A for the sake of clarity.

Since holonomies and fluxes are canonically conjugated variables, at the quantum level, we
can choose to work in the holonomy (or group) representation or in the flux (or non-commutative
metric) representation.

Here, we present the more traditional representation of Loop Quantum Gravity, based on
holonomies and spin networks. However, for an interesting description of Loop Quantum Grav-
ity in terms of fluxes the reader can refer to [54].

3.1 Cylindrical functions and the kinematical Hilbert
space

In the previous chapter we have defined the space of functions called cylindrical with respect
to v, Cyl”. Now, this space of functionals can be turned into a Hilbert space if we equip it
with a scalar product, defined by:

<w(F,f) | ¢(F,f/)> = /H dhef(h81 [A]7 Tt 7h€L [A])f/(hm [A]7 Tt 7h€L [A]) (32)

where dh, is a unique gauge-invariant and normalized measure, called the Haar measure.
Next, we define the Hilbert space of all cylindrical functions for all graphs as the direct sum
of Hilbert spaces on a given graph,

Hyin = & Hr = L*[A, dpar] (3.3)
rcs
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which defines a Hilbert space over (suitably generalized, see [58-60] for details) gauge connec-
tions A on 3.

The integration measure du 47, over the space of connections is called the Ashtekar-Lewandowski
measure. Finally, the scalar product (3.2) can be generalized on Hy;, as a scalar product
between cylindrical functionals of the connection with respect to the Ashtekar-Lewandowski
measure:

(Vnp) | Vo)) = / dpar Yy, 1) (AW s, 1) (A). (3.4)

Remarkably, the representation of the holonomy-flux algebra on Hy;, is unique, as proved by
Fleischhack and Lewandowski, Okolow, Sahlmann, Thiemann [61,62].

Thus, we have defined a unique, well-behaved, kinematical Hilbert space for General Rel-
ativity, carrying a representation of the canonical Poisson algebra. Following Dirac, we now
have a well-posed problem of reduction by the constraints:

~ A ~

glz() 0 CaZO S=0
= 5 -5

Hkin Hkm HDiff _— thys. (35)

3.2 Gauge-invariant Hilbert space

Given the kinematical Hilbert space, we need to impose the constraints. Particularly, we start
by looking at the solutions of the quantum Gauss constraint, i.e. SU(2) gauge invariant states
in Hyin. These solutions define a new Hilbert space, that we call HY, = L*[A,duar)/G.

Gauge transformations generated by the Gauss constraint act non-trivially at the endpoints
of the holonomy:

he = h, = Ughe = gsieheg ), (3.6)

i.e. at nodes of graphs.
Particularly, it is possible to show [24] that cylindrical functions invariant under action of the
group at the nodes are a particular class of Wilson loops (the trace of the holonomy around a
closed loop), called spin network states, introduced by Penrose in [63] and independently used
in lattice gauge theory [64,65], which form an orthonormal basis of HY,,.

Spin-networks [66-68] are defined by a graph ~ in 3, a collection of spins {j,}, labelling
unitary irreducible representations of SU(2), associated with links ¢ € v and a collection of

SU(2) intertwiners {¢,} associated to nodes n € ~:

U oty (A) =TT e [T D7 [0e(A)), (3.7)

ney lery

where D’¢[hy(A)] denotes the corresponding j,-representation matrix evaluated at corresponding
link holonomy and the matrix index contraction is left implicit.

Particularly, we construct the spin network gauge invariant wave functional ¥, ;3 ¢..1(4)
by first associating an SU(2) matrix in the D -representation to the holonomies h¢(A) cor-
responding to the link ¢, and then contracting the representation matrices at nodes with the
corresponding intertwiners ¢,,.

3.3 Solutions of the diffeomorphisms constraint

The next constraint we consider is the 3-diffeomorphisms constraint. The usual procedure [24]
to solve the constraint uses group averaging techniques and the existence of the diffeomorphism
invariant measure, and the result is that solutions correspond to generalized states in the
topological dual space C'yl* [60].
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However, in the present discussion we would like to point out the intuitive idea that these
generalized spin networks are given by equivalence classes of spin-network states up to diffeo-
morphism. In other words, two spin network states are considered equivalent if their underlying
graphs can be deformed into each other by the action of a diffeomorphism [20].

As a consequence, we note that the spin-network states can be thought as pure combinatorial
structures, completely characterized by the combinatorics of cellular decompositions of space
(piecewise linear manifold [69]), rather than graphs embedded in a smooth manifold.

3.4 Quantum geometry

Before considering the dynamics, encoded in the scalar constraint, we give a look at the geo-
metric operators that can be constructed in Loop Quantum Gravity, generally defined in terms
of the fundamental triad operators E¢.

At the quantum level it is possible to rigorously define the area operator AS(E) [70-T72].
Particularly, AS(E) has a diagonal action on spin networks states vr, associated to the graph
I', and its spectrum is discrete. More precisely, the area of the surface S, with a finite number
of punctures p caused by the intersect of links of I' with S, is given by:

ASyvr = > /720y + Dor (3.8)

pesSNI’

or

Ao = 32 m (Gt 3) vr (39)
pesSNl’
according to the quantization map chosen [73].

Also the volume operator, VU(E), can be rigorously defined [70,71,74,75]. Furthermore, it
has been shown that its spectrum is discrete and volume is concentrated in nodes.

Therefore, spin networks describe a quantum geometry, where each face dual to a link has an
area proportional to the spin j., and each region around a node has a volume determined by
the intertwiner i, as well as the spins of the link sharing the node.

Remarkably, in Loop Quantum Gravity the space geometry is discrete at the Planck scale,
and this fact is not a built-in discretization, rather is a result of the quantum theory. As a
consequence of this fundamental discreteness, Loop Quantum Gravity is expected to have no
ultraviolet divergences, as well as resolving the breakdown of General Relativity in presence of
singularities [51].

3.5 Quantum dynamics

The last constraint we need to impose to complete Dirac’s program, reducing the kinemati-
cal Hilbert space to the physical Hilbert space Hppys is the scalar or Hamiltonian constraint,
encoding the dynamics of the theory [24]:

ST = 0. (3.10)

Unfortunately, the quantization of the scalar constraint is more involved and subtle with respect
to the Gauss and vector constraints, regularization choices have to be made and the result is
not unique.

The reason of the complexity of the time re-parametrization constraint § is related to the 3+ 1
splitting of the canonical formulation, whereas gravity has a manifest 4-dimensional symmetry.
Several rigorously quantization procedures have been proposed [76-79], nevertheless the nature
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of solutions and thus the dynamics seem to depend critically on different ambiguities present in
the quantization schemes. At the same time, for each approach the complete characterization
of Hpnys is unknown as well as the full spectrum of S, and the question whether any of these
theories is rich enough to reproduce General Relativity in the classical continuum limit has not
been answered yet [51].

In order to solve the problem of the dynamics, other possibilities have been explored, par-
ticularly the Spin Foam formalism, a covariant approach to quantum gravity based on a path
integral formulation of Loop Quantum Gravity. The motivation is that, in the generally covari-
ant context, path integrals provide a tool to find solutions to the constraint equations, (see for
example [80]). We will describe in details the Spin Foam approach in the next chapters.

Let us finish by stating some properties of S that do not depend on the ambiguities men-
tioned above. Particularly, in [81,82] it was realized that smooth loop states naturally solve the
scalar constraint operator. Unfortunately, this set of solutions is too small, as they span a zero
volume sector of the physical Hilbert space. However, as a consequence it has been realized
that S acts only on spin network nodes, by creating and/or annihilating new links at nodes,
called exceptional edges, which are characterized by being invisible to subsequent actions of
the constraint [20].

3.6 Projected spin networks

In this section, following [83], we introduce a generalization of the SU(2) spin network states
used in Loop Quantum Gravity. The reason is two-fold: on one hand they correspond to the
boundary states of the extended Group Field Theory formalism, described in Section 5.7.3. On
the other hand they are related to Covariant Loop Quantum Gravity, a loop quantization based
on the full local Lorentz invariance of gravity.
In fact, in the definition of the Ashtekar-Barbero connection we have broken Lorentz covari-
ance by means of the time gauge-fixing, thus reducing the initial Lorentz gauge group to the
rotational SU(2) subgroup corresponding to the rotational invariance of the triad frame.
Also note that Spin Foams are defined in terms of the spin connection, thus a Covariant Loop
Quantum Gravity may clarify the relation between the two approaches.

If we want to reformulate Loop Quantum Gravity in a Lorentz-covariant way, we need a
generalization of the usual spin network, called projected spin network [84,85].
Generally, pro Jected spln networks can be introduced for any group G and its compact subgroup
H. Actually, let ”HG be the representation space of an irreducible representation A\ of G. This
representation can be decomposed with respect to the subgroup H, of x € X = G/H as the

direct sum '
He = PHY (3.11)
J
and we define the projected spin network function by:
\I;(F7X,fs,ﬁ,f) g xn H DAZ gé H IAnvjn,ln (312)
lery ney

where we have defined class of intertwiners

L L
%) = FRTD) ( _ \
QH S T0T) (1) = >~ iDL TP, (92) (3.13)

k=1 My MG, k=1

Notations are the following. ¢, is a representative of x € X in G, X and 7 are a set of
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representations of G' and H, and

i e Inv (@ HOW ) (3.14)

is an invariant H-intertwiner.

First, we observe that the projected spin networks depend on the group elements g, € GG, but
also on the elements of the factor space z, € X.

Second, we note that the intertwiner Z is not invariant, rather under general G-transformations
it transforms covariantly:

> (Hquk ) IO = 709 (g - ) (3.15)

q1---9L

Nevertheless, it is invariant under tranformations from the stabilizer subgroup H,, this invari-
ance property was called in [86,87] relaxed closure condition, and appears also in the extended
GFT formalism described in Section 5.7.3.

Finally, in the case of Riemannian four-dimensional gravity we are interested in, G = SO(4)
and H = SU(2), and we have [87]:

. e — .
sk gy, ] = ] (C’Jf]f]"(f)D(]f)(Gf) fif,f,(G?)C]”f“(”) tj(k) - (3.16)

mm'ly s nn/lq ) Y, )t
f

where G = (9r,,)) " 979y 9 18 a representative of v € X in G, CJ72s | are SU(2) Clebsch-
Gordan coefficients, Lgn}}Ui') are matrix elements of an invariant SU(2) intertwiner between 4
representations with spins j;, 2 = 1,...,4, and with intermediate spin k. The sum over repeated
representation indices is implied.

The dependence of the normals z; can be pushed from the matrix coefficients into the inter-
twiners, in this way the projection is done on the rotated subgroup H,,, as we will see in Section
5.7.3.

The projected spin networks appear in Covariant Loop Quantum Gravity describing kine-
matical Hilbert space of canonical loop quantization, and in extended GFT models as boundary
states, where the variables x,, represent the normals of the tetrahedra, thus providing a link
between the two formalisms.
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Chapter 4

Some mathematical tools

In this chapter we, briefly, introduce several mathematical tools that we will use in this thesis,
particularly the geometric structures of classical and quantum mechanics on Lie groups.

The reason is that the phase spaces of Loop Quantum Gravity and discrete topological BF
theory are the cotangent bundle of Lie groups. Specifically, the classical phase space of four
dimensional simplicial BF theory decomposes into 7*S0(4) = T*SU(2) x T*SU(2)/Z, for each
triangle of the simplicial complex, and is the starting point for Group Field Theory and Spin
Foams models for Quantum Gravity.

As we will see, already at the classical level, such phase spaces are characterized by a non-
commutative structure, given by the non-commutativity of momenta. Thus, at the quantum
level, we need to be careful when we consider (non-commutative) momentum representation
and (non-commutative) Fourier transform.

Following [36,37], in Section 4.1 we consider for simplicity the phase space T*SO(3), since
results can be easily generalized to the double covering T*SU(2). Interestingly, in Loop Quan-
tum Gravity, this is the phase space describing the simplest case of a link [ and a surface S
intersecting it at a single point. In Section 4.2 we introduce a set of coordinates parametriz-
ing the phase space, and we canonically quantize these coordinates by choosing an opportune
quantization map in Section 4.3.

We will see that there are three different representations acting on the Hilbert space, the
group representation in Section 4.4, the spin representation in Section 4.5 and the algebra
representation in Section 4.6. The latter is also called non-commutative momentum basis,
or non-commutative metric representation, due to the fact that we need to introduce a non-
commutative x-product that depends on the choice of the quantization map Q. In Section 4.7
we present the transformation relating these representations, called non-commutative Group
Fourier transform, whose properties are described in Section 4.8. Particularly, in Section 4.9
we give an explicit example, the Freidel-Livine-Majid quantization map, which will be used in
the following.

4.1 Structure of the phase space T*SO(3)

Every Lie group G has a globally trivial cotangent bundle T*G ~ G x g.
In the case of SO(3), the cotangent bundle T*SO(3) ~ SO(3) x so(3) is parallelizable due to
the existence of left-(right-) invariant 1-forms P, induced by the group action as

Ph =L:P, €TySO(3) and PJ, =R!P, €T;,S0(3), (4.1)

where L* and R* are the pull-back of the left- multiplication L,h = gh and right- multiplication
Ryh = hg on 1-forms.
We can consider left-invariant 1-forms P* =: PL or right-invariant 1-forms P® =: P in the
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cotangent space at the unit element T*SO(3) ~ s0(3) ~ R?® as the momentum space of the
system. Cotangent bundles are endowed with a canonical symplectic structure that, together
with ordinary pointwise multiplication - on C*°(T*SO(3)), uniquely determines the Poisson
algebra Pso(s).

Choosing to represent the algebra variables with right-invariant vector-fields, the Poisson brack-
ets {-, -} pp on the phase space T*SO(3) are given by [36]:

. OF 9G

oF oG
F.GYps = o lig — Lif 5
{F,G}pB 8Pi£g Lfapi‘i‘
for F,G € CY(T*SO(3)), where L; are Lie derivatives on SO(3) with respect to an orthonormal
basis of right-invariant vector fields and P; are Euclidean coordinates in the momentum space

50(3) ~ R3. From here on, where not differently specified, right-invariant vector fields are
considered.

4.2 Parametrization of the phase space T*50(3)

Now, we need a parametrization of the phase space T*SO(3) = SO(3) x s0(3). Regarding
the cotangent space, we can use the coordinate P;, which are globally well-defined due to the
parallelazability of 7*SO(3). Conversely, we cannot introduce a unique coordinate system
¢t e C*°(S0(3)) on SO(3), since SO(3) is a compact group that cannot be covered with only
a coordinate patch. However, we can choose a set of coordinates ¢* : SO(3) — R by imposing
f . fc(¢"), where f; o EE f, for all f € C*(SO(3)) and we assume ((e) = 0 and L;(?(e) = (5f
With these choices the Poisson brackets, induced by the right-invariant vector fields, read

{¢,FYrp=0 , {(".P}ps=Lr (" . {P.P}ps=¢,"P (4.3)

Particularly, we can choose a coordinate system & (g) in a neighbourhood of any element
h € SO(3), such that g = exp[i&} (g)t;|h, where t; = T;(e) € T.SO(3) = s0(3) is a Lie algebra
basis. With this choice, the Poisson brackets (4.3) read:

(6.8 =0 . {&.P}rs = & . {P.P}ps=¢;"D (4.4)

for all h € SO(3).

4.3 The quantization of the phase space T*S0(3)

The Algebraic canonical quantization of cotangent bundles and the quantum representations for
general (weakly exponential) Lie groups have been extensively studied in [36,37,88,89]. See also
references therein. The result is that one can define a quantization map Q giving a canonical
formulation of quantum mechanics corresponding to the classical phase space T*SO(3), by
choosing for canonical variables the group elements g € SO(3) and the Lie algebra elements
P € s0(3) ~ R3. Actually, we define § = Q(g) and P, = Q(P;), such that the commutators
of the operators P and the coordinate operators é’z := ("(g) corresponding to the coordinate
functions ¢* : SO(3) — R3, induced by the right-invariant vector fields, read

L Pl=0 , [¢\P]=ilnct [P P =ie By (4.5)

%)
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4.4 Group basis

We first consider the group representation on L?(SO(3)) defined as the one diagonalizing all
the operators f = Q(f) € Aso(s), where f € C*(SO(3)) and Ago(s) is an abstract *-algebra
of operators. Particularly, we consider a complete set of orthonormal basis states {|g) | g €
SO(3)}, labelled by group elements, which we will call the group basis, and satisfying

f(@)lg) = f(g)lg) (4.6)
and
(9lg)y =d(g7"g") and / dg 19)(g] = Lr2(s0)) » (4.7)
SO(3)

for any function f € C*°(SO(3)) over SO(3), where ﬁLz(SO(g)) denotes the unit operator, dg the
normalized Haar measure. As noted in [37], the property f(§)|g) = f(g)|g) guarantees that,
for any coordinate system on SO(3), |g) are the eigenstates of the coordinates. Then, we can
define the Hilbert space H as the set of all states |¢), whose decomposition in the |g) basis can
be expressed in the form

W= [ dguily (48)
50(3)
where ¢ € L*(SO(3),dg), and (|¢)) = 1, so that:
(91 £ (@) = f(g)¥(g) (4.9)

For the Lie algebra operators ﬁ’i, corresponding to momentum operators, in the group basis
{l9)| g € SO(3)} we define the self-adjoint operators in L*(SO(3),dg):

P =—ilr, (4.10)

in the sense X

(g|Pl0) = =il (g) (4.11)
where L7, is the Lie derivative on SO(3) with respect to the right-invariant basis vector field
T; € TSO(3), since these are the generators of translations on SO(3).

With these choices, (4.5) are satisfied due to the properties of Lie derivatives, so that the
commutators correctly reflect the classical Poisson structure (4.3) of the canonical variables.
Finally, the quadratic Casimir operator is P? := 3., P> = —Ayp, where App is the Laplace-
Beltrami operator on SO(3).

4.5 Spin basis and coherent states

In this section we review the harmonic analysis of functions on SO(3) in terms of spin repre-
sentations using Peter-Weyl theorem. We also introduce an over-completed basis of coherent
states [37], related to the Perelomov coherent states on a 2-sphere S [90], since they are a very
useful tool in the new Spin Foam models [38].

From harmonic analysis of functions on compact Lie groups, it is known that every function
on SO(3) can be decomposed in terms of spin representations. Specifically, the Peter-Weyl the-
orem shows that L?(SO(3)) decomposes into an orthogonal direct sum of all the irreducible uni-
tary representations, (also called Wigner D-functions) D? (g), j € No, m,n = 0,+1,... 47,
in which the multiplicity of each irreducible representation is equal to its degree (that is, the
dimension of the underlying space of the representation), so that

£(9) = dj finDinal9) (4.12)

jmn
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where d; = 25 + 1 is the dimension of the representation j, and:

s 1 .,
/ dg Dgn/n’(g)Dgrm<g) = —o7 5mm’5rm’ (413)
S0(3) d

J

Therefore, we can define the spin network states |j;n, m) such that (g|j;n,m) = DJ (g), which
constitute a basis in the Hilbert space H = L?(SO(3)), and satisfy

('m! ' |j;m,n) = 6796,m0pm  and Z djlj;m,n)(j;m,n| = ﬁLQ(So(g)) : (4.14)

]7m7n

where j € Ng, m,n =0,+1,..., 4.
Any state |1) € H can be expanded in the spin basis as

Z d;1:m, m) s, i) = Z d,1j;n,m / dg(j; n,mlg) (1)

h | Js (4.15)
=Y djljin.m / o dgDin(g)1(g)
7,m,n

From the associativity of the group product, it follows that left- and right-invariant deriva-
tives commute, so that the operators PLHF .= —iLyr.r, where TEE ¢ TSO(3) are left- and

right-invariant vector fields such that T (e) = T (e) = t. € s0(3), together with the Casimir
operator P? form a maximal commuting set of operators on the Hilbert space H. Thus, we
have
P2ljym,n) = j(5 +1)|g;m,n)
PE|j;m, n) = m|j;m,n) (4.16)
PE|jim,n) = nlj;m, n)
We note that Casimir operators corresponding to left- and right-invariant Lie derivatives coin-
Cide, P2 = (—’i)2 Zz ETiETi-
As we mentioned above, we can define a set of coherent states |j;m,7), 7 € Ng, m, 7 € S?
(the unit 2-sphere in R?), in terms of the representation matrices as

(glg; i, 1) := D3,(g7" 99m) (4.17)
so that

Zd?/dQﬁdelj;Tﬁ,ﬁﬂj;m,ﬁl = I12s0(3)) (4.18)
j

where gz € SO(3) is the unique element, which rotates the unit vector in z-direction in R?
to m with the axis of rotation in the z-y-plane (similarly for 7). These states are related to
Perelomov coherent states [90] |j,7)p on a 2-sphere S? via (g|j;m,7) = p{j,m|D?(g)|j, 7)p
and satisfy the following properties:

P2|jym, i) = j(j + 1)|5; m, i) (4.19)

(4.20)
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4.6 The non-commutative momentum basis

Now, recall that the phase space decomposes as T*SO(3) = SO(3) x so(3). In the previous
section we have seen how to represent functions defined on the group SO(3), the coordinate
space. In this section, following [36,37] we introduce a representation acting on functions of
the classical dual space s0(3), the momentum space.

Since the operators P; are non-commuting, we cannot find a basis of states diagonalizing them
simultaneously. However, we can introduce a star-product x that deforms the theory, so that
the commutation relations are satisfied. Thus, we define a set of states {|P) | P € R3} such
that for ¢ =1, 2, 3:

(PP ) = 0(P) « P
(P|P/|) = Pix¢(P) (4.21)

(PIC* ) = —i0"y(P)
Since, as we have seen before, left- and right-invariant derivatives commute, the states |P)
are simultaneously eigenstates of P¥ = —iL;. and P* = —iLpr corresponding to left- and

right-invariant basis vector fields T/ and T2,
Moreover, we have:

d*p .
<P|P’> = (L(P — Pl) and /']R3 W|P> * <P| == HLz(SO(?))) y (422)

So that, any state |¢)) € H has a representation in terms of the momentum basis as

3P 3P
= P)x(P|Y) = P)xy(P 4.23
W)= [ faplP) e P = [ sl s ) (1.23)
where ¢(P) = (PJ) € L*(R3).

Finally, we need to clarify the relation between the quantization map O, the x-product, and
the operator ordering. From the commutation relation (4.5), the x-product needs to satisfy the
condition:

(PI[Ey, P][v) = [ief; P x 9 (P)

(4.24)
= (P Pj — Pj» Py) x(P)

giving a condition on the x-product. In fact, we impose the stronger condition [36]:

A

(PIF(P)|¢) = fo(P) x4 (P) (4.25)

for all f, € C*(s0(3)) such that f(P) = Q(f.).
Importantly, the choice of the quantization map Q determines uniquely the x-product, since
for all f,, fi € C*(s0(3)) we have [36]:

fex fi= Q71 (Q(f)Q(f) (4.26)

Moreover, the choice of the quantization map Q encodes the operator ordering coming from
the non-commutativity of the elements P,. For example, one can choose the standard order-
ing Q(P'P") = 152”]5;“, or the Weyl ordering Q(P'P") = S(P'P["), where S is the total
symmetrization map, or the ordering coming from the Duflo map D, Q(P/P") = D(P]'P}"),
ete.
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4.7 Non-commutative Fourier transform

In Section 4.5 we have seen that the group basis |g) and the spin basis |j;m,n) are related by
the unitary transformation, the Wigner D matrix:

imyn) = / dglg) D3 (9) (4.27)
S0(3)

In this section we study the unitary transformation that relates the non-commutative mo-
mentum basis and the group basis, the non-commutative Fourier transform on SO(3), first
introduced in [91,92], and subsequently extended to SU(2) in [93] and based on the theory of
quantum groups and Hopf algebras [94]. Recently, it has been utilized in the formulation of a
non-commutative flux representation of Loop Quantum Gravity [54] and a metric representa-
tion of Group Field Theory [48,95], which will be a key point of this thesis. Despite having a
solid mathematical formulation, we are interested mainly in its pragmatical aspects, however
the interested reader can fine more mathematical details in [91,92].

The non-commutative Fourier transform on SO(3) is an intertwiner F : L?(SO(3)) —
L%(s0(3)) between the group and algebra representations, which can be expressed as an integral
transform. Namely,

B(P) = (Pl) = F()(P) = / o 0 (Pl 1)
_ / dg E(g, P) ¥(g) € L2(s0(3))
50(3)

where ¢ € L*(SO(3)), and E(g, P) are the non-commutative plane waves defined, in terms of
the x-product, as

E(g, P) = n(g)e’ 9" = ek F (4.28)

where the prefactor n(g) := E(g,0) may be non-trivial, depending on the x-product or, equiva-
lently, the quantization map Q chosen. Moreover, k(h) = —iln(h) € g from any branch of the
logarithm, and we introduced the *-exponential notation

=1
f(P)fE —
e* _n:On!f* *f(P)

n times

4.8 Properties of the non-commutative Fourier trans-
form

Let us list some important properties of the non-commutative plane wave E,(P) [36], which we
will use in the following:

E,(P) = eik‘(g) P n(g)QZC(g)'P7 (4.29)
E(P)=1, (4.30)
Q(Ey(P)) = e*F € Apyyy (4.31)
Ey1(P) = Ey(P) = Ey(—P), (4.32)
En(P) = E,(P) « E(P) (4.33)



In addition, using n(e) = E.(0) = 1 and the properties of the (-coordinates, namely, ((e) = 0
and £;¢?(e) = 47, it is possible to show that:

I % E,(P) = 8(¢(9)) = 6(g). (430

where the right-hand side is the Dirac delta distribution with respect to the right-invariant
Haar measure on SO(3).
Moreover, we have the important identity [37]:

| a9 BP) = eriap), (4.35)
S0(3)

where 6, is the delta function with respect to the x-product in the sense

/R3 &P 0.(P)x f(P) = 1(0) :/ d*P f(P)x0.(P) (4.36)

R2

We should note that d,(P) is a regular function on R?, and in particular 6,(0) < oco.
Furthermore, it has been shown [36,37] that the non-commutative group Fourier transform is
an isometry with respect to the L2-norms:

ey [ AP
[ 5T 0 = [ 555 TP+ (P) (137

Finally, the inverse transform is given by:

10)= [ G BP)* (P (4.38)

where d3P is the usual Lebesgue measure on R3.

4.9 An explicit example: the Freidel-Livine-Majid map

As we have seen, the choice of the quantization map determines the x-product used in defin-
ing the algebra representation, the ordering of the operators, and the definition of the non-
commutative Fourier transform, particularly the form of the plane waves.
Following [36], we now provide an example of our construction: the Freidel-Livine-Majid quan-
tization map Qprs, that we will use in the following to make explicit calculations.

Actually, we introduce Qppy by defining the non-commutative plane waves on SO(3) [37]:

Ey(P) = exp[Tr(gP)] = explix'(g) P} (4.39)

where the trace Tr(gP) is taken in the fundamental 2-dimensional representation of SO(3),
which is obtained from ¢ € SU(2) via the 2-to-1 map ¢’ — sgn(Tr(g’))g = g € SO(3).
The coordinates x’(g) in the exponential are given by:

' N — i SIN(X(9)])
X'(9) =Tr(go") =&(9)—% 7 - (4.40)
[ X(9)]
where g = expli&(g)t;].
The non-commutative x-product is then defined through the relation:
E,(P)* Ep(P) = Eg(P) YV g,h € SO(3), P € s0(3) (4.41)
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Moreover, by explicit calculation, it can be shown that [37]:
Pyx Pj = PP +ie," Py (4.42)

so the coordinates P; satisfy Lie algebra type of commutation relations, which follow directly
from the properties of the Lie derivative.

Furthermore, with this choice of coordinates, the transformation between the spin basis and
the non-commutative momentum basis is mediated by the transformation kernel [37,96,97]:

20 (IP]) ./ iz
(jim,n|P) = / dg Dim(9)E,(P) = —2?;1“ ‘)Dgnn (elz ﬁ)
50(3) i%| P|

2J25+1(|P)

In the semi-classical limit j — oo, the function Feye]

[37,96].

Moreover, as also noted in [37,54], for the coherent states |j;7;7) it can be shown that
in the semi-classical limit, j — oo, the momentum variables P become commutative, their
non-commutative Fourier transform

approximates a delta function §(| P|—j)

(Pj: ;) — / dg E,(P)D’, (45 99) (4.43)
S0(3)

peaks sharply at P = jr, and therefore we find an identification of the non-commutative dual
variables and the coherent state variables in this limit.
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Chapter 5

Spin Foams and the path integral for
gravity

In this section, following [20], we introduce the general idea behind Spin Foam models, a co-
variant approach to the construction of a quantum theory of gravity.

Particularly, the aim of Spin Foams is to represent a formulation of Quantum Gravity which is
fully background independent and non-perturbative, in the sense that there is no fixed back-
ground geometry, and quantization follows the spirit of path integral formulation of Quantum
Field Theories, as a sum-over-histories in a purely combinatorial-algebraic context [17].
Historically, covariant quantum gravity based on Feynman’s path integral has been considered
by Misner, Hawking, Hartle and others [98,99]. Given a 4-dimensional globally hyperbolic
space-time M = X x R, where, for simplicity, > is usually chosen to be compact and sim-
ply connected, with the topology of the 3-sphere S3, we consider all the possible space-time
metrics G on M, and we call geometries [g] € G/Dif f(M) the space-time metrics up to 4-
diffeomorphisms that are compatible with M. Let ¥; and ¥5 be boundaries of M. Then, the
transition amplitude between |[g.]) on ¥ and |[¢/,]) on 3 is formally

() 1)) = / Dlg] &S0, (5.1)

9]

where the integration on the right is performed over all space-time geometries with fixed bound-
ary values up to 3-diffeomorphisms [gas], [¢),], respectively. The expression above (5.1) is purely
formal, for a variety of well-known reasons (see for example [20]).

Fortunately, Spin Foam models have several advantages with respect to this seminal idea,
and many different approaches converged recently to this new framework: Loop Quantum Grav-
ity (LQG), Topological Quantum Field Theory (TQFT), lattice gauge theory, path integral or
sum-over-histories quantum gravity, Causal sets, Regge calculus, Group Field Theories (GFT)
to name but a few [17].

Particularly, the introduction of spin-network states describing 3-geometry solves many of
the problems of original covariant quantization, since they carry the diff-invariant information
of the Riemannian structure of . Furthermore, these states suggest the possibility of con-
structing a notion of Feynman ‘path integral’ in a combinatorial manner involving sums over
spin network world sheets amplitudes. Heuristically, ‘4-geometries’ are to be represented by
‘histories’ of quantum states of 3-geometries or spin network states. These ‘histories’” are Spin
Foams [17,20, 32], i.e. 2-complexes (collection of faces bounded by links joining at vertices)
with representations of the Lorentz (or SU(2)) group attached to its faces, in such a way that
any slice or any boundary of it, corresponding to a spatial hyper-surface, will be given by a
spin network. Therefore, the 2-complex can be thought of as representing space-time while the
boundary graphs as representing space.
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Spin Foam models [17,20,32] are intended to give a path integral quantization of gravity based
on these purely algebraic and combinatorial structures.

Mathematically, the more general definition of a Spin Foam is based on category theory
[19,100]. For simplicity, here we give the following [19,20]:

Definition 5.0.1. A Spin Foam F : s — ¢, representing a transition from the spin-network
s = (v,{Jje}, {tn}) into 8" = (v, {je}, {tw}), is defined by

e a 2-complex J bordered by the graphs of v and + respectively,
e a collection of spins {j;} associated with faces f € 7,
e a collection of intertwiners {¢.} associated to edges e € J.

Both spins and intertwiners of exterior faces and edges match the boundary values defined by
the spin networks s and s’ respectively.

Spin Foams F : s — s and F’' : ' — s” can be composed into FF' : s — s” by gluing
together the two corresponding 2-complexes at s'.
Finally,

Definition 5.0.2. A Spin Foam model is an assignment of amplitudes A[F| which is consistent
with this composition rule in the sense that

A[FF' = A[F|A[F. (5.2)

Transition amplitudes between spin network states are defined by

(5,8 ) s = > AlF], (5.3)

Fis—s!

where the notation anticipates the interpretation of such amplitudes as defining the physical
scalar product.

We conclude this introductory section by noticing that [20]:

e These definition are formal, as we need to specify the set of allowed Spin Foams in the
sum and define the corresponding amplitudes.

e The background-independent character of Spin Foams is related to the fact that geometry
is encoded in the spin labellings which represent the degrees of freedom of the gravitational
field. Thus, we have an implementation of a sum-over-histories for gravity in a purely
combinatorial-algebraic context.

5.1 Spin Foams and the projection operator into H,,

As we have seen, the boundary states of Spin Foam models are represented by graphs coloured
with representations and intertwiners of a certain group, i.e. spin networks states, which ap-
pear as the so-called kinematical states in the canonical loop quantization of first order gravity.
Loop Quantum Gravity is characterized by three constraints: Gauss constraint, spatial diffeo-
morphisms constraint (both solved by generalized spin network states), and the Hamiltonian
constraint, which implements the dynamics of the theory and whose solutions are still unknown.
The crucial observation to relate Loop Quantum Gravity and Spin Foams is that in a generally
covariant theory the path integral provides a device for constructing solutions to the quantum
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constraints. Thus, Spin Foams naturally arise in the formal definition of the exponentiation of
the Hamiltonian constraint as studied in [101,102]. Following [20,83] we present the idea of
Reisenberger and Rovelli, that is to construct the projection operator using the path integral
representation of the d-distribution,

P=T]6S() = / D[N] M, (5.4)

where N (z) is the lapse function:
S[N] = / Az N(z)S(z), (5.5)

We can think of this formula as a group averaging map which enables to define the physical
inner product as

(8,8 ) phys = (5P, 5") (5.6)

where s and s" are two kinematical states.

Reisenberger and Rovelli considered a truncated version Py (where A can be regarded as an
infrared cut-off), and a diffeomorphism invariant measure D[N] generalizing the techniques
of [103]. Then, using an expansion of the exponential in (5.4), this inner product becomes

(sPy, ') = / D[N]<szg(5m)n,s'>. (5.7)

A key property of the Hamiltonian constraint is that it acts only at the nodes of a graph,
creating new links and nodes, and thereby changing the geometry encoded in the state. Thus,

<3PA’$/>:Z anjx'n Z A[Fn]zz Zn?i}n Z HAv(pvaLv)>

n=0 ’ Fn:s—s’ n=0 Fnis—s' v

where F,, : s — s are Spin Foams generated by n actions of the scalar constraint, i.e., spin
foams with n vertices.

Remarkably, we see that the Spin Foam amplitude A[F,,] precisely factorizes in a product of
vertex contributions A, (py, t,) depending on the spins j, and ¢, neighbouring faces and edges.
Thus, we see that the properties of spin network states, together with a suitably regularized
Hamiltonian constraint, should lead to a certain Spin Foam model [83].

Finally, we would like to discuss the relation between the matrix elements of the P operator
and the discretization independence obtained by a refinement procedure [20].

Particularly, if discretization independence is obtained by a refinement procedure, then the
number of simplexes /N in the triangulation plays the role of cut-off and we define:

(8,8 ) ppys = (5P, ") = lim (sPy,s) (5.8)

N—o0

where (sPy,s’) are the transition amplitudes corresponding to a fixed triangulation with N
simplexes.

5.2 Spin Foams from lattice gravity

In this section we consider the relation between Spin Foam models and lattice gauge theory,
originally studied by Reisenberger [66].
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In the case of Quantum Gravity, both lattice gauge theory and Spin Foam models result in a
covariant quantization of four dimensional gravity, based on discrete structures, however the in-
terpretation of these structures is fundamentally different. Indeed, the background-independent
character of Spin Foams forbids the interpretation of the truncation simply as a UV regulator.

Following [20], we present a brief outline of the formulation, for details see [22,66,104,105].
Starting from the formal path integral of the first order formulation of gravity

z- / Dle] D[A] iS4 — / D[A] ¢iSeand), (5.9)

where we formally integrated over the tetrad e obtaining an effective action Sesy.

Then we replace continuum space-time by a cellular decomposition, specifically a simplicial
complex A. The triangulation specifies another decomposition of the manifold into cells called
the ‘dual complex’. There is a one-to-one correspondence between k-simplices in the triangu-
lation of an n-manifold and (n — k)-cells in the dual complex, each k-simplex intersecting its
corresponding dual (n — k)-cell in a single point. In four dimensional Quantum Gravity, we
denote the dual 2-skeleton A* constituted by edges e € A* and faces f € A* and we discretize
the connection by assigning a group element g, to edges

A = {ge}-

The connection integration is represent by the Haar measure on the group:

DIA] - [] d..

e€A*

Finally, upon discretization, we assign to the curvature F'(A) the holonomy around faces gy

corresponding to the product of the g.’s which we denote gy = gél) . -gén):

F(A) = {97}

Since the action of gravity depends on the connection A only through the curvature F(A), we
have Scfr(A) — Serr({gr}) and the lattice path integral becomes:

2= [ TI do cxpliSual{os}) (5.10)

e€EA*

Following Reisenberger, we can assume that Ses({gy}) is local by demanding that the amplitude
of any piece of the 2-complex, obtained as its intersection with a ball, depends only on the value
of the connection on the corresponding boundary. As a consequence there is a maximal splitting
corresponding to the intersection of a dual vertex in A* (corresponding to a 4-simplex in A)
with a 3-sphere defining elementary building blocks, called atoms.

The atom amplitude, also called vertex amplitude, depends on the boundary data given
by the value of the holonomies around the ten faces of the 4-simplex ¢. This amplitude can
be represented by a function V(p,,t,) depending on ten spins p;; labelling the faces and five
intertwiners ¢; labelling the edges. The total amplitude is given by gluing the atoms together,
summing over common values of spin labels and intertwiners:

Z[A] = Z Z H Af(pf’Lf> H V(pus b)), (5.11)
Cr{f}—={ps} Ce:{e}—={tc} fEA* VEA*

where C, : {e} — {t.} denotes the assignment of intertwiners to edges, Cs : {ps} — {f} the as-
signment of spins p; to faces, and Ay (py, ¢f) is the face amplitude arising in the integration over
the lattice connection. Thus, as we have anticipated, the lattice definition of the path integral
for gravity and covariant gauge theories becomes a discrete sum of Spin Foam amplitudes.
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5.3 Spin Foams as Feynman diagrams

In the previous sections we have seen that we can compute the transition amplitude between
two spin networks as a sum over Spin Foams going from the first spin network to the second.
Each Spin Foam contributes to the amplitude an amount given by a product of amplitudes
associated to its vertices, edges, and faces. Moreover, we have seen that we can define a vertex
function by intersecting the Spin Foam with a small sphere centered at the vertex. As already
pointed out in [19], Spin Foams can be interpreted in close analogy to Feynman diagrams.
Standard Feynman graphs are generalized to 2-complexes where the edge and face amplitudes
can be thought of as propagators, while Spin Foam vertices can be thought of as interactions,
and the vertex amplitudes characterize the non-trivial dynamics of the theory [20].

This analogy has been motivated by the generalized matrix models of Boulatov and Ooguri
[106,107] and recently has been realized in the so-called Group Field Theory/Spin Foam duality.
The remarkable fact is that every Spin Foam model admit a dual formulation in terms of a field
theory over a group manifold [108-110], in the sense that Spin Foam amplitudes correspond to
Feynman diagrams of the GF'T, which in turns correspond to simplicial path integral [32], as
we will see in Section 5.7.

5.4 Discretization dependence

As we have seen, Spin Foam models are defined on a fixed cellular decomposition of M, which
reduces the infinite dimensional functional integral to a multiple integration over a finite num-
ber of variables.

However, transition amplitudes are discretization dependent, as the fixed cellular decomposi-
tion imposes restrictions on the allowed Spin Foams in the path integral (only those that can be
obtained by all possible coloring of the underlying 2-complex) and on the possible 3-geometry
spin network states on the boundary (only those that can be obtained by all possible coloring
of the underlying boundary graph).

Therefore, a consistent definition of the path integral using Spin Foams should include a pre-
scription to eliminate the discretization dependence [20].

Importantly, the nature of the truncation is different from the UV regulator of lattice gauge
theories given by the lattice spacing. In fact, since in Spin Foam context geometry is encoded in
the coloring (that can take any spin values) the configurations involve fluctuations all the way
to Planck scale, and the truncation cannot be regarded as an UV cut-off as in the background
dependent context of lattice gauge theories. Moreover, in the background independent context
the triangulation contains only topological information and there is no geometrical meaning
associated to its components.

A special case is that of topological theories, where there are no local excitations (no gravi-
tons), and the result is independent of the chosen cellular decomposition.

In this case, we can define the sum over Spin Foams with the aid of a fixed cellular decompo-
sition A of the manifold, which suffices to capture the degrees of freedom of the topological
theory.

For the general case there are two main approaches [20]:

e Refinement of the discretization: According to this idea, topology is fixed by the simplicial
decomposition. The truncation in the number of degrees of freedom should be removed
by considering triangulations of increasing number of simplexes for that fixed topology.
The flow in the space of possible triangulations is controlled by the Pachner moves. In the
general case there is a great deal of ambiguity involved in the definition of refinement. The
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hope is that the nature of the transition amplitudes would be such that these ambiguities
will not affect the final result.

e Spin Foams as Feynman diagrams: According to this idea the discretization indepen-
dence is recover in the context of Group Field Theories, where the perturbative Feynman
expansion of the GFT provides a definition of sum over discretizations which is fully
combinatorial and hence independent of any manifold structure.

Nevertheless, the convergence issues become more involved. Despite the fact the per-
turbative series are generically divergent, physical information can be obtained by the
asymptotic limit, or using re-summation techniques.

5.5 A note on the signature: Riemannian gravity

Until now, we have considered the Lorentzian theory, since it is the physical one. However, the
Lorentz group is non compact and this leads to some difficulties. These problems are in general
technical difficulties rather than physical or conceptual. Specifically, the non-commutative
Fourier transform has not been yet developed for non compact group. Therefore, from here on
we will consider the Riemannian case, characterized by the gauge group SO(4) or its double
covering Spin(4). As soon as new techniques are developed, we generalize the results of this
thesis to the Lorenzian case.

5.6 Spin Foam model for BF theory with compact gauge
group

In this section, following [14,111], we consider the Spin Foam quantization of BF theory since
it is the starting point for the definition of the models we will present in this thesis.
The reason is that General Relativity can be described by certain BF theory action plus La-
grange multiplier terms imposing certain algebraic constraints on the fields [112].
In the case of BF theory, the integration over the tetrad we formally performed in (5.9) is possi-
ble, thus BF theory can be quantized along the lines of the previous sections. Interestingly, due
to the topological nature of BF theory, BF Spin Foam amplitudes are simply given by certain
invariants in the representation theory of the gauge group.
Therefore, the standard strategy to define a Spin Foam model for gravity is to quantize the
BF theory and then impose restrictions on the Spin Foams that enter in the partition function
of the BF theory. These restrictions are essentially the solution of the quantum version of the
simplicity constraints, i.e. the constraints that reduce BF theory to General Relativity.
Moreover, BF theory in three dimension is particularly studied as it describes 2 4+ 1 dimen-
sional quantum gravity [111].
Now, we begin the quantization of BF theory.
Let G be a compact group whose Lie algebra g has an invariant inner product here denoted
(-,-), and M a d-dimensional manifold.
Classical BF theory is defined by the action

S[B, ] :/M<BAF(w)), (5.12)

where B is a g valued (d — 2)-form, w is a connection on a G principal bundle over M.
As mentioned before, BF theory is a topological theory, as there are only global or topological
degrees of freedom. Actually, no local excitations are present, all solutions of the equations of
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motion are locally related by gauge transformations, locally pure gauge:
0B =[B,a] and dw=d,a, (5.13)
where « is a g-valued 0-form, and the ‘topological’ gauge transformation:
0B=d, and dw=0, (5.14)

where d,, denotes the covariant exterior derivative and 7 is a g-valued 0-form.
For the moment we assume M to be compact and orientable. The partition function, Z, is

given by
Z= /D Jet S SBwl — /D exp< /M (B/\F(w)>> (5.15)

Formally integrating over the B field in (5.15) we obtain that Z corresponds to the volume of

the space of flat connections on M:
= /D[w]é(F(w)). (5.16)

The next step is to give a physical meaning to the formal expressions above.
The standard procedure is to replace the d-dimensional manifold M with an arbitrary cellular
decomposition A, that we assume for simplicity to be a triangulation.
Moreover, to each cellular decomposition A we can define the associated dual 2-complex A*,
i.e. a combinatorial object defined by a set of vertices v € A* (dual to d-cells in A) edges
e € A* (dual to (d — 1)-cells in A) and faces f € A* (dual to (d — 2)-cells in A).

In the discretization process we smear continuous (d — 2)-form B on the (d — 2)-cells in A,
dual to the faces f € A*. Particularly, we define the Lie algebra elements B assigned to faces

feA®
By = / B (5.17)
(d—2)—cell

where we have used the one-to-one correspondence between faces f € A* and (d — 2)-cells in
A to label the discretization of the B field By.

Furthermore, we need to discretize also the connection w, by the assignment of group el-
ements g. € G to edges e € A*, interpreted as the holonomy of w along e € A* namely

ge = Pexp (— /GW) (5.18)

where the symbol “Pexp” denotes the path-order-exponential.
At this point, the BF partition function on the simplicial decomposition A is:

/ IT doe I aBse™" —/ IT doe TT 6(9er - gen). (5.19)
e€A*  feAr c€A*  fEA*

where Uy = ge, . .. g, denotes the holonomy around faces, the integration measure dBy is the
standard Lebesgue measure and the integration measure dg. is the invariant measure in G
(which is the unique Haar measure when G is compact), satisfying

[asrto) = [agris ) = [ agFiam = [ agring (5.20)

where h € G and F(g) is a test function.
Using the Peter-Weyl’s theorem we can decompose the Dirac delta distribution appearing in
(5.19) in terms of irreducible unitary representations of GG, denoted by p

5(g) =Y d,Tr(p(g)] (5.21)
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Thus, we have:

Z(A) = Z / H dge H dpeTrps(Gey - - - Gen)] (5.22)

CA{p}—{f} eEA* feAx

Integration over the connection can be performed as follows. In a triangulation A, the edges
e € A* bound precisely d different faces; therefore, the ¢.’s in (5.22) appear in d different traces.
The relevant formula is

Py (p1- .. pa) ::/dgepl(ge)®p2(ge) . Z p1p2-Pd 0102 Pd (5.23)

For compact G it is easy to prove using the invariance (and normalization) of the the integration
measure (5.20) that P, = (P£,,)? is the projector onto Inv[p; ® ps ® -+ - @ pyl, and on the right

hand side we have expressed the projector in terms of normalized intertwiners.
Finally, integration over the connection yields

ZBF<A) = Z H dﬂf H zm) ) (524)

Cr{f}—{ps} feA* eEA*

In the case d = 4 and G = SO(4), we have

Zpr) = > [ld-ds > I {155}, {155}, (5.25)

Cr{f—={ps} fer> Ce:{e}—{ic} vEA*

where we used the self-dual/anti-self-dual splitting of SO(4) representations, and the symbol
{15 j}v associated to the vertex v is the well-known 155 symbol from the recoupling theory of
angular momentum.

In other words, the BF amplitude associated to a two complex A* is simply given by the

sum over all possible assignments of irreducible representations of G to faces of the number
obtained by the natural contraction of the network of projectors P}, according to the pattern
defined by the two-complex A*.
The state sum (5.24) is topologically invariant, discretization independent, but generically
divergent, nevertheless Crane and Yetter introduced in [113,114] a regularized version based
on quantum groups, for example if G = SO(4) D SU(2) x SU(2) then the regularized version
is based on SU,(2) x SU,(2).

5.7 GFT models for BF theory with compact gauge group

As we have seen in Section 5.3 Spin Foams can be interpreted in close analogy to Feynman
diagrams [19,20]. This analogy is clarified in the context of Group Field Theories.

Group Field Theories, introduced by Boulatov [106] and Ooguri [107], can be seen as a

generalization of the matrix models used to construct quantum gravity models in 2d [32], or
as a second quantized formulation of canonical Loop Quantum Gravity [115,116]. Moreover,
Group Field Theories can be re-written in terms of Spin Foams or Simplicial path integrals
used in simplicial quantum gravity approaches [32], like quantum Regge calculus and Causal
Dynamical Triangulations [34].
Particularly, the duality Group Field Theory/Spin Foam model states that given a Spin Foam
model defined on an arbitrary 2-complex A* (dual to a triangulation A) and the partition
function Z(A*), there exists a GFT such that the perturbative expansion of the field theory
partition function generalizes to a sum over 2-complexes represented by Feynman diagrams of
the field theory.
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These diagrams look locally as dual to triangulations (vertices are 5-valent, edges are 4-valent)
but they are no longer tied to any manifold structure [117]. Furthermore, recently, tools and
ideas from non-commutative geometry have been introduced. As a result the GFT formalism
is a very flexible and powerful tool, particularly because it is a generalization of well-known
Quantum Field Theories (defined on Lie groups manifold or on the corresponding Lie algebras),
with combinatorially non-local properties, as we will easily read in the GFT action.

In this section we follow [49,50], starting by recalling the standard Ooguri GFT for BF theory
and its non-commutative bivector representation. Other reviews of the GFT formalism that
we may suggest to the reader are [32-34,118].

In addition, we present an extension of the GFT formalism, where the usual field variables,
associated to the four triangles of a tetrahedron, are supplemented by an S® vector playing the
role of the normal to the tetrahedron. As we will see, it will allow us to implement the linear
simplicity constraints (6.16) in a covariant way.

Our notations and conventions are the same as [50]: we identify functions on SO(4) with
functions on SU(2)~ x SU(2)"/Zs and denote by g = (¢~, g*) the SU(2) decomposition of the
field variables. We also use the decomposition of so(4) in anti-self dual and self-dual sectors
s50(4) = su(2)™ @ su(2)” and denote by x = (x7,a") the corresponding decomposition of
its elements. From Section 5.7.2 on, based on the SO(3) Fourier transform [91,92], we further
assume an invariance of group functions under g — —g, so that they are effectively functions on
SO(3) x SO(3). However, note that an extension of the non-commutative Fourier transform to
the whole SU(2) has been developed in [93], while different SU(2) transform has been proposed
and studied in [119]. As in [50], we do not use it in this thesis, because we do not expect the
results to be very much modified by such extension.

5.7.1 Connection and spin formulations

The GFT for SO(4) BF theory, also known as the Ooguri GFT model [107] for BF theory,

is described in terms of a field 1934 = (g1, -+ ,94) on four copies of the gauge group,
©o(g1,...,94) : SO(4)** - R, symmetric under diagonal left action:
Vh € SO(4),  @(g1," - 9a) = (hgr, - hga) (5.26)

The dynamics is governed by the GFT action:

1 A
S[¢] = 5 /[dgi]4§0%234 + 50 /[dgi]10@1234 V4567 7389 P962 10 10851 (5.27)

where dg is the normalized Haar measure and A is a coupling constant.
The partition function is:

Z = /D[go]e_sw (5.28)

The perturbative expansion in A generates 4-stranded Feynman diagrams are 2-complexes dual

to 4d simplicial complexes:
N

)\ *
z ; Sym[A*]Z(A ) (5.29)
where N is the number of interaction vertices in the Feynman graph A*, sym[A*] is a symmetry
factor for the graph and Z(A*) the corresponding Feynman amplitude.

Particularly, the combinatorics of the quintic interaction in the action represents the gluing
of five tetrahedra (each corresponding to a field ¢) pairwise along boundary triangles (each
corresponding to one of the 4 arguments of ¢) to form a 4-simplex. The kinetic term (quadratic
in the field ¢) dictates the gluing rules for 4-simplices along tetrahedra.
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Labelling with indices ,j = 1,...,5 the tetrahedra in each 4-simplex, with h € SO(4) the
group elements imposing left diagonal invariance, and by a pair (ij) the triangles shared by the
tetrahedra ¢ and j, the kinetic and vertex functions are:

K(gi, §i) = /dh I1 s(gina™) V(gi;) H /dh [T 6(gihin5 955" (5.30)

i=1 i,j=1 1#£j

where g;; and g;; are associated to the same triangle in the tetrahedra ¢ and j.
The piecewise-flat context in which the GFT models are best understood can be read out by
the geometric content of the ten delta functions in the vertex term encoding the flatness of each
“wedge”, i.e. of the portion of each dual face inside a single 4-simplex [17,20].

Upon Peter-Weyl decomposition, the gauge invariant field is expanded into four SO(4) irre-
ducible representations, labelled by pairs of SU(2) spins J = (j~, 1), and 4-valent intertwiners
t = (v7,.") labelled by a pair of intermediate SU(2) spins:

©(g1,---,94) ZSOZZ Z)Zf +pt (e )b; f(Lk )C a (Lk?+)?)+ +(Lk+)J+d+

7,17,7, T 1

(5.31)
it
Hd A Dy (97D s (0)

where D7* (g*) are the SU(2) Wigner matrices, (Lk)i 4, form a basis of four-valent SO(3) inter-
twiners, labelled by an intermediate spin k£, and summation, given by the recoupling theory, is
on all indices.

Importantly, in the thesis we face summations over many indices, and we adopt Einstein con-
vention, summing over repeated indices. However, we usually write the symbol > in order to
point out that a non-trivial sum is involved in the equation.

The partition function can be constructed from the action, re-written in the spin network
basis. The interaction vertex, associated to each 4-simplex, is expressed in terms of two SU(2)
Wigner 15j-symbols [107], and the Feynman amplitudes takes the form of a state sum model
on the simplicial complex dual A to the graph:

> a4 11 {155}, {155}, (5.32)

{Jt71/7'} i

The sum is over the SO(4) representations J; and intertwiners ¢, labelling the triangles and
the tetrahedra; d;=2j + 1 is the dimension of the SU(2) representation j. Remarkably, this is
precisely the partition function of SO(4) BF Spin Foam theory (5.24).

Despite the fact that the geometric interpretation may be less transparent, in this formulation
we can work directly with quantum numbers labelling the states of the theory.

5.7.2 Non-commutative Fourier transform and bivector formulation

In this section we present one of the greatest property of the Group Field Theory formalism,
the metric representation, encoding the simplicial geometry and, thus, bridging Spin Foams to
simplicial path integral. As we have seen, the GFT field ¢ is a square-integrable function in
the Hilbert space H = L*(SO(4)**), which admits three representation: group representation,
spin representation and metric representation. The standard formulation of GF'T starts from
the field |¢) € H represented in the group basis, (g1, g2, 93, 91) = (91| @ (92| ® (93| @ (g4]0)-
Moreover, we have seen that using Peter-Weyl decomposition, we can represent the GF'T field
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also in the spin network basis:

©(91, 92, 93, 94) = (G1] @ (92| @ (93] ® (galip)
Zd djydjydj (g1]i1s ma, na)(galjz; ma, n2) (gsds; mas, ) (galdas ma, na)
(j1;m1,n1| X (j2;m2,n2| X (]3;m3,n3| ® <j4;m4,n4|go)

= > djdjydyd;, D2 (91) Do (92) Dt (93) Ditn (99) 0,

(5.33)

where summation is intended over all indices.

Demanding the gauge invariance condition we obtain (5.31).

Finally, using the non-commutative Fourier transform, we can represent the GFT field in the
metric representation as:

V1230 = (1, T, T3, 14) = (X1] @ (T2] @ (23] @ (T4]|00) (5.34)

The variables x; belong to the Lie algebra s0(4) =s0(3) @ s0(3). The relevant Fourier transform
here is the obvious extension of the non-commutative SO(3) Fourier transform [91-93] to the
group [SO(3) x SO(3)]*:

o(x1,...,Tq) ::/[dgi]4 0(gr,...,gq)eTrm9r g Trrags (5.35)
The kernel of the Fourier transform is a product of ‘plane waves’:
Eg(fE) _ eiTrzg _ eizi egitr[xigi] _ eieg_trx*g’ eieg+trx+g+ = e, ($7>eg+ (er) (536)

with e,+ =sign(trg®), and ey« (z*) are SO(3) plane waves.
The plane waves satisfy the properties:

/ E2 Ey(x) = 8(g), E,(x) = E,(—) (5.37)

where d°z is the Lebesgue measure on s0(4)~RS.
Now, we can write the GFT action (5.27) in the metric representation:

1 4
S = 5/ [dei] V1234 * P—1-2-3-4
>\ 10
5, [d SUZ] Y1234 * P—4567 X P-7-389 * P—9-6-210 X P—10 -8—5-1

where the x-product is defined on SO(3) plane waves as egxey () =e€,4y, extended to EgxEy (v) =
E,y(z) and by linearity to the algebra functions.

In the metric representation, gauge invariance has a clear geometric interpretation. To see
this we observe that in the metric representation gauge invariance translates into the invariance
of the dual field under *-multiplication by a product of four plane waves Ej(z1) ... Ep(z4) =
Ep(z1 + x9 + 3 + 24) labelled by the same h:

Vh € SO(4), ¢(x;) = Ep ... Ep*p(z;) (5.38)
Integrating over h on both sides of this equality gives:

A

o(x;) = 0(z1 + 2o + x3 + x4) * 0(2;) = C > p(x;) (5.39)
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where the closure constraint is implemented by a projector, since the §, defined as

5z = / AhEy (), (5.40)

plays the role of non-commutative delta function on algebra functions ¢ * ¢(z)=¢(0)d(x), and
satisfies 0 x 6 =9.

Thus, we see that gauge invariance imposes a closure constraint on the metric variables of the
dual fields p(z;): 1 + 29 + 23 + x4 = 0.

Geometrically, the Lie algebra variables represent the four bivector variables xy = (x;{, :1:;)
associated to the four triangles of each tetrahedron, represented by the field ¢(xy,...,x4) in a
simplicial discretization of 4d BF theory, coming from the discretization of the continuum B
field [120,121].

At the same time, the group elements associated to links of the 2-complex (dual to the sim-
plicial complex) are related to the discretization of the continuum 1-form connection, giving
holonomies (discrete curvature) associated to each 2-cell to a triangle of the same.

The propagator and the vertex in this representation, are given by

4 10

Ploa) = [[5ated). Veew) = [0 T[6 o By

i=1 =1

!’

) (5.41)

where i labels the oriented strands (triangles) and ¢ the half lines (tetrahedra) of the graphs,
0:(y) == d(z — y), with ¢ defined as in (5.40), and we have chosen to gauge-averaging only
the vertex function. However, since gauge averaging is a projection C?2=(, one could gauge-
average only the propagator, or both without affecting the amplitudes.

Geometrically, the vertex function encodes the identification, up to parallel transport hgh[,l,
of the two bivectors z, xf/ associated to the same triangle in different tetrahedral frames ¢, ¢’
sharing the triangle, modulo a sign related to a flip of the face orientation.

Finally, we consider Feynman amplitudes, corresponding to simplicial path integrals, by
taking the x-product of propagator and vertex functions, following the strands of the graph [48].
Particularly, for a given closed graph dual to a simplicial complex, it is possible to show that
the result is an integration over one SO(4) variable h; for each link of the Feynman graph,
equivalently for each tetrahedron of the dual simplicial complex, which is interpreted as parallel
transport between the two 4-simplices sharing that tetrahedron, involving a single so(4) variable
x; for each triangle ¢ of the dual simplicial complex:

Z(A)= / [T dn ] JIdCa) et et (5.42)

where group element:

—
H =[] (5.43)
1€dft

is the holonomy along the links on the boundary of the face (2-cell) f; of the graph dual to the
triangle t. Remarkably, we recognize the amplitudes of simplicial path integrals for BF theory,
where field variables x € s0(4) and group elements h € SO(4) arising from gauge invariance
play the respective roles of discrete B field and discrete connection.

We conclude this section by summarizing the marvellous aspect of the GFT formalism.
Indeed, the partition function of the Ooguri GFT model for BF theory, usually written in
group representation, corresponds to Spin Foam model for BF theory in spin representation,
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and to simplicial path integrals for BF theory in metric representation:

_ h iy ctr(zgHy)
Hlo(4)dxfgLO(4)d pet s trlsty
— H /dhLH5 (H hL> (5.44)

Lell Ledf
= > J]d- d+H{15J} {155}F
=ity f

5.7.3 Introducing normals: extended GFT formalism

The metric representation of GF'T suggests the identification of the bivectors of a tetrahedron
with the Lie algebra variables of the GFT field. However, the linear simplicity constraints state
that four triangles described by bivectors By, which belong to the same tetrahedron 7 O f,
lie in the same hyperplane. This is equivalent to the condition that there exists a 4-vector k.,
normal to the tetrahedron, such that

(*Bg)" (kr)s =0 (5.45)

Therefore, the linear constraints involve an another geometrical variable: the normal to the
tetrahedron. In this section, we review an extension of the usual GFT formalism introduced
in [48,122], which includes the normals as an additional field variable.

The extended GFT formalism [49,50] is based on the addition of a fifth variable k € SU(2) ~
S3, viewed as a unit vector in R*, to the Qoguri field. In geometrical models, k£ will be then
interpreted as the normal to a tetrahedron. Thus, in this extended formalism, Group Field
Theories are defined in terms of fields on SO(4)* x SU(2):

©:S04)* x SU(2) = R
(91, 92, 93, 94, k) = wr(91, 92, 93, 94) 1= (g1, 92, 93, 93 k)
Recall that the Ooguri field is gauge invariant in the sense (5.26), corresponding to the invari-
ance under change of local frame in each tetrahedron. In the extended formalism, however,
the local rotation should rotate simultaneously the bivectors and the normal vectors, thus we

require gauge covariance of the SO(4) arguments with respect to the normal %, with the overall
b-argument field being invariant:

Vh € SO(4),  k(g1,- - 94) = orer(hgr,- - hga) (5.47)

where h >k := htk(h™)~! is the normal rotated by h.

Moreover, we note that gauge covariance (5.47) induces an invariance under the stabilizer
subgroup SO(3), ={h€SO(4),h*k(h~)"' =k} of the normal k, affecting only the four group
arguments of the field. Indeed, for for h™k(h™)~' =k we have:

Vh, or(g1, - 91) = Prtry-1(hg, ..., hgs) = or(hgr, . .., hgs) (5.48)

By using the harmonic analysis on SO( ), gauge invariant fields are expanded into four
irreducible SO(4) representations (given by pairs of SU(2) spins J;=(j; ,j;"), i =1---4), each
of which can be further decomposed into SO(3), representations, and we have:

(5.46)

4

~ i + i l ;
)= 3 W TL O W@ @), CLT,, )

e i=1 (5.49)
b i i s Z\si (2 \@i S i T
dj;diju;v; (9 )Dujv;r(gi ) U;,Ulﬂ“ni<k)<bh) (v ) Cb b 1 (k)

where summation, given by the recoupling theory, is over all the indices and we have defined:
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e the rotated Clebsch-Gordon coefficients:
7 ]miq(/f) =7 J") Jydlism e @ |5, m")

I ) =kl 7 ® (01,5 L)
e a basis of four-valent SO(3) intertwiners, labelled by an intermediate spin j:
(LJ) <] g|rl7m2> <j,g|7°1,m1> ® |T27m2> ® |7’3,m3> ® |7’4,m4> (5 51)

(Lg)wl = (wj, €]J; 9) = (w1, e1] @ (wa, ea| ® (ws, e3| ® (w4, e4]j, g)

Proof. In order to show this result, first we expand gauge invariant fields are expanded into
four irreducible SO(4) representations (given by pairs of SU(2) spins J; = (j; ,j;), i = 1---4):

:Z(bg? a+b+ Hd Ji d TDJ@ (9; )D]lﬂ# (gz )

R At B}

(5.52)
:Zqﬁi{a a;‘rbj' )dei—djj@;,a;\Dj_(g;)|j;,b;><j;r,azﬂDj (955" 0F)
i=1
Then, we define the k-rotated states:
57 m) = D(k™")[57,m) (5.53)

which allows us to decompose the SU(2) x SU(2) C SO(4) representations into SO(3); repre-
sentations. Indeed, introducing several resolutions of identity of the space H sy (2)- xsv(2)+]x4,
we have:

4
Z¢a b a+b+ de;djj<ji_vai_|ji_aci_>k<ji cai 13 e e @ (e
i=1

[ A}

(5 9i7) wiy ea) (G5 3i7) wiy eil (wi, e3) y, ) ((wi, €5) 9, g1

(17, 65) rayma) (0, 0F) iy mal 7, 030 0 @ N6 )k (0 i 15w )G i1 )

(17 uy | D7 (g1 o YA, uf D7 (g |1, vf)

v 1 g o 6 g el g L@ (8 g [0 1) siyma) (47 1) iy il (5.54)
|(55z7fz) z, ) (w4, fi) 2, h|(J;  Ji ) i, fi) ((Ji 5 Js ) z;, fil

i di )k @ 155 d s dy 13, )G A1 b))

4
=37 5w w; ri Al IFr;
- Z QSZ Z ajb;L H CZ;i}ei (k)(l’g) (Ly)mlcu u+m1(k‘i)
=1
I BN =10 s z T
dj;dijJ;v; (g; )Du}uj@j) v; v+nl(k)(//h) () ZCZZ zif, (k)
[
As noted in [49,50], a set of basis functions is given by:
i D i i ks i
W) (gis k (HD  (g)DY (g >0;;_+pi<k>> (1) (5.55)

where repeated lower indices are summed over. The k—dependent coefficients, defined in terms
of the SO(3) Clebsch-Gordan coefficients CJ, 7% a;

mnp

CIIk (k) =C7ITEDIT (k) (5.56)

m—mtp mmtp ™~ mm~—
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and

CIIh (k) =9 TR DI (k) =D (kYo Tk (5.57)

m~—mTp mmtTp  mm~— mm*p
define a tensor that intertwines the action of SO(3); in the representation j~ ® j* and the
action of SO(3) in the representation k. Namely, given uy = (k~'uk,u) € SO(3), we have:
CoIk (k)D?

,m+p

(k)DL (u) = CII N (k) DE (u) (5.58)

The proof is straightforward.
Proof.

GO (DI (k" k)DI, () = CLIEDI (1)DI(k uk) DI, ()

m—m*p mmtp~ mm—

=0T D (uk)D2 L (u) = CO R DT (W) DY () DY (k)

mmtp~ mn— mmtp~ mr—

375k i3k iR Ak ' k i3tk ok j~ (5.59)
- CmerpCmm*xCr*n*yDIy (u)Dr*n* (k) - 5PICr*n+yDI?J (u)Dr*n* (k)
O
— G (R
[l

Remarkably, as observed in [49,50], (5.55) corresponds to the vertex structure of the so-called
projected spin networks of the covariant approach to Loop Quantum Gravity [87], which thus
label the polynomial gauge invariant operators in the extended formalism, i.e. the observables.

Now we consider the metric representation of the extended GFT field, obtained by means
of the non-commutative Fourier transform:

or(r1, . xy) = @(x1, ..., x40 k)

(5.60)
= /[dg]4¢(gla e 94, k)Egl (xl)EQQ(x2>Eg3 <x3)Eg4 (1‘4)
Gauge covariance translates into:
Vh € SO(4), YL = E, - By * Oh—1pk (561)

where h™t > k=(h") " kh™.
Interestingly, gauge covariance can be imposed by means of the gauge invariance projector,
acting on extended fields as

(é > (,O)k = /dh Eh s Eh * Op—1pk (562)

Note that gauge invariance (5.39), and thus the closure of the four bivector variables, can be
recovered upon integration over the normal.

In fact, if ¥(z;) := fSU(Q) dkor(x;), then:

w(l'z) = /dhdkEh R Eh * Soh—lbk(xi) = /dhdkEh R Eh * gpk(xl)
(5.63)
= /dhEh . Eh *1/}(1’1) = 5($1 + 22 + 23+ 1‘4) *1/1(1’@)

where we used the gauge covariance of the extended field (5.61) and the properties of the Haar
measure.
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We conclude this section by considering the dynamics of the theory, that, just like in the
standard formulation, generates simplicial BF path integrals as Feynman amplitudes, thus still
corresponds, at the perturbative level, to quantum simplicial BF theory.

Specifically, in group representation, we can choose the action:

1 A
5[90] = 5 /[dgi]4dk <P21234 + a/[dgi]lo[dkiP Pk11234Pko4567 Pk 7389 P k4962 10¥P k510 851 (5-64)

where @g1234 is a shorthand notation for ¢g(gq,---g4), dg and dk are the Haar measures on
SO(4) and SU(2).

In the action, the kinetic term, encoding the glueing rule of 4-simplices along a tetrahedron,
identifies both group elements and normals, whereas the interaction does not couple the nor-
mals.

Using the non-commutative Fourier transform, we can write the action in metric representation:

1

S = 5 /[dﬁxi]4[dk] Pk1234 * Pl—1-2-3-4

+ % [d%z‘]lo V1234 * Y4567 * P—7-389 * V—9-6-210 * Y—10-8-5-1
where we note that the interaction term (thus the vertex amplitude), written in terms of
U(x;) = fSU(2) dkpg(x;), corresponds to the standard GFT action.

However [50], the propagator of the extended GFT formalism is different as it is supple-
mented with an additional strand which identifies the normals k up to parallel transport arising
from gauge invariance, which can be imposed, as in the non-extended case, in the propagator
only, in the vertex only, or in both. Particularly, in the metric representation, choosing to
implement gauge invariance in the vertex only, the propagator reads:

P(x, ko' k) = [ [ 6-s,(a}) 6(K'E™) (5.65)

=1

where the additional delta reduces the number of SU(2) variables to one per link, hence to one
k; per tetrahedron (each tetrahedron 7 has its normal vector k).

As we have mentioned in Section 3.6, the boundary states appearing in the amplitudes for GFT
n-point functions are projected spin network states, thus different from the standard SU(2) spin
network states of the standard Ooguri model for BF theory, that can be recovered by averaging
out the normal variables independently at each tetrahedron in the boundary. Actually, the
extended formulation only modifies the structure of boundary states.

In fact, as the integrals over the normals on the internal links (bulk tetrahedra) drop from the
amplitudes, the amplitudes of closed diagrams will not depend on the normals [50].
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Chapter 6

Gravity as a constrained BF theory

In this chapter we present the first order formulation of General Relativity, and we see how it
can be written as a constrained topological BF field theory. This formulation is very important
in Quantum Gravity since it is the starting point of most Spin Foam and GFT models for
quantum gravity.

6.1 The Plebanski formulation of General Relativity

In this section, following [83], we relate the Palatini formulation of General Relativity to a
constrained topological BF theory.

Let w be a 1-form connection with values in the Lie algebra so(4). Consider a 2-form B
also with values in the Lie algebra so(4). The Plebanski formulation of General Relativity is
defined by the classical continuum action:

A 1
Spl[w,B,;L] :/ (BIJ/\F[J(W)—|—5(*B)IJ/\B]J—|—ZM[JKLBIJ/\BKL) (61)

M
where the Lagrange multiplier pyxy is symmetric under the exchange of the pairs [;; and
(KL]> HIaKL = M), and satisfies the tracelessness condition e TEL ke, = 0. It generates
the 20 simplicity constraints ensuring that the 36 components of B{“{ reduce to 16 components
associated to a tetrad field ei.

The equations of motion derived from (6.1) are given by:

DB =dB + [w,B] =0,
1
FIJ + §(A€IJKL +MIJKL)BKL =0 (62)

1
BIJ A BKL — Z‘EIJKLBIJ A BKLEIJKL = VEIJKL

From here on, for simplicity we consider A = 0, as models with non-zero cosmological constant
involve quantum groups.

The last equation of motion is known as the simplicity constraint and it implies that the B
field can be written as:

e topological sector (I+): Bl = del A€’
e gravitational sector ([14): B! = +1e!’ e Al

We can recover the Palatini formulation by plugging the solution for the gravitational sector

(B = x1el’ . e A eh) back into the Plebanski action.

45



These set of continuum simplicity constraints are called quadratic simplicity constraints,
and in the non-degenerate case V # 0, can be equivalently rewritten as

BIJ N BKL = VEIJKL < EIJKLB[LZB[IX(TL = VE#VPU (63)

In summary, at the classical level, the gravitational sector of the Plebanki theory is equiv-
alent to the Palatini formalism of General Relativity.

Furthermore, in the classical theory, initial gravitation solutions remain within the same
branch of solutions [104]. However, problems arise in the quantum theory, where one has
necessarily contributions from all branches. Specifically, the topological sector may “interfere”
with the physical one at the quantum level.

Historically, the first Spin Foam model of four-dimensional quantum gravity was the Barrett-
Crane model, based on the discretization of the quadratic simplicity constraints. Nevertheless,
the Barrett-Crane model does not distinguish between the two sectors and therefore one cannot
be sure that one describes pure gravity.

One can simply resolve this problem, selecting a single (gravitational) sector, by reformulating
the simplicity constraints in such a way that these two sectors are distinguished. This can
be done by imposing a stronger version of the simplicity constraints: the linear version of the
simplicity constraints, which in turn have a clear geometric meaning.

Linear simplicity constraints for the classical continuum theory were first introduced in [39],
motivated by the fact that a linear version of the discrete simplicity constraints had been in-
troduced in [38,43,123,124] to cure several problematic features of the Barrett-Crane model.
The conclusion of [39] is that the replacement of the quadratic simplicity constraints with lin-
ear constraints at the continuum level is relatively straightforward, after the introduction of a
new variable n4 forming a basis of three-forms at each point. Moreover, linear simplicity con-
straints do not require an additional non-degeneracy assumption on B’“, but a non-degeneracy
assumption is still necessary on the three-forms n4.

6.2 Discrete Quadratic Constraints

In discrete approaches to Quantum Gravity continuum space-time is replaced by a cellular
complex. Therefore, in order to implement the simplicity constraints in the Spin Foam /
GFT framework, we need to discretize the Plebanski constraint on an arbitrary simplicial
complex [38,43,47,87,120,121,123-125].

Particularly, we introduce a simplicial decomposition A of space-time, consisting of 4-simplices,
tetrahedra, and triangles, dual respectively to vertices v, edges e, and faces f in the dual 2-
complex.

We assume that the curvature is concentrated on the “bones” f, and is coded in the holonomy
around the “link” of each f, while on each 4-simplex geometry is flat.

This geometry can be described by choosing the tetrad one-form e(v)! in a cartesian coordinate
patch covering the simplex v; e(t)! a is a tetrad one-form in a cartesian coordinate patch
covering the tetrahedron t.

The matrix (V)5 € SO(4) is defined by (V,¢)5e(v)! = e(t)! when ¢ bounds v and in a common
coordinate patch.

Moreover, for each triangle f in ¢, we define [43]:

By(#)! = /f He@® Ae®)) € so(d). (6.4)

where * stand for the Hodge dual in the internal indices I, J. Finally, for each triangle f and
each pair of tetrahedra ¢,t’ in the link of f, we define:

Uf<t7 t/> = Vtv1‘/v1t1‘/t1v2 s ‘/vnt’v (65)
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where the product is around the link in the clock-wise direction from ¢’ to t.
In the discrete setting, the quadratic simplicity constraints on By(t), considered as an indepen-
dent variable instead of the tetrads, can be stated as follows [43]:

1. Vf and t,t' € Link(f),
Uf(t, t,)Bf<t,) = Bf(t)Uf(t, t/); (66)

2. Closure, Vt

> " By(t) = 0; (6.7)

fet

3. Diagonal simplicity constraint, Vf

Cff = *Bf(t) . Bf(t) ~ 0; (68)

4. Off-diagonal simplicity constraint, Vf, [’ € ¢

5. Dynamical (or volume) simplicity constraint, f, f’ € v not in the same tetrahedron ¢
*B¢(v) - Bp(v) &= £12V(v). (6.10)

where V(v) is the four volume of the 4-simplex and the sign depends on relative face
orientation [126] and the dot stands for the scalar product in the algebra.

Now, (6.6) is assumed to hold prior to varying the action [43].
The closure constraint (6.7) generates the internal gauge transformation. In the context of
Group Field Theories the closure constraint is automatically satisfied by the invariance under
the diagonal (left) action of the group SO(4) on the four group arguments of the GFT field. In
the context of Spin Foams model the vertex amplitude (the dynamics in quantum theory) turns
out to project on the gauge invariant subspace. Therefore the closure constraint is automatically
implemented by the dynamics in quantum theory [43].
Diagonal (6.8) and Off-diagonal (6.9) simplicity constraints are second class constraints, and
must be separately imposed on the state space.
Finally, as noted in [46,47,124], the volume constraint (6.10) is automatically satisfied when
the rest of the constraints are satisfied.

6.3 Discrete Linear Constraints

As we have mentioned, quadratic simplicity constraints can be replaced with the lightly stronger
linear simplicity constraints, used in the new Spin Foam models presented in this thesis.

Indeed, in the absence of Immirzi parameter, the simplicity constraints state that the hodge
dual *BJ]-J are the area bivectors of a geometric (metric) tetrahedron: this is the discrete
equivalent of B = xe A e. Following [38,44,87], a discrete tetrad can be reconstructed for the
whole simplicial complex, and it determines the discrete bivectors By associated to triangles of
the same, if one requires that:

V tetrahedrat € A 3k, € S* | (*Bf) ks =0, VBy f C t (6.11)

In words, for each tetrahedron, the four *B]I- 7 with j = 1,...,4, lie in the same hypersurface
normal to a given unit vector k,; in R* ~ S3.
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Therefore, we can consider the unit vector k;; as the normal vector to the tetrahedron t.
We should supplemented this condition by demanding the closure condition of all the tetrahedra
in A, plus an orientation and a non-degeneracy condition [38,43,47,123-125].

The non-degeneracy condition is studied in [39], where a complete analysis of the linear
simplicity constraints is performed. Specifically, Oriti and Gielen introduced the linearised
version of the diagonal and cross-diagonal simplicity constraints, as well as the linear volume
constraint. The result is that if linear simplicity and cross-simplicity constraints and closure
constraints for both bivector variables and normals are imposed everywhere, a sufficient set
of linear volume constraints follows. Thus, we can either impose linear simplicity constraints,
standard closure constraints (the requirement for the triangles specified by bivectors close up to
form a tetrahedron) and linear volume constraints or we can impose linear simplicity constraints,
standard closure constraints (the requirement for the triangles specified by bivectors close up
to form a tetrahedron) and a four-dimensional closure constraint that can be interpreted as
demanding that the five tetrahedra, specified by the normals, close up to form a 4-simplex [40].
As a consequence [39], non-geometric bivector configurations cannot appear if the normals are
non-degenerate and the additional closure constrain on the normals holds.

Thus, if ten bivectors associated to the faces of a 4-simplex satisfy simplicity and closure
constraints for each tetrahedron of the 4-simplex (there are five tetrahedra in a 4-simplex), then
they define a geometric 4-simplex (for non-degenerate configurations).

Furthermore, if the (constrained) bivectors associated to a given tetrahedron are also cor-
rectly identified across the two 4-simplices sharing it, then the reconstruction of a discrete
tetrad can be carried out for the whole simplicial complex, (again excluding degenerate config-
urations).

Finally, we can write the same constraint, in the self-dual/anti-self-dual splitting,

V tetrahedra t € A Ik € S° ~ SU(2) / b + (k-b_- k™)' =0, VBy = (b, ,b5_) (6.12)

where we use the natural action of SU(2) in the fundamental representation.

In the above procedure we haven’t considered the Immirzi parameter. Fortunately, all this
can be generalized to include the Immirzi parameter v (which plays a crucial role in LQG), by
adding a topological term to the Plebanski action:

1 1
S(W,B,,LL) = / [BIJ/\F[J(W)—F;(*B)IJ/\F[J—FZ/L[JKLBIJ/\BKL} (613)
M

where the the additional term vanishes on-shell (when imposing metricity and torsion freeness
of the connection).

After inserting the solution to the constraints, this becomes the Holst-Plebanski action for
gravity:

1 1
S(w, e, p) = / {EEUKLeK Aer A Fry(w) + 2—61 Ael A FIJ(w)] (6.14)
M gl

which is the classical starting point of Loop Quantum Gravity.
The linear discrete simplicity constraints with finite Immirzi parameter, that we impose on
the BF action, are:

V tetrahedrat € A 3k, € S* | (Bf —v* By) ks =0, VBy f Ct (6.15)
which corresponds, in the self-dual/anti-self-dual splitting, to
V tetrahedra t € A I ky € SU(2) / BV + (k-b_- k™)' =0, VBf = (b}, b)) (6.16)

where the parameter 3 is related to the Immirzi parameter as:

B=—— (6.17)



Chapter 7

GFT models for four dimensional
Riemannian Quantum Gravity

Most of the approaches to covariant quantum gravity start directly in the Spin Foam formalism,
however in this thesis we work in a GFT context because it is the most complete setting to
study the dynamics of spin networks and simplicial structures. However, we would like to point
out that, due to the Group Field Theory / Spin Foams duality, the entire construction could
be carried through directly at the level of simplicial path integrals (as done in [127-129]) or
Spin Foam amplitudes.

Nevertheless, we start this section by recalling the standard Spin Foam quantization.
Given the knowledge we have on BF models and their relation with gravity, the usual procedure
for defining a Spin Foam model for four dimensional quantum gravity stems from a discretization
of the classical theory, by choosing a triangulation A on M. Clearly, the most direct route to
quantization would be to include a discrete analogue of the constraints C(B) into the definition
of the measure of the discretized path integral [105,130]:

Z(A) = /D[MA, Ba)6(C(Bn)) T Baka (7.1)

However, this has proven very difficult up to now.

Since we know how to discretize and quantize of BF theories in any dimension [107, 130],
the standard Spin Foam strategy consists of quantizing first the topological BF part of the
discretized theory, and then to implement a quantum version of the constraints.

Alternatively, GFT models for quantum gravity are based on modifications of the Ooguri model
for 4d BF theory, or from the corresponding simplicial path integral or Spin Foam expression,
where suitable restriction are imposed on the dynamical variables representing the discrete
(classical or quantum) B field variables. These processes would break the topological invariance,
thus recovering the gravity degrees of freedom, hoping to obtain the correct result, despite the
ambiguities involved in this way of proceeding. For example, there are several ways to impose
the quantum simplicity constraints.

The first proposal for the implementation of the constraints (without Immirzi parameter),
motivated by the geometric quantization of simplicial structures [42,131], led to the famous
Barrett-Crane model [125], characterized by strong imposition of the constraints. However,
some features of which have raised criticisms over the years [123,124], particularly it seemed
that the imposition of the constraints was too strong, leading to the so-called ultra-locality
problem, which originates in the uniqueness of the Barrett-Crane intertwiner and results in the
fact that the simplices do not talk to each other.

Then, the EPRL model have been developed imposing the linear simplicity constraints weakly,
using a Gupta-Bleuler procedure or Master constraint techniques [43], which include the Immirzi
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parameter and reduce to Barrett-Crane when = oc.

The Freidel Krasnov model shares with the EPRL model the linearisation of the simplicity
constraints, the inclusion of the Immirzi parameter and the weak imposition of the constraints,
and they coincide when v < 1, but they differ for v > 1. Actually, the difference is that in the
FK model constraints are imposed in average on coherent states.

The strategy of these models is the following.

First, we find a quantum version of the simplicity constraints as an operator D acting on BF spin
network states, [j7;m™,n") ® |jT;mT, nT), or BF coherent states, |j ;4,77 ) ® |j1;ut, o).
As we will see that the classical B variables, at the quantum level, are identified with generators
JI7 = (J#,J7) of the so(4) Lie algebra, associated to the operators (X;, X~#) acting as
operators on the SO(4) spin network states. Therefore, classical constraints, functions of the
B’s, are then turned into operators and imposed at the quantum level on such BF spin networks,
to give restrictions on both the representations attached to their links and on the intertwiners
associated to their vertices [83].

For example, simplicity operator D = BX* + kX k! can be implemented:

1. via Master constraint criterion

R o i+
0~ D) = Z D?j7sm™,n7)y @ |5t mT nt)d;- cler]_11_TrL+TLJr (7.2)

]i 7777‘i 7ni
2. via Gupta-Bleuler criterion

0= ¢|D’¢ Z Z d ~d; /+¢m’—n’—m’+n’+dj_dﬁ'winjn—m*'n'*‘

i mi ni]/i /i n/* (73)

(' m @ (T m T D] TmT e ) @ i mT e )
3. in average, using coherent states

0= (a0 |@Gha, o7 |Dlj sa,07) @5 a, vh) (7.4)

The states |¢)pnys, satisfying these equations, are the solutions of the simplicity constraints for
the specific model, and they are given by:

|0)phys = S16) (7.5)

where S is the operator that imposes the simplicity constraints for the considered model.
Then, the Group Field Theory corresponding to the specific model is obtained by substituting in
the BF action the constrained field ¢pnys(z) = (2|)pnys- The expansion in Feynman diagrams
results in a sum of 2-complexes dual to simplicial complexes satisfying the simplicity constraints.
However, in the GFT context, we can use the duality between simplicial gravity path integrals
and Spin Foam models and follow an other strategy, characteristic of the Baratin Oriti model.
Starting from the BF GFT model in terms of Lie algebra variables, or from the resulting (non-
commutative) simplicial path integral, we can impose the geometric constraints directly on the
bivectors. In this way, we obtain a model whose Feynman amplitudes are manifestly simplicial
path integrals for BF theory with constraints; then, we can also re-write the same amplitudes
as Spin Foam models and identify the corresponding space of boundary states in a spin network
basis.

Although these two strategies are different, since in the state sum strategy constraints are
imposed on BF spin network states, while in the (non-commutative) geometric strategy they
are imposed on the Lie algebra variables (bivectors) of the GFT field, we can use the Group
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Field Theory/Spin Foam duality to set the problem in the same framework.
For example, given the generic state |¢)) € H = L?*(S0O(4)), we can define the operator imposing
the simplicity constraints S such that:

16) g = / dg~dg*5lg) ® |9 )0(g™ ")

A~ Bt L n -
- [ mp ) el e
= Y dpdpSlime )@l im0 L

§E mE nt

_ 2 12 2o 12 (| — . o b o T

= E djdj+/ durd oSy a0 ) @ | a0 >¢(g—,g—,g+7g+)
— 52
j

Therefore, we see that the only difference between the above strategies is that in some model
(EPRL, Alexandrov, Ding-Han-Rovelli) constraints are diagonal in the spin network basis, in
other models (Freidel Krasnov) in coherent states basis, and in other (Baratin Oriti) in non-
commutative metric basis.

All these strategies present quantization ambiguities, which should be clarified, have several
advantages and disadvantages, and may lead to different amplitudes.

However, the correct strategy should encode simplicial geometry and simplicial gravity dynam-
ics, reproduce the correct asymptotic limit and should describe, in some regime, the effective
(continuum) gravitational physics.

In this thesis we focus only on the implementation of the simplicity constraints on the GF'T field
for these models, and we will not study the resulting Feynman diagrams, nor their asymptotic
limit.

Moreover, for simplicity we will consider only a face of the tetrahedron. However, we don’t loose
generality since if the simplicity constraints are imposed on four faces of the same tetrahedron,
with respect to the same normal, then one recovers the general solution.

In this case the extended GFT field decomposition is:

or(g) = Z dj-dj+ ¢Z;j;m+n+ (k)@;j;ﬁq(k)éﬁﬁg(k)
DI () DS ()OI L (R (R)

s~stp n—ntp

(7.7)

7.1 Quantum Bivectors

In this section, we show that the classical B variables, the bivectors, at the quantum level, are
identified with generators J'/ = (J;", J.) of the so(4) Lie algebra, which then act as operators
on the SO(4) spin network states. We start recalling the mathematical definition of classical
bivectors, and we use tools from Kirillov’s orbit method to find the associated Kirillov-Kostant
Poisson structure. Then, using Geometric Quantization, particularly Kéler quantization, we,
briefly, describe the quantization of the Poisson structure, following [42].

By definition, a bivector in n dimensions is an element of A2R"™. In words, it can be imagined
as a generalization of a triangle, with edge vectors, e, f, g in R", in fact a bivector determines
a 2-dimensional plane in R™ with an orientation, and norm corresponding to twice the area of
an associated triangle with the same orientation, and laying in the same 2-dimensional plane.
Particularly, the bivector for the triangle is

E=eNf=fANg=gAe. (7.8)
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However, no further details of the geometry of the triangle are recorded.

The first step to quantize the geometry of a bivector is to associate to each bivector in R™ an
element in so(n)*.

Particularly, the isomorphism 3 : A2R™ — so0(n)* is given by

plen f)l) = nlle, f) (7.9)

for any bivector e A f, I € so(n) and 7 is the Euclidean metric on R™.

The relevant case for our purpose is the 4-dimensional case. This case is not particularly
complicated, since using the isomorphism so(4)* = s0(3)* @ so(3)*, which corresponds to the
splitting of a bivector into its self-dual and anti-self-dual parts, we can reduce the problem to
simpler 3-dimensional case, characterized by so(3)*.

The second step is based on the geometric quantization of the Kirillov-Kostant Poisson structure
of the Poisson manifold so(3)*. Actually, we note that in any dimension the dual of any Lie
algebra has a natural Poisson structure, (the Kirillov-Kostant Poisson structure on the dual of
s0(n)), so that we can identify the space of geometries of a bivector as a classical phase space.
Using geometric quantization, we can quantize this phase space and construct a Hilbert space
called the space of states of a ‘quantum bivector’. Therefore, we first focus on the quantization
of a bivector in three dimensions, which is isomorphic to an element in s0(3)*.

As mentioned, so(4)* with its Kirillov-Kostant Poisson structure is the product of two copies of
the Poisson manifold s0(3)*, thus the generalization from s0(3)* to s0(4)* is not an hard task.
However, we need to be careful since, as we will see, for s0(4)* there are two possible Poisson
structures: the flipped and the non-flipped one, for more details [42,132].

7.2 Geometric Quantization of the Kirillov-Kostant Pois-
son structure

As we mentioned above, Kirillov and Kostant showed in [133,134] that the dual of any Lie
algebra g, and in our case g = s50(3), is a vector space with an additional structure that makes
it a Poisson manifold, i.e. a manifold with a Poisson bracket on its algebra of functions. Thus,
we can define a 2-form w compatible with the Poisson structure, called a symplectic leaf on the
Poisson manifold. Interestingly, if g = s0(3), the symplectic leaves are spheres centered at the
origin. The quantization of the Poisson manifold is performed by constructing a Hilbert space
(via K&hler quantization [135-137]) for each symplectic leaf and then by considering the direct
sum of all these Hilbert spaces.
The first step is to choose a complex structure J on the leaf that preserves the symplectic form
w, making the leaf into a Ké&hler manifold, see [42].
Secondly, we choose a holomorphic complex line bundle L over the leaf, called the prequantum
line bundle equipped with a connection whose curvature equals w. If the symplectic leaf is in-
tegral, we define the Hilbert space for the leaf to be the space of square-integrable holomorphic
sections of L. For nonintegral leaves, we define the Hilbert space to be 0-dimensional. Par-
ticularly, in the case of interest, so(3)*, it is possible to show [42] that the integral symplectic
leaves are the spheres, S;, centered at the origin with radii given by non-negative half-integers
j. When j = 0, S; is trivially a Kahler manifold. In this case the prequantum line bundle is
trivial and the Hilbert space of holomorphic sections is 1-dimensional.

The direct sum of all these spaces is the Hilbert space of a quantum bivector in three
dimensions, denoted by
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Following [42], we can define self-adjoint operators ji, the observables associated to the three
components of the quantum bivector, acting on H and satisfying the usual angular momentum
commutation relations:

J4L T =43, [JAR P =Y, (03T =i (7.11)

We note that they don’t commute so that we cannot measure simultaneously the three compo-
nent of a quantum bivector with complete precision.

We can consider operators J! = Q(J") as the quantized coordinate functions (via the quantiza-
tion map Q) on s0(3)*, where J' are a basis of s0(3), satisfying the Poisson bracket relations:

(JLI =08, (Y =JY, (U3 0 = U2 (7.12)

In other words a natural way to quantize a bivector split in the self-dual and anti-self-dual
part (representing two 3-vectors in three dimensions) is to associate to each part an element
of the canonical basis of the SO(3) Lie algebra, J¢, in some representation j. Then we choose
a quantization map O, mapping the classical generators in the representation j to quantum
operators acting on the corresponding Hilbert space H;. Doing this, the operator corresponding
to the square of the 3-vector length is given by the SU(2) Casimir C = L? = J - J, which is
diagonal on the representation space H; with eigenvalue L? = j(j + 1) or L? = (j + 1/2)?%,
etc. according on the ordering of the operators entering in the definition of the length, i.e.
on the choice of the quantization map Q. Therefore we see that the representation label j
gives the quantum length of the 3-vector to which the corresponding representation is assigned,
thus the Hilbert space H; can be interpreted as the Hilbert space for a 3-vector with squared
length j(j + 1). In general, we define the Hilbert space describing the geometry of a quantum
3-vector, H = @;H;, i.e. as a direct sum of all the Hilbert spaces corresponding to a possible
fixed length.

7.3 Quantum bivectors in four dimensions

From the observation of the previous sections, in the four dimensional case, where the symplectic
manifold is so(4)*, any symplectic leaf is of the form S; x Sy, that is, the product of a sphere of
radius j and a sphere of radius k, where j, k are independent arbitrary spins. This symplectic
leaf can be turned into a Kaler manifold, that can be equipped with a line bundle given by the
tensor product of the line bundles over S; and S;. Finally, after geometric quantization, we
obtain a Hilbert space equal to the tensor product of the spin-j representation of the self-dual
copy of s0(3) and the spin-k representation of the anti-self-dual copy.

Taking the direct sum over all leaves, we thus obtain the Hilbert space, characterized by:

e the non-flipped Poisson structure

H=EPH oM, (7.13)

jk
corresponding to the Poisson structure
(Jr gy =7 gtk (T Ty = 7k (T T =0. (7.14)

where H;t are the Hilbert space describing the self-dual and anti-self-dual part, respec-
tively.
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e the flipped Poisson structure
H=EPH oH; (7.15)
jk
obtained by reversing the sign of the Poisson structure on the anti-self-dual summand in
50(3)*®s0(3)*, which is the one that determines the chirality of the tetrahedron (described
by four flipped bivectors) correctly:

gy =gt gy = =g, gt g =00 (7.16)

The choice of the flipped Poisson structure on A%R?, identified with so(4)* is related to the
isomorphism 3 (7.9). Actually, we could achieve the same Poisson structure on A?R* by starting
with the standard Poisson structure on so(4)* and instead using the isomorphism /3 o %, which
differs by the Hodge dual * acting on the bivectors.

7.4 Relation between Spin network states and Angular
momentum states

We have seen that the geometries of quantized bivectors are described by states in the Hilbert
space:

H=EPH oM (7.17)
7.k

where each ”Hji is the usual space of states of ordinary quantum angular momentum, |j,m).
However, for our purpose, we would like quantum bivectors acting as operators on the SO(4)
spin network states [j7;m™,n") @ [jT;mT,nt) € L*(SO(4)), and not on ordinary angular
momentum states.

In this section we consider the relation between angular momentum states of quantum mechan-
ics and spin network states, particularly we see how to embed angular momentum states in
spin network states.

The angular momentum is the quantity that is conserved if a physical system is symmetric
under rotations. Rotations are described by a matrix representing elements g € SO(3), or its
double covering SU(2). The generators of SO(3) are orthonormal vectors J* € s0(3), the Lie
algebra so(3) is related to the Lie algebra of invariant vector fields on the group manifold, and
we have:

{J5,J7} =7, J* (7.18)

since the generators do not commute we can simultaneously diagonalize only the Casimir op-
erator J? and a component, for example, J*. The (2j + 1)-dimensional representation space
|7,m) is labelled by j and m eigenvalues respectively of J? and JZ.

In quantum mechanics symmetries are implemented by unitary operators, and in the case of
rotations we have that rotation symmetries are implemented by unitary representations D?(g),
acting on a (2j + 1)-dimensional Hilbert space, due to the fact that unitary representations of
compact groups are finite-dimensional. A basis of the Hilbert space is given by the states |j, m)
with —j <m < j.

The Stone’s theorem establishes a one-to-one correspondence between self-adjoint operators
on a Hilbert space and one-parameter families of unitary representations.

The commutation relations among the self-adjoint operators Ji are

[Ji, J7] = ihe” J* (7.19)

54



The quantum generators can be obtained by canonical quantization of the Lie algebra by means
of a quantization map Q, such that J' = Q(J'), and we have

J?|j.m) = hm|j,m) and  J|j,m) = B%(j 4 1)[j,m) (7.20)

where we have restored the Planck’s constant A. Finally, the relation between angular mo-
mentum states and spin network states is given by the definition of the Wigner D matrix:

D}(9) = (G, m|D (g)l4, n) (7.21)
As we have seen, spin network states |j;m, n) form a basis of the Hilbert Space H = L?(SO(3)).
Indeed, a decomposition of functions on SO(3) in terms of spin representations follows from the
Peter-Weyl theorem, which shows the orthogonality of the elements of representation matrices
DJ (g). Accordingly, the states |j;m,n) defined via (g|j;m,n) = DJ_(g) constitute a basis in
the Hilbert space H = L?(S0O(3)), the spin basis.
Recall that the spin label j of the state refers to the eigenvalues of the quadratic Casimir
operator X2 = (—ih)2Ly, Lo,

X2|jim,n) = B2§(j + 1)|j; m,n) (7.22)

which label the irreducible unitary representations of SO(3), while the indices m,n refer to
eigenvalues of the Lie derivative operators X# = —thL r.r with respect to left- and right-

invariant vector fields 7% € T'SO(3), such that TX(e) = ff(e) =1, € s0(3),
XZljimon) = hmljsm,n) and  XE|jim,n) = hnlj;m,n) | (7.23)

Now, we point out that the states |j;m,n) are not the usual angular momentum |[j, m), even
though they are related through the definition of representation matrix elements D (g) =
(7,n|D?(g)|j,m). Specifically, the space of angular momentum states, |j,m), is a (25 + 1)-
dimensional representation space of the symmetry group of rotations around a point (SO(3))
and its double-cover SU(2), L*(S?) = 3~ 7—[{90(3), where H{go@) is an irreducible representation
space of SO(3).

The space of Spin network states, |j;m,n), is a (25 + 1)?-dimensional representation space
corresponding to the Hilbert space # = L*(SO(3)) = 3_; [H§0(3)]L X [Hgo(3)]R, giving a full
representation of both left and right multiplication.

However, we can represent angular momentum states |7, m) in the Hilbert space L*(SO(3)) by
the identification Hé0(3) = [H‘;O(3)]R/ L In the thesis, we have chosen to use right-invariant

vector fields, thus the embedding is Héo(?)) = [’Hgo(g)]R C [’Héo(g)]L X [’Hgo(g)]R, and:
J?|5,n) = nlj,n) = XEj;m,n) = nlj;m,n) (7.24)

In conclusion, we have shown that the classical B variables, the bivectors, at the quantum
level, are identified, in the splitting self-dual anti-self-dual with momentum operators [XF]*,
acting on the Hilbert space L*(SO(3)*), whose states are spin network states |j*; m*,n*), or
non-commutative metric states |z*), described in Chapter 4.

7.5 Quantum simplicity constraints

Now, we can finally give the quantum version of Plebanski constraints as operator equations.
Recall that the classical simplicity constraint reads, in the self-dual/anti-self-dual splitting,

V tetrahedrat € A 3k, € SU(2) / Baf +k-a] k' =0, VX; = (z7, %) (7.25)
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Thus, at the quantum level we can define the quantum operator imposing the simplicity con-

straints: R ) )
D; = BX; + kX, k7! (7.26)

where XF = [b*]* are quantum operators associated to the generators of SU(2)* related to
left-invariant vector fields. For example, they act on spin network states as:

X;t‘ji; m:l:’ n:i:> _ mi\ji; m:l:’ n:i:>

. A 7.27
X* XFEm® n®) = (% + D]75mT ) 720
While on non-commutative metric states as [37]:
X*|o®) = oF « [2?)
(7.28)

Xﬁ: . Xﬂ:|xﬁ:> _ (1;1)2* |I:t>
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Chapter 8

The Riemannian EPRL model

In this section we present the Riemmanian EPRL (Engle, Pereira, Rovelli and Livine) model,
developed firstly by Engle, Pereira and Rovelli in [123,124] without the Immirzi parameter, and
subsequently generalized in [43] to the case of finite Immirzi parameter. Remarkably, the EPRL
model is the first “new” model proposed, implementing several feature mentioned in previous
chapters as the Immirzi parameter, the linear simplicity constraints and the weak imposition
of the constraints.

Historically, the first Spin Foam model proposed was the Barret-Crane model. We will not
review this model in the thesis because it corresponds to the limit v — oo of the EPRL model,
that we are going to present in the next sections.

Nevertheless, in order to understand the motivations and the importance of the EPRL model
it is important to describe briefly the Barrett-Crane features, as the new models have been
proposed to cure some of the Barrett-Crane problems.

8.1 The problems of the Barrett-Crane model

As mentioned, the Barrett-Crane model, as was originally defined, is based on the discretiza-
tion of the quadratic simplicity constraints. At the quantum level, using geometric quantization
we can identify the classical bivectors B]Ic‘] with the generators J!7 of the Lie algebra of the
gauge group G = SO(4). Thus, in the boundary Hilbert space bivectors are represented by
a derivative operator whose action on the spin networks is equivalent to an insertion of the
generator of the Lie algebra in the representation A = (j~, j7) associated with the given face.
This identification is justified by the observation that in BF theory the B field is canonically
conjugated to the spin connection [83].

Once this identification has been made, the simplicity constraints are imposed strongly on spin
network states, the boundary states of the BF theory, which have the effect of fixing the rep-
resentations and the intertwiners coloring the graphs.

The geometric interpretation is that four quantum bivectors, satisfying the quantum simplicity
constraints, form a quantum tetrahedron, represented by an intertwining operator.
Particularly, in absence of the Immirzi parameter, the diagonal simplicity constraint (which
involves only the bivectors referring to one face f) restricts the allowed representations Ay =
(j;,j;[) to be simple representations A} = (j;,j;[) = (jf,Jjf), thus imposing the relation
iy =37 [83].

Regarding the cross simplicity constraint, we note that it involves different faces dual to trian-
gles sharing an edge.

These triangles are in the boundary of a tetrahedron 7, characterized by an intertwining oper-
ator, which can be always decomposed into the sum of three-valent intertwiners.

Actually, three-valent intertwiners are characterized by intermediate representations.
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Then, the imposition of the cross simplicity constraint requires that we look for intertwiners
that are compatible with the coupling of simple representations, i.e. the intermediate represen-
tations of the decomposition of the intertwniner are simple [83].

The intertwiner satisfying this condition, called BC intertwiner was proposed in [125] and was
shown to be unique in [138].

Despite the great success of the Barrett-Crane model, it has been argued that some of its fea-
tures that may be considered as problems, in the spirit of the Spin Foam approach described
in Section 5.1.

Specifically, on one hand a lot of criticism has been raised concerning the ability of the BC
model to reproduce correctly quantum simplicial geometry, as the asymptotic (i.e. the large
spin limit) behaviour of the vertex amplitude [139-141] does not lead to the exponential of the
Regge action, but rather to crippled geometric configurations.

On the other hand, the original version of the Barrett-Crane model has strange geometric
properties, specifically [49]:

e 4-simplices speak only through face representations, i.e. triangle areas [142];

bivectors associated to same triangle in different simplices are not identified [38, 43,47,
123,124,127-129];

e normal vectors to the same tetrahedron seen in different 4-simplices are uncorrelated
[48,122];

the simplicity constraints are imposed in a non-covariant fashion [48];

because of this non-covariance, there are missing constraints over the connection variables

148].

These features are a consequence of the uniqueness of the BC intertwiner, but they have been
reconsidered in the Barrett-Crane version (7 = co) of the Baratin Oriti model, where the last
three issues are solved if constraints are imposed covariantly (see the conclusions of [49]).

Finally, an other important issue comes from the analysis of the constraints. Indeed, in
the case of quadratic simplicity constraints or in presence of finite Immirzi parameter (relating
Spin Foam models and Loop Quantum Gravity), constraints to be imposed are second class,
and shouldn’t be imposed strongly.

Remarkably, the EPRL model was the first model implementing three new inputs [83]:

e linearisation of the simplicity constraints,
e inclusion of the Immirzi parameter,
e imposition of the simplicity constraints in a weak sense.

Let us present these new ideas and their effects on the Spin Foam quantization.

From the classical analysis, the Plebanski formulation is equivalent to four- dimensional

gravity only in the so-called gravitational sector (where B!/ = :l:%e rixref Ael) of the simplicity
constraints. However, the topological sector (where B/ = +e! A e/) may “interfere” with the
physical one at the quantum level. The original quadratic version of the simplicity constraints
does not distinguish between the two sectors and therefore one cannot be sure that one describes
pure gravity.
The linearised version of the simplicity constraints turns out to be stronger than the original
one, allowing the distinction of the two sectors, and has a direct geometric interpretation:
indeed, linear simplicity constraints simply mean that the four triangles described by bivectors
By, which belong to the same tetrahedron 7 O f, lie in the same hyperplane.
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The second point is to incorporate the Immirzi parameter into the quantization scheme. This
is, of course, motivated by the hope to find a Spin Foam model consistent with LQG, whose
results depend on this (classically irrelevant) parameter in a non-trivial way.

The third point is related to the way the simplicity constraints have to be imposed. We have
seen that strong imposition leads to the Barrett-Crane model, whereas the EPRL model imposes
the constraints weakly.

However, we would like to point out the remarkable fact that an analysis of the constraints [143]
has shown that in the pure gravitational of Holst gravity, or in the Plabanski theory with linear
constraints, simplicity constraints close, thus they are first class and should be imposed strongly.

8.2 The EPRL model and the Master Constraint crite-
rion

There are several ways for weak imposition of the constraints. The first proposed is the Master
constraint criterion, that can be developed by studying the spectrum of the Master constraint
operator M = D - D. Strong imposition of the constraint D would amount to looking for
the kernel of the master constraint M. However, generically the positive operator associated
with the master constraint does not contain the zero eigenvalue in the spectrum. However, the
proposal of [143] is to look for the minimum eigenvalue among spaces H; € H;-;+. Explicitly,
the Master constraints is:

W) ={B(X7 2 + B+
 BIRXT T X — R = (X7 )

1 o o 2o (8.1)
= O DR o (= DA
(92 = DIRXTE™ + X5 = k()% = (50 )
The derivation is straightforward.
Proof.
(kX7 k™ + BX)le) =
- {k;X—k;—lk;X—k—l +EX; AKX + BXEX R 4 BXBX YY)
= (X7 4+ BT + BIXTR T + XF)? = R = (X))
_ (7+1) >—\27.—1 (7_1)2 o+ 2
Vo Tp O
(VA D2y =L [ ot 402 o201 (542
Ty BT X = R = (XY ) 52
= o O DR (= PR
(7= D+ DGR + X = KX = (X7 )
= O DR (-
(7 = DIRXTE + X5 = R(X)% = (X7 )
O
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If we consider the standard eigenvalues of the quadratic operator:

(X)) =57 + 1))
(X)) = 57T + 1)) (8.3)
(kX7 k™" + X2 |0) = k(k + 1)|v)

We have the following equation:

M) =ﬁ{<v +1%5G D)+ (= DY+ D+

. NP . 8.4
FOP = DG+ 3G+ 1)~ G+ D]} (84)
=m=; (1)
There are two cases:
e Case 7 < 1: In this case the minimum eigenvalue is obtained for
jT = 17”] Bl5*
it = %J (8.5)
J=i"+i"=7"1+|8])
i.e., one has
mj:i:j Z m; (86)
where m; = 52((11;%22” where we have restored the explicit dependence on A so that it is

apparent that selected eigenvalue vanishes in the semi-classical limit A — 0 and 7 — oo
with jh = constant.

Proof.

M)y =4~ + 1)+ 8% (T + 1)+
+Bk(k+1) =57~ +1) =5 G+ D]}
={IBlT Bl + 1)+ 52T + 1>+
+BTA+FBNGTA+IB) +1) = 1Bl UBT +1) =57 GT + D]H)
={IBPGT)* + 18l + B7(T)* + B2t +
+BlGTA 1B+ + Bl = BPGT) =18l — () = 5T ]})
= {28%(" ) + 18157 + 8%+
+B1GTPA+208] + 181) — 1BPGT)? = (G )
= {26821 + 1Bl5" + 8% +28181(7)*H)
= {282 + 1Bl5T + 8% — 2|8]%( '*)2}|¢>

= 1Bl (L +18DIY) = 1Bljl¥) = —J|¢>

(8.7)

2
- .
Jlv)

( +7)?

restoring i we complete the proof. n
e Case 7 > 1: In this case the minimum eigenvalue is obtained for
B "’71] B3
+ = 2t

—Jj =@ —180)

2
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i.e., one has
Mmj+; = M

_ R(*=1)j
where m; = e

(8.9)

where we have restored the explicit dependence on A so that it is

apparent that selected eigenvalue vanishes in the semi-classical limit A — 0 and 7 — oo

with jh = constant.

Proof.

M) ={"(~+1)+ %G+ 1)+
+Blk(k+1) =5 (G~ +1) =7 0T+ DY)
:{|6|j+(|6|j++ 1)+ 8%+ 1)+

+ BT A= 1BNGTA = 18) + 1) = Bl (18IT + 1)

={|BPGT)? + 1813t + 82U + BT+

+ A1 = 1BD)* + 5% = 1Bl = 1B — Bl -

= {28 ) + 1Bl +62 AEE

)*
+ B[ =218 +18%) — 21815 — IBF(G)* = (74)*
)*

={28°(GN)* + Bl + BT+

+B1GT)* =218+ [BIGT)* = 21815 — |8 (5F)?
={282G) + 1Bl5" + 8% — 252( 7 - 28 '+}|w>

2]|¢>

2

= 51— Pl = m|w>——|¢> Iy

restoring i we complete the proof.

=G+ DY)

(8.10)

]

However, we note that this implies that the Immirzi parameter 7y is quantized to be a rational
number [14]. Remarkably, this is a common feature of the EPRL model, the Alexandrov’s

proposal, the Ding-Han-Rovelli model and the Freidel Krasnov model.

8.3 The Master constraint criterion and the Casimir op-

erators

The Master constraint criterion can be equivalent re-written in an equivalent way involving

only Spin(4) and SU(2) Casimir operators, as noted in [14] [83].
The criterion is encoded in the following two equations:

e First constraint equation

(7 + DCE = 29 ) ~ 0
e Second constraint equation

hCr — CEI) ~ 0
where:

6 =(RXTET (XY

A(D .

& =X = (RX7R)?

Cu =(kX7 k™ + X;5)?
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Proof. Classically, for the diagonal simplicity constraint, we have:

2
0= kaerk™ + fat = (ke k™) — B2(a)” = (ke k) — (”—‘1) ()’

y+1
(v + 1 (kay k1) = (v = D*(2))?
(v+1)” (8.14)
= 2 (kay k™% 4+ 2y(kay k717 + (kay k712 — 9 (a)? + 29(27)? — (a)?
= (v + D) = (b7 k7)) = 29[(a])* + (ka7 k7))
= (P +1)Cg - 2yCY

Classically, for the cross simplicity constraint, we have:

— - —1 . +
0= ka k' 4 Bat = ko k4 gt — (v + Dkay k™ + (v = D)z

Y1 v+1
= (ka7 k™ 4 2) + ke kT — o = y(kay k7 4 22 — [(a5)? = (ka7 kY (8.15)
= Cy — CF
AAt the quantum level we have to define a quantization map such that )A(Z.’ = Q(z;) and

X" = Q(x]), as a result we have ambiguities in the spectrum of the quantum Casimir operators

7 i

O(Gl ), C’g ) and Cy due to the operator ordering problem. O
Several comments concerning this result are in order [83]:

e The first equation derives from the diagonal simplicity constraint, as it involves only a
relation between j~ and j* representations, precisely as the diagonal simplicity constraint.
Moreover, it can be imposed strongly. The distinguishing role of this constraint is justified
by the fact that it lies in the center of the algebra formed by the quantum constraint
operators, i.e. it commutes with all the other constraints, and can therefore be considered
as first class [83].

e The second equation is a consequence of the cross simplicity, as it impose a relation
between the SU(2)~, SU(2)" representations and the intermediate representation of the
SU(2) c SU(2)” x SU(2)" € SO(4) subgroup, which is the stabilizer subgroup of the
normal of the tetrahedron.

e The presence of the SU(2) subgroup and the normal immediately implies that the solution
to the quantum simplicity constraints will lie in the class of projected spin networks.
Consequently, we will impose the EPRL constraints on the extended GFT field.

e Finally, the two equations do not have common exact solutions with the standard choice
of the spectrum of the Casimir operators. However, it is known that they may acquire
quantum corrections due to ordering ambiguities related to the quantization map chosen.
Moreover, these corrections are assumed to be such that the equations do have non-trivial
solutions. More details in the following. Specifically, the EPRL solutions can be exact
solutions with a particular choice of such corrections, but it should be mentioned that
there are also other interesting possibilities [44,144].

8.4 The EPRL solutions and the Casimir operators

In the light of the previous section, we now study the dependence of the two constraint equation
on the choice of the quantum corrections due to ordering ambiguities.
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Particularly, if we consider the prescriptions (8.5) and (8.8), we observe that for the standard
spectrum of the Casimir operators:

COY = (5 +1) + 57~ + D)y)
COWY = (5 +1) — 5=~ + )v) (8.16)
Crl) =j(j + DY)

we have that:

e In the case § < 0, the first simplicity equation is:

(7 + 1)CE — 29CH W) = vi(v* — 1) (8.17)

while the second simplicity equation reads:
hCrr = C&Nlw) =0 (8.18)
e In the case § > 0, the first simplicity equation is:

(1 +1)CE = 29CHN|w) = §(1 — )W) (8.19)

while the second simplicity equation reads:
Cr = CEN) = [i(y = D)l (8.20)
Proof. In the case § < 0, we have for the first simplicity equation:

[(+* + 1D)CE = 29C ) =
—{(P+) [T+ =G D) =TT+ G+ D)

Lty (147, L=y (1=-7.
={(72+1)[ 5 J( 5 J+1>— 5|+

_ 9y {1+7j(1+?7j+1)+1—77j(1—77j+1)} }|¢> (8.21)

2

2
v +1) . ‘ . . . . . . ‘
—{( 1 )[]2+27]2+72]2+2U+2]—]2+2’Y]2—72]2—2]+273}+

_JZ[2+2w2+7%2+2xr+m+42—2w2+7%2+21—2w}}W>

= [*52 + %5 + 957 + 75 — 757 — P52 = 2v5]|0) = vi(y* — D)

In the case § < 0, we have for the second simplicity equation:
Ci = CE) = i+ 1) =7 GF + 1)+ 576 + DIIY)
1+~ (147, l—v (1—7.
= |7 +1) - J( 7J+1>+ J( J+1>]|¢>

2 9 9 9
r .2 .2 2.2 . . .2 .2 2.2 . .
o P29+ 2+ 25 2= 292+ 4%+ 25 — 27 (8.22)
=[G +1) - 1 + 4 ¥)
o 7% + 4y . .
= 7](J+1)——4 W) =[G +1) —vi(G+ 1)) =0
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In the case § > 0, we have for the first simplicity equation:

(4 + 1D)CE = 29C ) =
={(P+DF G+ -G D] =G+ +5 G+ D)

:{@2“) F;%‘(l;”ﬁl) —”;U (7;1j+1)}+
() () e 52

2
+1) . . : : o : . . .
= {(7%4) 7% + 2957 + 975 + 295 + 25 — 5° + 295° = 7°5* + 25 — 295] +

27 . . . . S . . ; ;
= [P+ 2 5 20 120 5 = 297 4 - 25+ 29 }|¢>

=[5% + 7%+ 5%+ 5 — it — %5 = 2930 0) = 5 (1 — 7))

In the case § > 0, we have for the second simplicity equation:

WCr — CNY = (G + 1) — 55 (G + 1) + 57 +1)]|v)
1+~ . [1+7. y—1. (~v-1.
= | +1) - J j+1)+ J J+1)| )
2 9 9 9
PN PN 42 P PP 2 =2 (8.24)
7 + I )

= (7 +1)—

= it + - 2228 ) iy - i)

[]

In order to summarize, we have seen that the standard choice of the Casimir does not solve
exactply the Master constraint criterion for both v > 1 and v < 1. Indeed, generically the
positive operator associated with the Master constraint does not contain the zero eigenvalue
in the spectrum and weak imposition of the constraint corresponds to look for the minimum
eigenvalue among spaces H; € H,-j+.

Moreover, the Master constraint criterion can be re-written in terms of two equations in-
volving SO(4) and SU(2) Casimir operators. As expected, the standard choice of the Casimir
does not solve both solutions exactly for both the cases v > 1 and v < 1. Interestingly, we
note that, with the standard choice of the Casimir, the second constraint equation is solved for
v < 1, we will use this result in Section 9.

However, as we have seen, there is an other possibility, related to the quantum corrections

due to ordering ambiguities.
In fact, since the Master constraint involves the Casimir operators, the solution depends on
the operator ordering of the Casimir, which depends on the choice of the quantization map Q.
Actually, an ordering ambiguity is always present in quantum theory, and can be related, in
the Spin Foam context to ambiguities in the path integral measure [43]. For instance, different
ordering of the Casimir can yields spectra j(j + 1) or 5% or (j + 3)?, or anything differing from
these by a linear or constant shift [43]. In the EPRL context, the natural ordering in order
to find solutions to the simplicity constraints seems to favour the spectrum j* for the SU(2)
Casimir operator instead of the usual j(j 4+ 1), leading to an area spectrum with a constant
spacing of 7.

64



Particularly, if we consider the prescription (8.5) and (8.8), we observe that for the ;2

spectrum of the Casimir operators:

CPNY =) + (7))
CR Ny =()? = (7))
Culv) =52[4)

we have that:

e In the case § < 0, the first simplicity equation is:
(0" + DCE = 0CE ) =0
while the second simplicity equation reads:
hCrr = C& ) =0
e In the case § > 0, the first simplicity equation is:
(4 +DEG = 2wy =0
while the second simplicity equation reads:
hCrr = C&NI) =0
Proof. In the case § < 0, we have for the first simplicity equation:

(72 + 1)CD — 2460 =
_ {(W ) [u +9)%° _”ﬂ S [a %, (1 —w?f] }|w>

4 4 4 4
2772 + 2742 32+ %52 + 52 + 4252
= {(72 +1) {T — 2y 1 )

={("+ D =P+ ) =0

In the case § < 0, we have for the second simplicity equation:

WCr — CON) = 3% — (GF)? + (7))
_ {7]2 o (1 Z’V) 24 (1 _47) j2:| 1)

_ { 5 295% + 2957
= 7] —4

] [¥) = [v5* —73% [¥) =0
In the case § > 0, we have for the first simplicity equation:

(P + 1Y —24C|y) =

_ { { (1 +47)2J2 (v —41)29'2} o, {(1 +47)2j2 L —41)2j2} }W)
_ 29 + 2057, [P A A4 )
(N
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In the case § > 0, we have for the second simplicity equation:

WCr — CONW) = 2 = G2+ (G7)2IY)
_ |:va B (127) 24 (7;1) j2} ) (8.33)

2752 4 2752
= |2 = B ) = i = g% = 0

]

Therefore, we see that there is a quantization procedure for which the simplicity constraints
are satisfied exactly.

8.5 A note on the quantization map

As we have seen one can find a particular spectrum of the Casimir operators such that the
EPRL prescription satisfies the Master constraint criterion exactly for both v > 1 and v < 1.
However, the quantization procedure leading to the spectrum j2 has not been studied in detail,
specifically it is not known the expression of the plane waves appearing in the non-commutative
Fourier transform. Actually, the non-commutative Fourier transform has been defined for the
Freidel-Livine-Majid (or the Duflo or the Symmetric) quantization map, characterized by the
Casimir spectrum j(j + 1) (or (j + 1)?). Thus, explicit calculation in the metric representation
will be performed with the Freidel-Livine-Majid quantization map for which the EPRL con-
straints are not satisfied exactly.

Nevertheless, we would like to point out that probably exact solutions of the Master constraint
criterion are related to how the constraints are imposed, rather than the particular choice of
quantization map. Indeed, we will show that the Baratin Oriti model satisfies the Master
constraint criterion and the Gupta-Bleuler criterion independently by the choice of the quan-
tization map (the only requirement is that the quantization procedure is well defined). So
that we expect that the fundamental problem is not what is the proper choice of the operator
ordering, but rather what is the proper way to implement the constraints (and the Baratin
Oriti model seems the more general). Finally, in the last sections of the thesis, we will compare
the new models in the large-j limit. These results will not depend on the choice of the choice
of the quantization map. In conclusion, the issue of the operator ordering, solving exactly the
Master constraint criterion, may be not a fundamental problem of this thesis. However, it may
play a role with respect to the relation between the Ashtekar-Barbero connection and the spin
connection, as we will see in Section 9.

8.6 The EPRL solutions in the extended GFT formalism

Finally, in this section we consider the extended GFT field solution of the EPRL model, in
different representations.

We start noticing that the EPRL model imposes a restriction on the possible representations.
In other words, it is diagonal in the spin basis, where it acts as two Kronecker deltas. The first
impose the relation j~ = |5]j* while the other the relation j = j* £ j~ according of v < 1.
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Therefore, in the spin representation we have:
e If3<0

GTss @ 45T | (S5 9) =
_Z¢ - )CU A (k.)crj wJ ](k)cr] ]+l<k)cj it (k)(SJ 1813 §3a* (1+18])

m- m+q s—stp

(8.34)
+ =BTt
_ Zgbln’il]njernJr )Cflj;{rqj (1+|/3\)(k;)clﬁ|i . (1+|5|)(k)CL5|§ 1]) l(k)olzﬁljnJrjp (k‘)
T AN
e If3>0
(758771 @ (587,71 © (K|SEpreld) =
= S e WO WL RCL LG e o e
+ - +i+ ’
_ qulﬁljnjwrn+ )C«T\fIJ;JJqu (1- IB\)(k)CT\BIi i it Iﬁl)(k)cs\ﬂli }J) l(k)clfbmjp (k)
= [Qs%;%%]@ifwﬁ(k)
Moreover, in a basis of coherent states these solutions correspond to:
e If3<0
G, mo| @ (At mt| @ (kSEprplv) =
= Zdj—dj+ G s ) G At i s )
(G587 @ (st T @ (KSppRelv) 530
. T L 8.36
_ Zdlﬁ\ﬁ ]+¢|x |]y Jz+y+( )Cf‘i—?{;g (1+181) (k>015\i+fl J (1+|ﬁ|)<k)
i+
DI (9 )DL (0 ) DI (930) Dl 9 ) L2, T ()G 0 h)
= [¢%§30RL]‘(€?L!{ ,ﬁ*,ﬁﬁ,ﬁﬂ(k)
e If3>0
G5, m| @ (Gt mt| © (k[ Spprelv) =
szj—dﬁ G s T ) G AT T s )
(G587 @ (st T @ (KSEpRelv)
(8.37)

N titit(- Blititit(1—|8
=D digrdpe 802 (CT T ()G

T+
Dwfﬁb (9t )Dwfm] (gm—>Dr+] <9n+)Di+] (95 )Clﬂli+; l(k)cdym?]ﬁ; (k)
= [0kl - e (F)

In the group representation we have:
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e If <0

{g71® (g Jr| ® <k|S§PRL|¢>
- Zd'*dﬁ (9717758 rT) @ (gT 7T s rT)

sl @ (st ot @ (k1 ShpRele) .
- Zd\mﬁdﬁ(b'm it () G2 T (TR )C\5|j+]+3 0180 (1 :
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o If >0
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tit — (839)
_Zdwfr J+¢m s m+n ( )lebm] q] (-8 (k‘l)clﬁli J jtQ |5\)(k)
+it
Djﬁli ( )Di’+s+( )Olﬁ|i+zj7+l(k)or‘f|z@+]p l(k)
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Now, performing the non-commutative Fourier transform we can write the solutions in the
metric representation. As mentioned before we choose for explicit calculation the Freidel-
Livine-Majid quantization map, described in Section 4.9.

We have:

o If <0

(z7| @ (x +| ® <k|S§PRL|¢> /dg‘dg+(x_|g+><x+|g+>(g | ® (g +|S§7PRL|¢>

AN +i+i+
= dig+d;e o), () CIPTE TG OB () 185757 (418D 1y
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m=mtq rorta (8.40)
SIBlititl i+ = _ -, — ~
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sl i+t 227D s (w2t (7)) S imet
Cn ntp (k) 28057 2| D= (e | ‘) 2 | Dy ov <e | ﬂ)

=¢(2, ") pppy (k)
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e If3>0
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Chapter 9

The Alexandrov’s proposal

In [44] Sergei Alexandrov studied the relation between the Ashtekar-Barbero (AB) connection
A® necessary in the canonical Loop Quantum Gravity, and the spin connection w’”, character-
izing the Spin Foam quantization. As a result, he realized that the spin connection projected to
the subspace defined by the EPRL model with a slightly modified restriction on representations
naturally gives rise to the AB connection. Particularly, recall the two Casimir equations of the
simplicity constraints:

(2 4+ 1)CE = 29CP|w) = 0 (9.1)
and,
Cx — CPN) =0 (9.2)
where:

D=k X7 RN 4 (X2

A (1

G

D =(X5)? - (kX R 9.3)
Co =Xk + X )2

We know that a concrete solution of these conditions on the Casimir operators depends the
value of the Immirzi parameter v, which we have assumed to be positive.
However, as we have seen for the EPRL model the general feature is that these conditions
do not have any solutions in terms of unitary representations, and the usual strategy [43] is
to adjust the values of the Casimir operators by linear and constant terms in representation
labels in such a way that solutions do exist [44]. These adjustment is a consequence of the
quantization process, particularly related to the ordering ambiguity at quantum level.
Moreover, we know that for the standard choice of the Casimir the solutions are valid in a semi-
classical limit, for large 7, and correspond to the minimum of the Master constraint criterion.
In [44] Alexandrov investigated the relation between the Ashtekar-Barbero connection and
the spin connection. The great result is that if (9.2) is solved exactly then one does have a
possibility to extract the LQG connection from the EPRL constraints. But this requires the
exact solution of one of the constraints.

9.1 The Alexandrov’s prescription

The Alexandrov’s proposal is a modification of the original EPRL solutions, in order to solve
the second Casimir simplicity equation (9.2) exactly with the standard choice of the Casimir.
Particularly, the Alexandrov’s prescription is:
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e If <0

I 12”’3—|5!j+
r-tdy o
J=Jt+5 =71+

o If 5>0
Im=5 U =18lGT+1)
jr=2r ) 1 (9.5)
J=i"—7 =018 -8l

We observe that with this choice the second simplicity constraint equation (9.1) is solved with
the standard choice of the Casimir (j(j + 1)), for both v > 1 and v < 1. Specifically, if

CONWY =5 (G + 1) + 3G + D)
DNy =G +1) =57 + D) (9.6)
Culy) =i (G + 1)|¥)

then:

e In the case § < 0, the first simplicity equation is:

(7 +1)CE = 29CPN) = 7i (7 = 1) (9.7)

and the second simplicity equation reads:
Cr — CENIg) =0 (98)
e In the case § > 0, the first simplicity equation is:

(2 +1)CE = 29CHNw) = —(j + 1)(y - 1)? (9.9)

and the second simplicity equation reads:
hCrr = Gy =0 (9.10)

Proof. In the case § < 0, we have for the first simplicity equation:

(" +)C =~ 066 w) =
={P+DF G -G D] =G+ +5 G+ D)

I+ T+~ L=y (1=~
(v +1) 7] 7j+1 - 7] 7j+1 +
2 2 2
1+~ 1+7 l—v . [1—7.
1 1
{ 5 J( 5T )+ EAGT A [¥) (9.11)
{ [77 42957 + 79777 + 295 + 2 — 77 + 2957 = %5 — 25 + 29j] +
—I[J + 2957 + 9% +2vj+2j+j2—27j2+72j2+2j—27j}}Iw
=[5 + 2% + 75 v =957 = = 29ll) = (v = DY)
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In the case § < 0, we have for the second simplicity equation:
WCr = CEN) = G +1) =G+ 1) +5 G + D)
i 1+~ (147~ 11—y (1—7v,
= | +1) - 7J( 7]+1> + 7J( 273+1)} [¥)

2 2 2
P kR R TR B ki s a1 (9-12)
= b+ 1 — D) — 4 1) =5+ Dy = 0
In the case § > 0, we have for the first simplicity equation:
(* + 1D)CE =1 ) =
={(P+DEET D) =G D =G+ D) TG D)
_ {(72+1)(j+1) KPYTH(jnLl)—l) 7‘2“ —7;1 (7;1(j+1)+1)} + -
9.13
oG (- 1) T T (TG 1)) }|¢>
={(*+ DG+ DG+ Dy =1 =G+ DG+ DO+ 1) = 2}e)
={(P+ DU+ D*(v=7) = G+ DOy = D) = =G + Dy = 1)*[y)
In the case § > 0, we have for the second simplicity equation:
Cor = CN) = G+ 1) =576 + 1) + 576 + D)
{’7]]4—1 ( i j+1—1>1;7(j+1)+
]+1 < (j+1) +1)}|@/}> (9.14)
(y+1){w— 1)(~? +27+1—72+427—1)—2(7+1+7—1) )
=+ Di—wllv) =0
L]

Moreover, Alexandrov has found a particular spectra of the Casimir such that the restrictions
on the representation (9.4) and (9.5) solve exactly both the constraints (9.1) and (9.2). Indeed,
with the expression for the Casimir operators given by:

&' 10) ="+ 17+ G
C&ly = + 1) = (7)) (9.15)
Crlw) =(k +1)°[¢)
and the prescriptions (9.4), and (9.5), we have:
e In the case § < 0, the first simplicity equation is:
(P +1)CG = 29CH 1) = 0 (9.16)
while the second simplicity equation reads:

WCr — CNw) =0 (9.17)
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e In the case § > 0, the first simplicity equation is:
(7% + 1)CE —2Cg ) =0 (9.18)
while the second simplicity equation reads:
G = C&w) =0 (9.19)
Proof. In the case f < 0, we have for the first simplicity equation:

(* +1)CE = 10 lv) =

ey [0 A=) [0 (=)
{0 TE| gy [BE22E BT

et 295° + 275° 9, e i e i e )

= i(’v%r 1)[“[3'2] if[ljﬂ} |w{> =0 4 } }

In the case § < 0, we have for the second simplicity equation:

WCx — CON) = (3% = G2 + (7))
_ |:7j2_ (1+9) 24 (1-19) f} )

(9.20)

4 1 (9.21)

| 275% + 275?

2] ) = b = 27) = 0

In the case 5 > 0, we have for the first simplicity equation:

(12 +1)CE — 2CYN|e) =
= {(P+ 1[G+ 12— (G =200 + D2+ (G

ey [ G- D2+

— 2y {(7 Z D (G+1)2+ gl _4 D) (J+ 1)2] }|w> (9.22)

+1)2
:{(72+1)(3T)(72+27+1—72+27—1)

WAL 22y 4142 -2y ) 0

={(P+ DG+ 1=+ DG+ 1)} ) =0
In the case 8 > 0, we have for the second simplicity equation:
WG = CM) = G+ 1) = G+ 1+ (7))

-+ - 225 022G+ 17 )

J+1)) 4+
—1-2y—7*+1-2y+~? (9-23)
G+ - 1w

=G+ [y=l)=0
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9.2 The Alexandrov’s solutions in the extended GFT
formalism

In this section, we consider the Alexandrov’s modification to the extended GFT field, in the
different representations. As the EPRL model, the Alexandrov’s proposal imposes a restriction
on the possible representations, (9.4) and (9.5) In other words, it is diagonal in the spin basis,
where it acts as two Kronecker deltas. However, for § < 0 the Alexandrov’s prescription
corresponds to the EPRL model: ¢ 187" and ¢/ 77 (+18) while for 8 > 0 we have ¢/~ [8IGT+1)
and 87 3TA=18D-181

Therefore, in the spin representation we have:

o If 5 <0
(G75s” 7"|®<'+' i +|<X></~<¢ISAB<O\¢>=
=N (RO (k)G (k)G (k)G ()59I 33 (418

m- m+q r—rtq s—stp n—ntp

—qulfi“nfw T B () 0 o T ey
= (32 e (B)
e If3>0
GssmorT e (st ot e (MSE0e) =
= > G e (VG322 (RYCT T ()G ()C3 5 (k)
537 1BIGT+1) 5iliT (1=18)—181]
9.25
=3 gl () GG DTGl (9:25)
GIIGT 03 G+ O=1BD =181 ) ST ST ) SIAITT #0571
= W )
Moreover, in a basis of coherent states these solutions correspond to:
e If3<0
G, me| @ (Tt mt| © (kS Y) =
o A NG ) 00 -
DI YD o DA 00 Do VO G 1)
= [0 T e (B)
e If3>0
G| @ (it mt| @ (kS0 lw) =
= 3" digyg ey 29T () CIL P ) AT
DN EY (ga) DI D (g ) DI (g ) D2 (g ) (9.27)
G PTG I Tal ) GIAIG™ 015+ (=)=l

= ﬁ>0]|f3|(ﬁ+1) it )(k)

A i = i
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In the group representation we have:
o If <0
(71 ® (9" @ (kIST™l0) =
=D didy{gTli s ) @ (gt s L)
G771 s (kISR 0)

9.28
= Zd\ﬁlﬁ 3+¢|T§‘]njm+n+( )C«lfb;]tlj (1+IB\)<k)CLB|i+q+ +(1+IB\)(k) ( )
_ +i+
DI ()DL (g )L ) O (k)
= ¢(g~, 9"~ (k)
e If3>0
(97| @ (g"] ® (k|SF°l¢) =
= Zd]*d]+<g_’j_a S_7T_> & <g+|.]+a S+7T+>
G @ (st ot @ (kST 9)
(9.29)

+ — a1t
o ZdW‘ JT+1) J+¢'|r§‘ n trj“'nﬂ-( )Cl5|s+;+1 ]+l(k>c7|1mn+p+1) l(k)

DIIGT+D (=) DIt () GG GOl ) 181G 03 5 118131

= o9, 9V (k)

Now, performing the non-commutative Fourier transform we can write the solutions in the
metric representation. As mentioned before we choose for explicit calculation the Freidel-
Livine-Majid quantization map, described in Section 4.9. We have:

e If3<0

(a7 @ (o] @ (k|SEw) = /dgdg+<xlg+><x+\g+><g\ ® (g71S3="1¥)

Er 1 T+
_ Z d\ﬁb* j+¢|£\]nﬂ m+n+( )C«lfbm{rqj ( +|5\)<k)ciﬁ|i . Jt( +|B‘)(k)CLﬁ|§+; (k?) (9 30)
2J (|{E |) 2Jj9+ (|I |) . ezt '
18lits+ [2]8]5 T +1] |ﬁ\g = [25++1] j im &
Gt (B) i21815" |~ | D ( - l) 027 |t Drvr (6 lﬂ)

=¢(z~, )3~ (k)

o If >0

(a7 ® (2] @ (kIS3"1¥) =/dg‘dg+(fﬂ‘|g+><x+lg+><g‘| ® {97150 1)

jtl

i+ BT
- Zd\ﬁl jT41) d +¢"r§| n —:rzl+n+(k)c|/8‘s+p+l)
GG DT GFA=IBN=I1 gy SIBIGT+05 T[T A=18D=181 (1) (9.31)

m~—mtq r=rtq

(k‘)Cw (GF+1)j ﬂ(k)

n—ntp

2Jz1816+ +0+u(1271) Hisio ++1>< in _,> 2J5++1)(|27]) ( w,il)
iz‘ﬂ|(j++1)’$_| rTs 223+|l’+‘ r+s+
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Chapter 10

The Ding-Han-Rovelli solutions of the
Gupta-Bleuler criterion

In the previous chapters we have seen that the problems of the BC model may be related to
an over-imposition of the simplicity constraints. Mathematically the problem can be traced
back to the fact that after quantization the bivectors become non-commuting operators, thus
representing a second class system of constraint. Then strong imposition corresponds to the
requirement that all their commutators be vanishing as well. To avoid this problem, an other
criterion for weak imposition of the constraint, suggested in [123], is to require the vanishing
of the matrix elements:

(¥|D|g) = (®|[kX k" + BXT]|¢) =0 (10.1)

In other words, weak imposition of the simplicity constraints can be achieved via a Gupta-
Bleuler criterion, i.e. selecting a suitable class of states for which (10.1) is satisfied.

In [144] it was shown that the EPRL solutions for both 8 < 0 and 5 > 0 satisfy the Gupta-
Bleuler criterion.
Moreover, in [45] it has been proposed an extension of the EPRL solutions satisfying the Gupta-
Bleuler criterion:

Jt =52 (10.2)
j=3t+i =

where the Spin(4) irreps for a given Barbero-Immirzi parameter -y, should be such that

s 7)]’1 J—r Eyl — )" (10.3)

is a non-negative integer, and satisfies

0<r<j"+j =" =Jj (10.4)
implying
|1_7| - .
— 1)y <r< — ——— < < 10.5
(y—1)j <j T, S (10.5)
or 3+
vi<r<(l+q)jejt<j < ﬁj* (10.6)

As for the EPRL model, we note that the Immirzi parameter v is quantized to be a rational
number.
First, we point out that the proof relies on a representation of the field in terms of spinors,
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which we don’t consider in this thesis. Recently, several models have been proposed using the
holomorphic representation. The reason is that spinors can be related to biverctor, and thus
have a clear geometric content (as the metric variables of the GE'T formalism). However, we will
not consider these models in the thesis, and we leave their analysis for future works. Moreover,
let us mention that due to the geometric interpretation of the holomorphic representation
as well as the metric representation, a comparison between the Baratin Oriti model and the
holomorphic models would be really interesting.
Secondly, we observe that the EPRL solutions for both § > 0 and g < 0 are indeed solutions
of the Gupta-Bleuler criterion with r = 0 (for v < 1) and r = (y — 1) (for v > 1). Also
Alexandrov’s solutions for 5 < 0 satisfy the Gupta-Bleuler criterion with » = 0, while for 5 > 0
we have to choose 7 = 3(2j*+1), and this choice is compatible with (10.5) or (10.6) if 1+ < j*
or %1 < j*, respectively. Thus in the asymptotic limit j* — oo, Alexandrov solutions are
solutions of the Ding-Han-Rovelli model.

Secondly, we observe that we have a new degree of freedom r parametrizing the solutions.
In [45], the authors noted that in the classical theory we have the well known relation

|27 = 82|27 (10.7)
which implies, that in the large-j asymptotic regime
i =18l3" (10.8)

We can still obtain states compatible with General Relativity in the classical limit by demanding
that

lim — =0 for 0<~<1 (10.9)
jE—o00 7
or r
lim — =2 fory>1 (10.10)
jt—oo ]

The conclusions of the Ding-Han-Rovelli article [45] suggest that it may be reasonable to
suspect that the weak imposition of the simplicity constraints may be too weak to properly
define quantum General Relativity, in the same sense in which the strong imposition of these
constraints in the old Barrett- Crane model was too strong.

However, according to Ding, Han and Rovelli there is a simple way out, which is to impose the
(non-commuting) simplicity constraints weakly, and the diagonal simplicity constraint strongly.
With this choice of constraints, properly ordered, one obtains ry = 0, precisely the LQG state
space in the boundary.

An other possibility suggested in [45] is that one could also take the point of view that the
quantum numbers 7 label different possible definitions of the spin-foam models. In each of
these spin-foam models, the boundary Hilbert space solves the simplicity constraints weakly.
And for different choices of 7 the boundary Hilbert spaces are isometric to each other.
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10.1 The Ding-Han-Rovelli solutions in the extended GFT
formalism

Finally, in this section we consider the extended GF'T field solution of the EPRL model, in the
different representations.

We start noticing that the EPRL model imposes a restriction on the possible representations.
In other words, it is diagonal in the spin basis, where it acts as two Kronecker deltas. The first
impose the relation j~ = —f35% 4+ r while the other the relation j = j*(1 — ). Therefore, in
the spin representation we have:

(sl @ st @ (kSpunls) =
= e (b VGO I (B)CI I ()G T (k) GO I (k) o9 BT i (1=5)

m= m*q r—rtgq s—stp n~ntp
trjt +4ritit T pitgt
=N, B (k)G IO () O ) (10.11)

LT WG )
= [¢DHR];8£§TS£+(’€)
Moreover, in a basis of coherent states these solutions correspond to:
G| @ (At T @ (k|Spualv) =
= Sy dy G s Y G A s )
(G557 @ (st et @ (k|Spmalv)

= d_gjrsn J+¢f§+;ﬂ'§;( )G O IO () G Pl A (10.12)
DT (g7-)D 5 (95 ) D (97+) DY i (ge)
GG, k)

= [¢pur] (£]+n+rni+ ) (K)

In the group representation we have:
(971 @ (¢"| @ (k|Spurle) =
=Y didi g i) @ (g TS ) (s @ (8T T © (KIShule)
_ Zd—ﬁj++rdj+¢_b:jt+rj+ (k)c Bit+rjtit(1-p) (k;)C Bit+ritit(- B)(k)

m~n~mtnt m~mTq r—rtq

DA (g ) DI (g O T (k) G )

=&(97,9 ) pur(k)
(10.13)

Now, performing the non-commutative Fourier transform we can write the solutions in the
metric representation. As mentioned before we choose for explicit calculation the Freidel-
Livine-Majid quantization map. We have:

<fv_|®(x+|®<k|5DHR|¢>=/dg‘dg+<x_|g+><w+|g+><g_|®< 1S prrlv)

_Zd Bjt4r J+¢ Bjt4rit (k’)C Bit+rjtit(1— /B)(kf)c Bit+ritit(1— 5)(}{)@(}{:)

m~n-mtnt m~mtq r—rtq s~stp (1014)
é—ﬁj++rj+l(k)QJ[Q(—BJ++T)+1}(|93 ’)D—,BjJF—H" ivr";—_‘ 2J[2j++1](’93+’)Dj+ ”%
n-ntp (2B ) |~ | TS € 02 |t | rst \ €

=o(x~, ") pur(k)
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Chapter 11

The Freidel Krasnov model

In this chapter we consider the model introduced by Freidel and Krasnov in [38], based on the
imposition of the simplicity constraints using the Livine-Speziale coherent states [46]. The FK
model is based on the same ideas that characterize the EPRL model, namely, the linearisation
of the simplicity constraints, the inclusion of the Immirzi parameter and the imposition of the
constraints in a weak sense, but this last step is realized in a different way. Specifically, the
simplicity constraints are imposed in average on coherent states, so that semi-classical bivectors
satisfy the geometricity conditions.

Although in Section 4.5 we defined a coherent states in the Hilbert space L*(SO(3)), that
can be generalized to L2(SO(4)), the FK model was first introduced in terms of SO(4) coherent
states [46], which we are going to define. Remarkably, they can be embedded in the L?(SO(4))
coherent states, precisely as the SU(2) angular momentum states in L?(SU(2)) spin network
states.

11.1 Coherent states

In order to define SO(4) coherent states, we first describe the coherent states for the group
SU(2), which can be trivially generalized to SO(4).

For the SU(2) group, these states are defined by acting with an SU(2) element on the highest
weight state |7, j) in a representation of spin j:

3, h) = DI(W)j.5)  he€SUQ), (11.1)

and they form an over-completed basis that can be used to write a decomposition of the identity
operator in the representation space V7 of dimension d; = 2j + 1, namely:

I, :ZU,m)(j,m'ydj/ dgD} (9)Dl,.(g) =dj/ dglj, 9)(J, gl (11.2)
— SU(2) SU(2)

where |7, m), m € [—7, j] is the usual orthonormal basis in V7.

Proof. This results simply follows from the fact that:

St =y [ gD} (0) D}y lo) (11.3)
SU(2)

Here Dan(g) = (j,m|D?(d)|j,7) is the matrix element of the group element g in the repre-
sentation j computed between the states (j,m| and |j, j), the latter being the highest weight
state. [
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Interestingly, it is possible to reduce the integral in the decomposition of the identity (11.2)
by noticing that the matrix elements Dfnj(g) and Dfnj (gh) differ only by a phase for any group
element h from the U(1) subgroup of SU(2). Therefore the integral in (11.2) can be taken over
the coset SU(2)/U(1) = S%. Thus, we have:

L=, [ dnli.m.i (11.4)

where 77 € S? is integrated with the invariant measure on the sphere.
We will suppress the domain of integration in what follows.

As mentioned before, the coherent states have a clear geometrical interpretation, since
they represent a semi-classical vector. Indeed, if Ji are the generators of SU(2) Lie algebra

[j i Ji } — i€'* ], then the expectation value of these operators in a given coherent state is:
(o1l g i) = g’ (11.5)

Thus we see that |j,7) describes a vector in R? of length j and of direction 7.

Finally, as noted in [38], the coherent states minimize the dispersion of the quadratic oper-
ator J2. Indeed, in principle we can define the coherent states as g|j, m), and the dispersion of
J? results:

Aj? =j+ 3% —m? (11.6)

Thus, we see that only the highest and lowest states m = 47 lead to the coherent states that
minimize the uncertainty relation.

The geometrical interpretation, is that while g|j, ) represent a vector lying on the sphere on
radius j, states g|j, m) correspond to a circle on this sphere of radius /j? — m?2.

11.2 Imposing the simplicity constraints

Now, we can use the geometric properties of coherent states to implement the simplicity con-
straints. The idea relates to the fact that we can generalize the SU(2) coherent states to
SO(4) € SU(2) ® SU(2) coherent states, describing bivectors. Specifically, we can associate to
each state [j7,n7) ® [j7,n™") a bivector

o = (272" = G @ (G At AT @ |t Aty = (AT, i) (11.7)

where J7 are the operators corresponding to the SO(4) generators, that we identify with X*,
in the self-dual / anti-self-dual split.

Now, recall that, classically, the discrete simplicity constraints in terms of the self-dual part
and anti-self-dual part of the bivector read:

k= k™' + Bt =0 (11.8)

At the quantum level D=kX k1+ ﬁf( *, we require that simplicity constraints are satisfied
in average, on coherent states. Particularly, on a coherent states basis, we have:

0=(j,d |® G ,a|D]ia )i )

11.9
KGR+ sign(|B1T T e
with solution: ' B
J-=1blJ
{ i~ = —sign(B)k—1atk (11.10)
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Then, the FK model amounts to consider the GFT field, decomposed in terms of coherent
states:

=Y didp @l (R 8 DI (g7)DE L (g7)
=S BLeg) (KD (97D (g")
[ Gl )

[ty an i)

(11.11)

and restrict the coherent states in the decomposition, corresponding to the representation of
the right invariant vector fields, to be

1815, —sign(B)k~"a k) @ |j*, @) (11.12)

11.3 The FK solutions in the extended GFT formalism

Equivalently, we can write the FK model in terms of the extended GFT field embedding SO(4)
coherent states in the L?(SO(4)) coherent states. Specifically, in a coherent states basis we
have:

(Oriclin o e ey =070 8k k ! + sign[ i)

" o o (11.13)
(i m @ (At mte)
and the imposition of the FK constraint on these coherent states states reads:
= 1Bl*s7i, —sign(B)k~ Mt kl@ (st || kX R 4 BT (11.14)

IIBIj v, —sign(B)kTIitk) @ 7t mT)

Now, in order to calculate the FK constrained GFT field in the spin representation, we show
that:

e For § < 0 we have:

G™om| @ Gt mT|Spx i, ) @ T, et =

_ Z d|gj+d;+ P (418D (k )C|6|J+]+J (“'5"(@ (11.15)
dj+ (1+]8)) momTp r=rtp
e For > 0 we have:
(J-m7|® <j+,m+\5'FK|j7,7”7) ® |3, rT) =
LA 2@|6|_j+j+k(k)@|zj|j+j+k(k) (11.16)

_ Z d\ﬁlﬁdﬁ

\ﬂlj+j+q m~mtp r=rtp
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Proof. Case: g <0

GmomTl@ G m T |Sexlim ) @ it rt) =
szj—dﬁ/dﬁ(j,m|Iﬁ|ﬁ,k1ﬁk><|ﬁlj+,k1ﬁkljﬂ">
G mTiT @ Gl )

=Y didye (T m [ e T) G m ] )
/ dganJf;W(k‘lgak)m(k‘lgﬁk)l)ﬂﬁ(ga)Djiﬁ(ga)
(AT VR A [VANS AN VA

= " dj-d T G g Oy Oy
/dgﬁDf_'{;ﬁ(k19%)%%1gﬁk)Diij+(9ﬁ)D£ij+(9ﬁ)

=3 ey DL (D k) DR (DR (k)
/ dgaD!"7" () DI (9a) D', (92) DI (g)

RS it IR N
= " digyedye DY (kD () D (Y DI L (k)

(11.17)

b= |8l d=|Bli+
a~mtp

L7k Bl Bl BT k(o VDL
CPFeRsy e [ dgaDly (9 Dl (o)

A+ it pislit -1y plalit g DI =1y plo*
=> D (kYD L (k)DIT (kYD (K
g DPmea-(K7) (k) D20 (k) (k)

b= Bl T d=|Bl5t

Clﬁlﬁﬁkclﬁlj+j+kclﬁlj+j+lC\ﬁlﬁjﬂélk(s 5

a~mtp “b—jtq c—rte d=jtf peCqf
-3 e o G
DY, (e e D (k)
-y Ay dy GIPTTTTORIAN () G191 55 0180

dj+(1+18))

Where we have used:

L 18t 1\ BTk 1Bl 5k 815+
> 7 Diara- W0y G D (B)
qd—b—

=D dik<|5|j+7 BT IDEDIBLT, d Bl a1 @ (%, 5711817, 57) k)

qd— b~

((18157,57) &, allBli™ 07 @ |37, )BT, 07 [D(R)IIBIGT, 18157

= S Bl BT DI BT d DK © (1181 ) k)
P (11.18)

(B, 57) ko DEDIIBL*,67) @ 15, 7B, b ID(RIBL, 1815)
= 3 81181 G181 k)
WB15*37) ko dlIBlF*, 1817 @ 17+, 5)

-y L Btk plslitite _ 1
= L L =
dy |Blitita T IBlitt dj+(1+18)
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Case: >0
G m7| @ (it m*|Spxli T, ) @ it T =
=Y didye [ atm w8~k a8l k)
Grmryta Gt st et
= di-dp (G m 7|18l ) G m 1 e (B gl ) Gy )

i+

/dgﬁDf|J5|j+(k lgﬁk)DﬁJ,|5|j+(k lgﬁk:)Di+j+(gg)D;+j+(gﬁ)

j+

= e dye & VS b 8y by DI (DT ()

]'+

el + —anT - P
DT (kDI () / dgaD\™ " (g2) D% (92) D7 1 (92) D2 (9a)

it - i+ = —
=D digygedss D2 (YD (R) D2 (6 DU (K)

d=—|Bli+
T + T
/dgﬁDaBlé(gﬁ)DLle(gﬁ)Dfn+]~+(9ﬁ)Di+j+(gﬁ> (11.19)
j-‘r s

L -
= diged DY (kDY ()DT (RYDEV (k)

T itk A Bl —_—
OBl Tk ABITTI TR BT ARl /dggDﬁq(dg@)Déf(dgﬁ)

a~mtp b= jtq c~rte d=jtf

digj+dj+ it T R "
= D (YD D (D (B)
0 18] 18]

CIBIJ’*J’*’CCIBIJ'*J'*kCIBIJ’+j+lC\Blﬁﬁlalk(speéqf

a—mtp “b—jtq c—rte Cdgmjry
G I
DI (k)P TR Ik DI (1
=3 A ot [T C

Where we have used:

i+ _ itk itk i+
Z D|—ﬁ|‘é\j+d*(k 1)CI5IJ J C«Iﬁlj J DIﬁ\J (k)

d=j*q b=jTq b= —|Bl5T
gb—d—

= > (Bl =BT IDENBLT, A )18l A7 @ G (BT 5T) k. a)
gb—d—
((Bl77,57) kqllBli b7 @ (5 5T KIBLT 07 ID(R)IBLT, —18157T)

= > (BT =Bl IDRHIIBLT A7) (BT d7[D(k) @ (5, 5108157, 5 )k, @)

gb—d- (11.20)

((1B13*,57) kg DDA 07y @ 13F, 5Bl o™ DR Bl —1815T)
=> Bl =18l @ G, MBI 57) ks q)

q

(18157 57) kyallBli ™, =Bl @ 157,57)
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O
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Interestingly, these results show clearly that the FK operator Spx for £ < 0 is proportional
to a projector, while for 5 > 0 it is not a projector.

Proof. e For g < 0, we have:

Gmom™| @ (G m*[Shili™, sT) @ 1, 57) =
-y Dpts+ i+ FIBGTTETTORIBD () G181+ 013D

d]+ (1418) m~mtp r—rtp
d‘5|+ i+ =Bt 1+ Blititit(1+
- it CL_%; J*( w')(k)CS‘—BhJZ it( IBI)(k)
7+ (1+181)
digjy+d; 11.21
_ [dﬁlﬁ a+] GBI )5, G308 (1 (11.21)
7+ (1+181)
d
_ Z[ 1813+ ﬁ] G TR 1) G373 04190
dj+(1418])
digjrdy+ |, : Al :
- [T | G @ G el ) 8 )
i+ (1+181)

e For B > 0, we have:

G-, m7 @ (T, m*!%ﬂj: sY®@ |5, sty =

dlﬂ‘ + WL+ ,6’ +k B +itk B
_Z ] : CLIg\Jiﬁq Or‘nbm{rp (k:)Cl |i+;> (k)
d|ﬁ|+d+ Blititz |2 ARtz Bljt+ itz
—jd E NPT | CT () CIT (1 (11.22)
digj+dj+ | | 1815+ 5+ dlﬂw it | | A8l
=2 { )C—wwm ‘C—\me
itk +itE
o,Lff'Jmip (k)C20 )
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With these results, we can finally write the FK model in spin representation:

e Case <0
G787, 7| @ (5Tt @ (k|Se o) =
= dify ]+/d2 —APmtdia T (T ,7“_||ﬁ|j+;7ﬁ_,k‘1ﬁ+k)
GFss gt w8l T, AR © (T A © (ko)
= (dygyedye 2000 w+x+(k)

/ dga- D7 (g ) DAL (9-) / dgine D7% 1 (g ) DL (g

/ dge DS (K g k) DY (K s k) DI (94 ) DL (gt

d|/3‘3+d +

(11.23)

¢\5|j+j+ ( )C|5|J+J+J+(1+\5|) (k)c|€|J+J+) (1+180) (k’)

w-s~wtst w-wtp

dj+(1+5))
e Case >0
(GssmorT @ (st et @ (kSRR |¢) =
— iy / a2~ dt dRR ,r‘llﬁlﬁ;n%‘,—k‘lﬁm
<j+.8+ +|j+m+,ﬁ+><|ﬁ‘]+7ﬁ —*+k| ® < + —’Jr —*+‘ ® <k‘¢>
-y dlﬁlﬁdﬁ Dpirtdit glatrs* ‘Clﬁlﬁﬁk * CIPTITR () G185

1BliTite w-wtp r=rtp (k)

(11.24)

And, thus, in group representation we have:

o If <0

B>0 \ﬂlj+ J+ \5Ij+j+ L CIB\J+J+J+(1+|/3I L C«|5\]+J+]+(1+|/3|) k
[¢(g g Zd+ 1+|B|) fr t*r+t+( ) r—rt q ( ) s— st q ( ) (1125)

D (gD, (g")
o If >0

&,
- 0 1Bl 18 Blititk
[0(g7 9 Wi = D=~ ) | TR,

it i+
DV (gD, (g)

g —
CWJJ (k’)C'B'] J+k(k,)

s—stq

(11.26)

Remarkably, we note that the FK model for # < 0 is proportional to the EPRL model, and
it does not require a separate discussion. However, for > 0 the FK model differs from the
EPRL one, suggesting an alternative Spin Foam model. Moreover, while in the limit 7 — oo
(equivalently § = 1) the EPRL model reduces exactly to the original Barrett-Crane model, the
FK model is different. Finally, we conclude this section, by performing the non-commutative
group Fourier anti-transformation, and writing the FK model in metric representation.

[Pp(x™, 2" )] r =

— — — — — - i+ —
= (digj+dj+)? / i AP A B sign(ah 19, kg 10 (87 * DIt (@) (11.27)

1 1
PP CD B S CAp T AR TP ()
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Proof.
[G(x™, 2" il rx =
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Chapter 12

The Baratin Oriti model

In this chapter we present the Baratin Oriti model firstly proposed for the Barrett-Crane model
in [49] and then generalized in [50] to the case with finite Immirzi parameter.

While the other models presented in this thesis were originally formulated in a Spin Foam
context, the Baratin Oriti model was introduced in a Group Field Theory framework as it
deeply relies on the metric representation of the GFT field.

Indeed, the Baratin Oriti model encodes the simplicity condition (6.16) of the bivector
variables x; as a constraint on the extended GFT field ¢,. The geometrical interpretation is
clear since the extended GFT field describes the geometry of a tetrahedron and its normal
vector k' identifies by the extra variable k € SU(2).

The idea is to impose the simplicity condition using non-commutative delta functions di-
rectly on the GFT field. Actually, since the non-commutative ¢ functions act as Dirac distri-
butions for the x-product, the imposition of the simplicity conditions via non-commutative ¢
functions on the field will effectively amount to constrain the measure on the bivectors. More-
over, both the delta function and the x-product reflect the non-commutativity of the metric
representation.

Particularly, the Baratin Oriti model introduces the following function of x = (z~,z") € so(4):

SBO(x) — 5—kw*k*1(6w+) — / dUGiTr[k71UkI7 eiBTT[uxﬂ (121)
SU(2)
where d_,(b) := d(a + b) and ¢ is the su(2) non-commutative delta function.
Thus, the geometrical GET model is defined by constraining the field ¢ (z) by an operator
Spo = Q(Spo) acting on it by x-multiplication. Specifically, in the case of the field describing
only a face of the tetrahedron, we have:

(27| @ (27| @ (k|Spol¢) = Spo(x) *@ di(x) = 011 (B2™) *o d(z) (12.2)

However, the generalization to the complete tetrahedron is simple and is given by:
4
(Spo > @)k(1,. .. 14) = | [ Spo(;) *e dilar, ..., a4) (12.3)
j=1

In [50], with the choice of the Freidel-Livine-Majid quantization map, it has been shown that
the simplicity function (6.16) is well-defined. Particularly, in order to take the *-product of
the S,f with the field, it is necessary that the function (12.1) is in the image of the non-
commutative Fourier transform. In [50] it has been shown that this is indeed the case. In fact,
since u=e""" € SU(2) is parametrized by the angle @ € [0, 7] and the unit R3-vector 7, where

the 7; are 7 times the Pauli matrices, we can define ug = 8787 , where the parameters 0z and
N are:
sinfg=|f|sin 6, sign(cosfyz) = sign(cosf); 7z = sign(B)7 (12.4)
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and the simplicity function can be written as a superposition of plane waves E,(z)=¢"T"9%:

O_pe—r1(Bxt) = / du By (x) (12.5)

SU(2)

where we introduced uf,= (k™ 'uk, ug) € SU(2) x SU(2).

Moreover, we note that the operator S is not a projector for generic values of 3, unless 5=0, 1
(which corresponds to y=1, 00).

The reason can be traced back to the non-linearity of the scaling by £ in the definition (12.4),
specifically we have that (uv)s # ugvs, and thus Sy « 57 # 5.

Now, the issue concerning the projector property of the simplicity constraint operators in
the different models is far from being trivial. Indeed, in Spin Foam models one needs to impose
simplicity constraints and closure constraints. For example, in the standard (not extended)
EPRL and FK (with v < 1) models simplicity constraints are implemented by a projector
operator (two Kronecker deltas) which does not commute with the closure constraint, and the
result of the composition of the two operators is not a projector. In the standard FK model
~v > 1 the operator implementing the simplicity constraints is not a projector, as well as in the
Baratin Oriti model.

As we have seen, in the GF'T context, we can choose to impose gauge invariance and simplicity
in the propagator only, in the vertex only, or in both. Unfortunately, if the full geometric
operator is not a propagator then the resulting amplitude depends on this choice.

One could ask whether the fact that the operator imposing the simplicity constraints is a
projector or not depends on the choice of the quantization map. However, preliminary results
for the Baratin Oriti model seems to indicate that also for the Duflo map Spo is not a projector
[145]. However, further investigation is needed for all these models in the extended GFT
formalism, as relaxed closure might commute with the EPRL/FK simplicity operator.

Despite this fact, we note the remarkable fact that the action of S is well-defined on gauge
invariant fields, as it commutes with the gauge transformations (5.47):

SO (B By x @ror] = En- - Ep % (57> @)1k (12.6)
thanks to the commutation relations between plane waves and simplicity functions:

D Y ) (12.7)

>

where hk = htk(h™)"%
Now, we prove this equation by starting from enunciating the following lemma:

Lemma 12.0.1. The following relation holds:
(utou)s = ulvgu (12.8)

Proof. We can prove the lemma by noticing the fact that by definition we have:

eftrlav) — gitrlavs] g ¢ s1(2),v,v5 € SU(2) (12.9)

So that:
pitrle(utou)s] _ giftrla(u=tow)] _ giBtri(uzu)e] _ gitrl(uzuos] _ gitrfe(u vgu)] (12.10)
[
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Now, using the invariant properties of the Haar measure, we have:

Eh * SB = / du (E(h—,hﬂ * E(kfluk,ug) (x_, l’+)
SU(2)
= / duE -1k htug) (T z™)
SU(2)

= / duE (-1 () Vuht k(=) =1 h b+ ()~ tught) (T z™) (12.11)
SU(2)

= / duE((thk(hf)71)71u(h+k(h7)71)h7’u6h+) (.T_, I+)
SU(2)

= / du (E(kh)-1)-ru(nt k(h=) 1)) * B ny) (@7, 2%) = S x By
SU(2)

These properties have a geometric interpretation, as they expresses the fact that rotating a bi-
vector which is simple with respect to a normal k gives a bivector which is simple with respect
to the rotated normal h >k := htk(h™)~! [50].

Remarkably, in the extended GF'T formalism, the linear simplicity constraints on the bivec-
tors can be imposed in a covariant way, whereas in the standard formulation of the Barrett-
Crane model, and the EPRL/FK model, simplicity and gauge invariance are implemented by
means of two non-commuting projectors.

Particularly, one could ask whether after the imposition of the Baratin Oriti simplicity
constraints one needs also to impose the closure constraint. However, due to the fact that the
constraints are imposed using non-commutative delta function and x-product, because of gauge
invariance, the closure constraint holds after integration over the normal: let ¢:= [ dkSP Ok,
then ¢ =0(x1 + x2 + x3 + x4) * 1.

12.1 The Baratin Oriti model and in the extended GFT
formalism

In this section we describe the Baratin Oriti solutions in different representations. Particularly,
we start by noticing that the Baratin Oriti operator is diagonal in the metric representation,
namely:

~ — k1 +
(5711® (011 (K1Sm0l6) = 0_ss-s2 (80 » u(ar) = 2 m E o)

Now, let us consider the action of the Baratin Oriti operator on the extended GFT field in the
group representation. Using the non-commutative Fourier anti-transformation, we have:

(971 ® {97 ® (k|Spold) =

d3x~ Bt — B - B
:/ (27'(')3 (277)3E(g_’g+)(x ’ er) x 55(1: ,er) * (bk(J; 7x+>

d3x— A2t B )
:/(gﬂ)s (QW):;d“E((g*)*1k*1uk,(g+)flulg)(l’ o) pp(a, xth)

da” Pzt | - ) ) (12.13)
:/(gﬂ):’, (27T>3dUE([(g_)_lk_luk]_l,[(g+)_1u5]—1)(w c ) x gz, ™)

op(z)  (12.12)

A3z~ ddat | ) .
:/(QF)?’ (27?)3dUE(kﬂ“*lkg’v(ua)’lgﬂ(75 cot) * oz, 2T
:/duéﬁk(k:—lu—lk:g_,u[;lgﬂ — /du¢k(k_Ing_,u6g+) _ /du¢k(ugg>
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where ufy= (k™ 'uk, ug) € SU(2) x SU(2) and ug is defined as in (12.4).
As we have seen, in the Barrett-Crane case, corresponding to the limit v — oo, thus g = 1,
the Baratin Oriti operator becomes a projector. Specifically, it reduces to the projector onto
field on the homogeneous space SO(4)/SO(3),. However, in order to obtain the standard GFT
model dual to the Riemannian Barrett-Crane model [49,125], we need to gauge fix the normal
to the value k = 1 (time gauge), by means of the invariance (5.47). However, as noted in [50],
the difference is that the gauge fixed extended fields are not gauge invariant under the full
SO(4), but only under the diagonal SU(2) subgroup.

Finally, let us consider the action of the Baratin Oriti operator on the extended GFT field
in the spin representation. Using Peter-Weyl decomposition of the constrained field (S’ﬁ > @)k

(971 (g"| ® (k[Spole) =
=Y djdjgl?) (K)D?_ _(k""CIZ3k i Tk piT (k)

m~n~mtnt r—mtq s stq

/ QuD? (k" ukg )D'", (usg) DT, (k)OI IR DI (g

b=btp “a—ntp " a—n-—

=N dpdpdd o (R)DL (IR DI (kYO R DI (k)

m—n-mtnt a~ntp " a

(12.14)
_ B R L _ o B
/dUDZd (k 1uk)0§,;+§Di,t, (k) D g (ug) Dy - (97 ) Dy (97)
=2 i i 8 s (R D) (D C R (R)
DI, (g7)DL (gD (k)CI I RCI T E DT (k)
=Y di i) (R)CL 2 RV K(R)DI (g7) DY (g7)
where we have defined:
FIIA0) = [ duDE, (k) DY (a2 (12.15)
with ug given as in (12.4).
Thus, the Baratin Oriti model in the spin representation is:
[6m0l g (k) = (357, @ (%557, @ (K Smolo)
(12.16)

oy ey R ==z
=) s (R)C 2L (R)FL ()OI (k)
More generally, a set of basis functions describing the complete tetrahedron is given by the
action of the S on the functions (5.55):

4
G i5ki,J i - M 7 3 ki i

=1

where repeated lower indices are summed over. This expression is obtained from (5.55) by
replacing the k-dependent coefficients Cﬁ;ﬁk (k) = ciikpi- (k) by new ones Fj_ﬁk(k).

“mtp mmtp ™~ mm~— z—xtq
As noted in [50], these new coefficients share with the k-dependent coefficients C?. __J;’ip(k) the
property to intertwine the action of stabilizer subgroup SO(3) in the representation j~ ® j*
and the action of SO(3) in the representation k. Namely, given u;, = (k™ 'uk, u) € SO(3), we
Bt D (W) DL () = FL L (R Dy, (). (12.18)

m; my; pi n;nl g qiPi

It is easy to show that this property holds.
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Proof. Actually, the Lh.s. of (12.18) is:

FIk (D! (k™ uk)D? | (u) =

m~—m*tp

t—ttq

- / doD? _(K™Ywk)DI  (vs)C 3D (K uk) DY, (u)

:/ D], (k™ vk)D), -, (k™ uk) DL, (05) Dy ()G K ()

n—

t—ttq

_ / QDI (kVouk) DY) (vsu)C 5 (k)
" (12.19)

_ / QDT _ (K Youk) DI . (u5u)CI7 * DI ()

tttq

s=stq

:/dngn(vuk)DiiTﬁ(v/gu)Cjﬁk

s~ stq

_ / d5DT_(utk)D. . ((uiu)u)CI I

s—stq

— / doD?_ _(utk)D?}, , (utg)C?_ I "
Where we have used the relation:
(utvu)s = v lvgu (12.20)

which follows from Lemma (12.8).
Accordingly, the r.h.s. of (12.18) is:

n~ntq t—tt+q

FJ_0 % (k) D), (u) = / dwD{", (k~"wk)D]:, . (ws) G (k) Dy (w)

= / def:n, (k‘lwk)Di:n+ (wﬁ)cjiﬁszt: (k)D]];q(u)

tttq

= / deft__ (k;)Df__n_ (/lc’lzulc)l?{:”r (wg)C'j_j+le;q(U)

tttq

_ / dwD?_(wk)DY;, , (ws)CI 7 DE (u) (12.21)

tttq

j+ i+

— [ quDi, (kD (w) L EDT D

_ / dwD?~ (W) DI (whk) D', (W) DI (w5)CT 71k

s~stp

:/deg:n_(uwk:)DgiM(uwﬁ)C’j:ﬁk

s—stp

]

However, there is an other possibility to write the Baratin Oriti field in spin representation,
which relies on the fact that , although behaving like a proper delta distribution with respect to
the star product, under integration, the non-commutative delta function is a regular function
when seen as a function on R? [91,92]. In fact, seen as a function of R3:

2y (ke kTt + Bt

6—k5£t_k’_1 (/8‘1.+) - |kx,k_,1 +/8.T+| (1222)
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Thus, we can write:

(7387 7@ (758 T @ (KSBol¢) =

dBrddzt T I :
:/WO s 2T (5T s lzT) % (27| @ (7| @ (k|So|®)

—/%dg dgHi5; 5™, g Mgl ) st g ) (g )
* O a1 (BxT) * pp(a™, 2™)

dBr—d3at NF (N7 -
:/—d “dgtDI (g7 )Ey-(27) DI (g7 ) By (a7 )
(2m)6 (12.23)
5 01 (BxT) % pp(z™, )
dPe=d®axt 2J;95- 11|27 ) i 2J[21++1](|$ ) i
— e le ¥
* 0zt (BT) % dp(x™, 27)
dPa~dPat 2Jp- 1y (l27]) - i\ 20y (|2F]) e im S
_ lz— | J |$+\
/ (2m)6 i |2 Dere <€ > T | Datrr <€ )
2Jy(|kx~ k=t + Bzt])
\ka—k=1 + fat|

*x gp(z™, ™)

Remarkably, both the coefficients F' ;:; i];(k‘) and the Bessel functions (12.22) convoluted with
the unconstrained field, contain all the information about the simplicity constraints and the
specific form of the operator implementing them.

Indeed, as noted in [50], in the new coefficients F' gg:f;];(k) the integral of the two Wigner
matrices encodes a relation between the spins (57, 51), which depends on the Immirzi param-
eter; for example j~ = j* when € {—1,1}, namely when v € {0,00}. However for generic
values of 3, it does not enforce the spin relations j~ =|8|j* characteristic of the EPRL/FK
models.

However, the relation between the EPRL/FK models and the Baratin Oriti model is more
clear in the Bessel formulation (12.22), as the asymptotic behaviour for large spins is easier
to study. As we will see in Section 12.5 and 12.8, although the Baratin Oriti model does not
imply the EPRL/FK condition, the Bessel function in the large-j limit peaks on j= = |5]j™.

An other remarkable feature of the Baratin Oriti model is that there aren’t any rationality
conditions imposed on the Immirzi parameter ~.

Finally, we can write the Baratin Oriti model in terms of coherent states.

(G| @ (smt it @ (kSpole) =

Pz d’at J- - J + +

_ / WDWW}(;[ )% Byt (0 Dl () B, o1 (a7)

2J1(|kx= k=1 + Bx™|)

|kz=k=1 + paT|

Before proving this equation, we note that in the formalism we have used in the definition of

the constrained GFT field is dual to the geometric quantization of a tetrahedron, characterized

by its four constrained bivectors, and its normal. Indeed, the GFT field corresponds to a state

in the Hilbert space H = L*(SO(4)*) @ L*(SU(2)) =~ ®?:1 L2(R®) @ L*(SU(2)), where the L?

spaces, which also appear as state spaces in the flux representation of loop quantum gravity [54],
are spaces of functions on s0(4) ~RY endowed with the scalar product [d°z(f * g)(x)

(f.9) = / 0 (F + g)(x)

*x gp(z~, ™)
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where f(x)=f(—x).

This Hilbert space is the result of geometric quantization of the classical configurations
{x;} € s0(4), k € SU(2) ~ & of bivectors and normal. Simplicity constraints are then im-
plemented by using two commuting operators: the simplicity operator S and the gauge pro-
jector C' defined by (5.39), allowing the unambiguous definition of a ‘geometricity operator’
G'=S5°C =CSP, acting by x-multiplication on the states |z~ )®|z+)®|k) € L2(RS)QLA(SU(2)) .
The duality comes from the fact that all constraints are imposed by means of non-commutative
delta-functions, acting as Dirac distributions for the star product, so that it effectively amounts
to constrain the measures d®z; on the classical field variables [50].

We conclude this section with the proof of (12.24):

Proof.
(s i ® (7 m T @ (K|Spol¢) =

BBzt L L _ A
:/W@ s i e )G m T AT e x (27| @ (2| @ (k|SBold)

:/%dg dg* (55 m i g™ ) (g™ |7 ) (G5t it g ) (g o)
* 0 _pa 1 (BT (™, a)
:/dg‘é#dg dg+DJ_ (919 g )Eg—(x_)ﬁ(g;fgﬁﬁ)ﬁfr(fr)
* 01 (B ) x pp(x™, 2™)
:/%dg dg* D~ (97197 90V By (27) D2 (g7 0™ g ) By (27)
* O_pg k-1 (B2) * (™, 2™)

BBt -
:/de dg+D] ( )E __g—g!

* O_ g1 (B ) % dp(x ™, 27T (12.25)
d3x—d3z ™t . ~, _ _
:/de d9+D] (g )Egﬁl,gfg%{(x )*Egﬁ,g; (z7)
DI (GHE, caret @)% E, 1 (@) %0 por (B2) 5 du(a”, 2)
dPr—d3zt . B o _
~ | i dg D G Es (6t 0+ By ()
D;-&-] (G5 Eg+ (g2 gm) x B, g (@) X0 par (B2T) % dp(2, )
dBr~d3zt - B o
_ / e D@ * By ) D () 5 By (07)
* g1 (B2 ) * (2, 27)
dBr—d3zt - B it
:/ (27)6 Dfmf][mf](l’ )*Egﬁ,g;}(x )Dfm+][mﬂ(x+)*Egmw;(l’—k)
2J1(Jkx~ k= + Bat)) .
ok g gt o)
O
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12.2 The Baratin Oriti model and the Master Constraint
criterion

In this section we show the first important result of this thesis. As we have seen, both the EPRL
solutions and the Alexandrov solutions satisfy the Master constraint criterion approximately
with the standard choice of the Casimir operator. However, with a particular choice of the
operator ordering, i.e. with a specific quantization map, they can satisfy the Master constraint
criterion exactly.

Obviously, it would be better if we find a particular way to impose the simplicity constraints
such that the Master constraint criterion is satisfied exactly for all the admissible quantization
maps. Interestingly, the Baratin Oriti solutions precisely satisfy the Master constraint criterion
exactly, independently from the choice of (well-defined) quantization map.

In order to show this important result, the first step is to observe that we can write the
Master constraint criterion in metric representation as:

d3x—d3ztdk -

0= D Dl) :/ L Dla) @ o) xo (o] ® (t] @ (kl6)

(2m)
3.~ 43,4+ . R
_ /%%X%_l 4 AR ) @ |2 %o di(a, 2 (12.26)
3,.— 13,4
B / : x(2d7r)x6 dk|x7> ® |2%) *g [ka™k™" + B2 xg dp (27, a)
where
[k k™' + Ba™]? = [k k™ + BaT] g [kx k™ + B2 (12.27)

Now, we consider the action of the Master constraint operator on states satisfying the Baratin
Oriti constraints. Namely,

" an Br~d3ztdk, _ _ 5
D-DSBOI¢>=/WII‘ ) @ [27) %o (27| @ (27| ® (k[Spol¢)
B~ dBrtdk . A 5
N / Gy X 4 BRI @ o) o Stk (Bt
*0 ¢k($_,$+) (1228)
Br—d3xtdk
N / @) Bl xe ke~ k™" + Bat]"? 5 6 gy i1 (B2 )i
*Q ¢k(I_7$+)

=0

Therefore, the Baratin Oriti solutions are annihilated by the Master constraint operator, and
thus they satisfy the Master constraint criterion exactly. Interestingly, the above procedure is
general, as we have not specified any preferred quantization scheme.

The remarkable fact is that, as we have seen, the Baratin Oriti model allows more solutions
than the EPRL model, one could ask whether the Baratin Oriti solutions are proper solutions
and their contribution to the field amplitude have to be taken into account, or rather they
should be overlooked. This simple result shows that they are as good as the EPRL one, since
they satisfy the same criterion. Moreover, the Baratin Oriti model seems more general since it
solves the Master constraint criterion exactly, for every (well-defined) quantization map, and at
the same time it allows more solutions than the EPRL one, without imposing any rationality
condition on the Immirzi parameter.
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12.3 The Baratin Oriti model and the Gupta-Bleuler cri-
terion

In this section we show the second important result of this thesis. Indeed, we have seen that
the Baratin Oriti solutions satisfy the Master constraint criterion exactly, independently on the
choice of the quantization map. In this section, we see that the Baratin Oriti solutions satisfy
also the Gupta-Bleuler criterion, for every (well-defined) quantization map.

In order to show this important result, the first step is to note that we can write the
Gupta-Bleuler criterion in metric representation as:

0 =(¥|Dl¢)
d3 fd3 +dk N
:/%wmmmumw)m (o7 @ (" @ (kl¢)
L ) ) 12.29
:/%wum—k—wﬁﬁ]l@®Ix‘>®lx+>*g¢k(w"@'+) e
:/%Umkw&ﬁ] o U(x™, %) %o gr(x™, 2™)

Now, we observe that the states that satisfy the Baratin Oriti simplicity constraint satisfy also
the simplicity constraints imposed via a Gupta-Bleuler method.
Indeed, we have:

<¢|ﬁg30|¢> =
ABr— A3t R ~
= [CE S WIDI © 1) ) 0 (71 (2] (WSl
3, 43+
N / : x(;r;cﬁ dk@zk(x_,f) *g [ka™k ™ + BrT] %0 0 po i1 (Bat) kg gr(a™,2t)  (12.30)

3.~ 43,4 q%
/ %wm, ) %o ke k™ + Bat] %0 6pa 1 (B2 ko dula, )

0

Therefore, the Baratin Oriti solutions satisfy the Gupta-Bleuler criterion exactly. Interestingly,
the above procedure is general, as we have not specified any preferred quantization scheme.
This result has important consequences. Firstly, because it is an other confirmation that
all the solutions of the Baratin Oriti model are good solutions, since they satisfy both the
Master constraint and Gupta-Bleuler criterion, independently from the quantization map. The
second important result is that also the Ding-Han-Rovelli model allows a finite number of
extra solutions with respect to the EPRL model (but significantly less than the Batain Oriti
model). However, the Ding-Han-Rovelli extra solutions, satisfying the Gupta-Bleuler criterion
are generally overlooked as they seem to have a strange large-j asymptotic behaviour. In this
thesis, we present the idea that both the Baratin Oriti and Ding-Han-Rovelli extra solutions
are good solutions, and have a correct large-j asymptotic behaviour, due to the fact that they
are weighted by particular functions that suppress solutions with suspicious semi-classical limit.
For more details, in Section 12.7 we compare (a specific subset of) solutions of the two models.
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12.4 Discussion

As we have seen, the Baratin Oriti solutions satisfy both the Master constraint criterion and
the Gupta-Bleuler criterion. The reason is that the Baratin Oriti model imposes the simplicity
constraints by means of non-commutative delta functions, making possible to follow a more
standard path integral formulation. Particularly, for § = 1, i.e. for the Barrett-Crane model,
this imposition is consistent as it satisfies:

ABr-Brtdk -

D8polé) = / W Bl @ at) xo (27| ® (@] © (KIS pold)

(2m)
N / %[/@Xk + XH|27) @ [27) %0 6 ga-r-1 (27 )k
vo bulam.ah) (12.31)
N /WMW ® |27) *g [ka Tk ™" + 2] xg 0_pei-1 (27 )0
*xg Oz, ™)

=0

Following [49], we would like to conclude this section reconsidering the issues concerning
the quantum simplicial geometry in the Barrett-Crane model, and how they are treated in the
Baratin Oriti model.

Actually, we have seen that in the Baratin Oriti model, implemented in the extended GFT
formalism, normal vectors to the same tetrahedron, seen in different 4-simplices are correlated,
as simplicity and closure constraints are imposed covariantly. Moreover, all the linear simplicity
constraints characterizing the classical theory are correctly implemented, so that in the Baratin
Oriti model there are no missing constraints over the connection variables.

Regarding the fact that in the Barrett-Crane model 4-simplices speak only through face
representations, i.e. triangle areas, we would like to point out that in the metric representation
of the Baratin Oriti model, 4-simplices are described by ten bivector variables, correctly iden-
tified across 4-simplices sharing the same tetrahedron (and thus the same triangles). Indeed,
the correct identifications are dictated by the combinatorial non-local structure characterizing
the the GFT action.

Moreover, as noted in [49], in the Baratin Oriti model the properties of the non-commutative
*-product result in a relaxation of the parallel transport, given by the interplay between sim-
plicity constraints and gauge covariance. Indeed, using the decomposition of the simplicity
constraints into plane-waves and the properties of the x-product, the unconstraint BF action
and the simplicity constraints can be recombined into a single an effective action [49,127-129],
whose equations of motion do not force the identification (up to parallel transport) of bivectors
across neighbouring tetrahedra.
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12.5 The Baratin Oriti model and the EPRL model

In this section we consider the relation between the Baratin Oriti model and the EPRL model.
Particularly, we consider the Baratin Oriti GFT field in spin representation, and we study the
function imposing the simplicity constraints in the large-j limit. We will see that the function
peaks on the first EPRL condition ;= = |B|jt. Moreover, we formulate some hypothesis
regarding the second EPRL condition j = j* 45~ if 8 < 0, from the Baratin Oriti prospective.

The first step is to write the Baratin Oriti GF'T field in the spin representation, using the
Bessel formulation (12.22)

(75877 @ (8Tt @ (K|SBole) =

P~ dzt, _ A
:/WU b e )Gt T at) x (e @ (| @ (kI SBolg)

Pz d’zt - gt ot )t
- [ Sl )G ) )
*57km_k l(ﬁx+)*¢k(xiv'r+)
d3 d3 + = _ - _
— [ o gt DL g By )DL () B ()
(2m)° (12.32)
*x O_ g1 (B ) % g (™, 27T)
dgl'idgfl/’+ 2J[2j—+1]<|1‘_|) e i -E— 2J[2j++1]<|37+|) e Z'ﬂ-ﬁ
= Enl J l=F]
/ G @] Do (¢77) 2] D ()
* 5—kw*k*1(ﬁx+) * ¢k($_7 $+)
P dPxt 2J- 1y (|27]) - (w2 e (TT]) e /it
= Bl J loF ]
/ e @] O —<e ) P27 ot ] Ds*ﬁ( )
2J1(|kx~ k™! + BaT])
|kx=k=1 + BaT|

* (7, xt)

where we used the fact that, although behaving like a proper delta distribution with respect
to the star product, under integration, the delta function is a regular function when seen as a
function on R? [91,92]. In fact, recall that:

2J1(Jkx~ k=1 + Bat|)

O pw—f—1 12.33
e (B2 = = T ] (12.33)
In order to make easier the comparison with the other models we write:
G| @ (st et @ (k|Spole) =
dPr—d32t 2J[2j—+1](’1’ D i— i E 2J[2-++1](’SL’+D i+ inat
= , D’ _( |z*|) J_ D’ < \zﬂ)
/ eme e ’ 2ot e
2J1(|kx k™! + Ba™|) o
ko kTt g @) (12.34)
d3$ d3$+ 2J[2J +1](’{E ’) ' i 2J[2j++1}(‘$+‘) Gt iﬂ%
Z/ % x| - *<e v ‘> P27 |z D’ﬁm*(e - I)
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*x ¢z, ™)

RN, SR S S

|kx—k=1 + Sa™|

Now, observe that Miﬁj—w is peaked about |z| ~ j [96]. Particularly, in the limit j — oo, it
approximates a delta function 0(|z| — j) [37], where the § function is a delta distribution with
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respect to the point-wise product. So that in the limit j* — oo, we have:

lim (G757, | @ (G st r| @ (k|Spo|d) =

jE—o0

B3t i , , imzt
-y gm0 =D (€7 o] = DI (7F)
2.0, (|ka~ k! + Bz t])

|kx=k=1 + BaT|

-y / sl =D (7)o = D (77)

")

S r Ot Oa - Ot

> dp(z, xt) (12.35)

Bomirinﬂ: (z7, 2 )*¢k(x_a$

where we have defined the function imposing the Baratin Oriti constraints:

21 ([k ik~ + B t])
Bojii Ezjlz i(m er) - 6m—7"—5m+1"“'55—n—68*’77,+ . | +.| (1236)
‘k =+ 5‘x+‘]

In the definition of BOm;ﬁ i+ +(z7,2T) we have implicitly considered that |2%| = j*, due to

the Dirac deltas §(|z%| — j%). Moreover, we will consider only the case m* = r* and n* = s*,

since for other values the function is trivially zero.
2J12541)(|])
i° ]

is peaked about |z| ~ j, we have that 2J[1|]x(‘|x‘) is

(=) -
l\

First of all, we note that since

peaked about |z| ~ 0. Specifically, the function 2 is plotted in Figure 12.1.

Baratln Oriti welghtlng functlon

— 27 (|z[)/ x|

Figure 12.1: Baratin Oriti weighting function

Thus, the peak corresponds to:

i~ =18i"
{ Eiok=!+ sign(ﬁ)i—il =0 (12.37)

where we recognize the first EPRL condition j~ = |8]j7.
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Indeed, if j~ = |B|jT and ko= k: + szgn(ﬂ)‘ I‘ = 0 we have

2J1<|kz Ul + Bkl 2J1<|k Bl + BRI

Ekal= + BEqla| EkBl + A
2J1(|ﬁly (=K~ 1+szgn(ﬁ)ml>> 271 (|z|)

Btk g W

(12.38)

=0

Thus, the first result of this section is that in the large-j limit, the Baratin Oriti weighting
function peaks on the first EPRL condition.
Secondly, we have that the condition k k: 14 szgn(ﬁ)‘ 7 =0 distinguishes the cases

f < 0 and it is probably related to the second EPRL condition 7 = 57 £ j7. The idea is that,
while the Freidel Krasnov model and the Baratin Oriti model have a clear geometric content,
the EPRL model imposes the constraints only on the norms j* of the bivectors, expressed
by the first EPRL condition j~ = |8]jT (which characterizes also the Freidel Krasov model.
However, there is a reminiscence of the directional constraints in the second EPRL condition,
selecting the SU(2) C SU(2)~ ® SU(2)* C SO(4) subgroup representation.
More speciﬁcally, we expect that for § < 0, where the EPRL model and the FK model coincide,
limj o0 Fi i+5(k’) peaks on C’i f;”qh” For 8 > 0 we would expect a different condition, as
the Baratin Oriti model is expected to be more similar to the FK model (due to the geometric
character of the imposition of the constraints), which for 5 > 0 differs from the EPRL model.

However, this calculation is really difficult. A strategy would be to consider the coefficients
in coherent states, in fact, this is the standard procedure in asymptotic calculations [146-152],
though there are different proposes, for instance see [153]. However, we leave this for future
works.

Finally, we note that in the Baratin Oriti model:

2J,
i 27wz _

z—oo |z

(12.39)

so that solutions far from the EPRL condition are suppressed. In accordance with the classical
theory.

Interestingly, the Baratin Oriti model does not select a particular representation of the SU(2) C
SU(2)~ @ SU(2)" € SO(4) subgroup.

In conclusion, we have seen that all the Baratin Oriti solutions are good solutions, since
they satisfy both the Master constraint criterion and the Gupta-Bleuler criterion exactly. In-
terestingly, the Baratin Oriti model allows a continuous set of solutions (whereas the EPRL
model implies only the solution corresponding to j~ = |B|jT and j = j© 4+ j7) with a non-
trivial relation between j~ and j*, and without imposing any condition on the representation
of the SU(2) C SU(2)” ® SU(2)T C SO(4) subgroup. Results are in accordance with the
classical theory, since the contribution of the solutions far from the EPRL conditions (which
do not reproduce the correct semi-classical behaviour) is close to zero. Finally, the function
implementing the Baratin Oriti constraints peaks on the first EPRL condition j~ = |85 7.
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12.6 The Baratin Oriti model and the Alexandrov’s pro-
posal

In this section we consider the relation between the Baratin Oriti model and the solutions
proposed by Alexandrov. Particularly, we study the function implementing the Baratin Oriti
constraints in the spin representation and in the large-j limit. As we have seen, in the large-j
limit the function BOJ _ |fn‘i +(z7,2™") has a non trivial dependence on the norms of the self-
dual and anti-self- dual parts of the bivectors |z~ | and |x*| (corresponding to j~ and j*) and
on the directions = il and éI'

Now, in order to continue our analysis we need to simplify the problem. Although we loose
some information about the behaviour of the complete set of solutions, we are still able to
compare particular solutions of the Baratin Oriti model satisfying the Alexadrov’s conditions
in a specific regime. Particularly, from here on we consider only the solutions that satisfy the
directional condition:

xt 1—~\ z*
k—k V= —sign(B)—— = sign | —— )| — 12.40
= (o) =i (17 o 240
For simplicity, we can assume k = [.
This corresponds to look at the maximum values of (12.36) as a function of only |z~| and |z

(and so j~ and j*). Indeed, we are neglecting the dependence of BO’ =l (x7,x7") on the

mErEnPms®
directional parts, by fixing this dependence to be constant and corresponding to the case in
which the effects are maximized. For other directions the function BO’ ;lfnimsi (x7,2™) (and
thus the integrand) assumes values closer to zero, so that we are maximizing the integrand in
order to maximize the integral.

Therefore, we consider the function imposing the Baratin Oriti constraints, satisfying the

directional condition, which does not depend explicitly on z:
o 2415~ + 181571
Boﬁ{tﬁinisi J ,j+ =0m—r— Ot rt0g—n—Ostn+t - - 12.41
( ) i~ + 181571 1241)
for which we have:
gt
‘Boﬁi’finisi G50 > ’B‘Omi (e, 2t) (12.42)
so that
d3 —d3 +
S BOR i3 [ S a e = )8 - )
(2m)°
i~ irE— i+ iﬂi
D) (e II*I>DiL+mJr (e Izﬂ) *x gz, 2™)
(12.43)

A3~ d3x+ _
\Z [ R L USRS
Dfl_m_ (e' ﬁ)Df;er( mlﬁ‘)l’)’@iﬂ{‘f ini(x ) x ¢z, 2™)

In Chapter 9 we have seen that if 5 < 0 the Alexandrov’s proposal corresponds to the EPRL
model, and the relation between the two models is studied in Section 12.5.
For g > 0 the condition we need to impose are:

J-=p01+4")
{ j=jt(1—-B) -8 (12.44)
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The complete analysis would amount to restrict the representation labels appearing in the
coefficients I fn :jn:ip(k) appearing in (12.15), using Kronecker deltas imposing (12.44). However,
since the asymptotic behaviour of the F: T]n :j;ip(k’) has not been studied yet, we limit our analysis
to the first Alexandrov’s condition j~ = (1 + j71).

Particularly, we ask what is the value of the function imposing the Baratin Oriti constraints
corresponding to the choice j~ = B(1 + jT). Specifically, does the solution j~ = S(1 + j1)
contribute to the Baratin Oriti GFT field? Or is it suppressed? In order to answer these
questions, we can calculate the value of BOPH, | (5= %) for j~ = (1 +j%) and 3 > 0.

Actually, with directional condition satisfied, we have:

_ 24 — 18D _ 24080 +57) = BiT)

BOPE[B(1 + j %), 7]

- =Bl B+ Y) = BT
. . 12.45
28+ B =B 24(8) (12.45)
(|18 + BT — Bj*]) 18
and for 0 < § < 1 we have that 0.9 < % < 1. Thus, the solutions of Baratin Oriti model

satisfying the first Alexandrov’s condition (with the directional condition satisfied) are good
solutions, and they contribute significantly to the amplitude.

12.7 The Baratin Oriti model and the Ding-Han-Rovelli
solutions

In this section we investigate the relation between the solutions of the Baratin Oriti model and
the Ding-Han-Rovelli solutions. This comparison is particularly interesting since they both
satisfy the Gupta-Bleuler criterion.
Particularly, we consider the solutions of the Baratin Oriti model, in the spin network basis,
and we investigate the behaviour of the function BOP'%  satisfying the directional condition

é—:lkfl = —sign(ﬁ)%, in the large-j limit. Although we loose some information about the
complete behaviour of the function, this makes easier the comparison with the Ding-Han-Rovelli
model.
Moreover, we give a numerical example for both v < 1 and v > 1. We will see that, in
both cases, the solutions are weighted by the function implementing the simplicity constraints,
BOPE which, as we have seen in Section 12.5, peaks on the EPRL solutions.
However, we know that the Baratin Oriti model allows more solutions with a non-trivial relation
between ;= and j*, without imposing any condition on the representation of the SU(2) C
SU(2)” ® SU(2)T C SO(4) subgroup, and without forcing the Immirzi parameter to be a
rational number. Furthermore, results are in accordance with the classical theory, since the
contribution of the solutions far from the EPRL, leading to a strange large-j asymptotic limit,
is close to zero.

In order to compare the two model, we also present the solutions found by Ding, Han and

Rovelli, in the spin network basis, and in the large-j limit.
The function implementing the simplicity constraints is a Clebsch-Gordan function which im-
poses a specific relation between representations of SU(2)~, SU(2)" and SU(2) C SU(2)” ®
SU(2)* € SO(4). However, as we have seen in Chapter 10, it allows more solutions than the
EPRL model, with a non-trivial relation between j~ and ;% parametrized by an extra degree
of freedom 7, which has two different domains of definition, although they are not disjoint sets,
(v—1)j<r<qyjandyj<r<(1+49)j
Remarkably, we note that if r = (y — 1)j (for v > 1) or if r = 0 (for v < 1) we get the EPRL
solutions.
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Finally, we give a numerical example for both v < 1 and « > 1, considering the different do-
mains of the parameter r.

In order to make a comparison with the Baratin Oriti model, we study the function imple-
menting the Ding-Han-Rovelli constraints, the Clebsch-Gordan function denoted by DHR, in
the large-j limit and for a specific choice of the labels in the Clebsh-Gordon coefficients, that
maximize DH'R. Despite the fact we loose some information about the complete behaviour of
the function, we still be able to get some important informations.

Indeed, if we consider the domain (y —1)j < r < vj , the function DHR peaks on the
EPRL solutions, while the contribution of the solutions far from the EPRL conditions is close
to zero, in accordance with the classical theory.

If we consider the domain (y—1)j < r < ~j , the function DHR is significantly suppressed,
indicating that the Ding-Han-Rovelli solutions in this case are good solutions of the constraints,
but in facts they don’t contribute to the field amplitude. This is in accordance with the classical
limit.

An other important aspect we would like to point out regards the extra solutions. Actually,

the Ding-Han-Rovelli solutions are labelled by the extra degree of freedom r which can assume
only non-negative integer values and has a finite domain of definition: (y—1)j < r < (1+47)j or
0 <r < (1+47)j, according if v < 1. At the same time, the Baratin Oriti model is more general,
since extra solutions can be rewritten in terms of a continuum parameter r € R. Therefore,
the Ding-Han-Rovelli solutions are a subset of the Baratin Oriti solutions.
Furthermore, in the regime we have considered (large-j limit, with the Baratin Oriti solutions
satisfying the directional condition and the specific choice of the Clebsh-Goradan labels) the
Ding-Han-Rovelli amplitudes are very similar to the Baratin Oriti amplitudes, although they
are not the just discretized counterpart. In this thesis we cannot argue whether they do not
coincide due to the approximations we have considered or rather if the two models are just
different (for example they could assign different amplitudes to the same solution).

Particularly, we note a general difference in the values of the peaks for the two models. In
the Baratin Oriti model the maximum of the weighting function, BOP'® is 1 for both v < 1
and v > 1 (the peak corresponds to the solution with j= = |5]jT).

Interestingly, the peak of the weighting function of the Ding-Han-Rovelli model, DHR, for the
domain (y —1)j < r < 7j corresponds to:

r=((y—-1)j for y>1
{r:O for v <1 (12.46)

i.e. the first EPRL condition, ;= = |8]j™.
However, the maximum is 1 when 7y < 1, while for v > 1 the maximum is always less than 1.
This may be related to the fact that the EPRL model and the FK model coincide when v < 1,
while they differ when v > 1. Further investigation is needed.

Lets start our analysis.
First we want to find some particular Baratin Oriti solutions that we can easily study. For
this purpose, we can consider the solutions satisfying the directional condition (12.40), BOP'%,
As remarked above, although we loose some information about the behaviour of the complete
set of solutions, we are still able to compare particular solutions of the Baratin Oriti model to
some specific solutions of the Ding-Han-Rovelli model.

Recall that the function imposing the Baratin Oriti constraints, satisfying the directional
condition is:

21(li~ +18157D
5= + 1Bl

As have have noted before, it does not depend explicitly on #*, and we assume m

BOPIE, o (57,57) =0m-rOmtrt Os - Otnt (12.47)

+ = r* and
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nt = s*, so that:

lim (5757, 07| @ (%587, 0| @ (k[ SE6"|¢) =

jE—o0
- +

3.~ 3.+ _ e . im ezt
=3 [ St =)D ()8 5D ()

221(li~ +18l5"D

5m*'r* 6m+r+5s*n* 5s+n+ |]_ + |ﬁ|]+| * ¢k(x_7 I’+) (1248)
. Br=dd2*t ,
= Zgogiﬁinisi (] a.]Jr) / Wé(’x ’ —J )(5(‘$+‘ _.7+)

P . .t
' [ J+ i _ +
Dn*m* <€ . ‘>Dn+m+ <€ ‘xﬂ) *Qbk(aj y L )

Particularly, we will study the behaviour of (12.47), in the particular regime described above,
as a function of j~, having fixed the value of 7%, and we will compare it to some solutions of
the Ding-Han-Rovelli model that we are going to define. However, before doing so, in order
to make more evident the analogies between the Baratin Oriti particular solutions and the
Ding-Han-Rovelli solutions, we define the continuous positive parameters r, and j such that:

i,
{ I ﬁ? (12.49)
2

J
so that when v < 1 (v > 1)if r =0 (r = (y—1)j) we have the EPRL solutions, while different
values of r parametrize other Baratin Oriti solutions.

Finally, to simplify further the comparison we choose m~ =r~ = 1777 j,mt=r
nt = st.
Thus for v < 1 we study:

=35 and

2515~ + B3t 24(15% +r+ 50 2()r)

BOPIE (r) = = , = = 12.50
'y<1() |,]_+ﬁ]+| ’ j+T+L]‘ |T’| ( )
For v > 1 we have:
2 T =Bt 2/ - = 2 1—7)j
j= = Bi*] | J+7’ %J! (1 —7)j + 7l

Now, lets consider the Ding-Han-Rovelli solutions in spin representation, which can re-written,
by inserting a resolution of the identity in the non-commutative metric variables, as:

Gsm™,nT| @ (GTsmT T @ (k|Spur|e) =
=N I (R T (R) G (k)G (k)

stp
P~ dPet 2J9;- 1y (|27]) 5 —\ 2y (l2]) e im 2
/ S TR P () 2 o] DY (¢75)
[53"[1%”*’”}&”“%39] * (7, a) (12.52)

— Z 5n7575n+s+05n ﬂmw(k;)cg jhf)(k:)
/d3$_d3$+ 2Jp05-411(|z~ |)Dj7 (6. fi}) 2J[2j++1](|$+|)Dj+ <€i7r|§i|>
n-m~ ntm*

(2m)S 7 |z T |zt
1t

[(p (152 5+7] 5t } * (2, x+)
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where we have the two domains:

Domain L (y—=1)j <r<~j (12.53)
Domain 1L vj <r < (1+17)j (12.54)
As we have seen in the previous sections, in the limit ;7 — oo, the function Mi@ﬁ—w approxi-

mates a delta function 6(|z| — j) [37], where the § function is a delta distribution with respect
to the point-wise product. Thus, we have:

lim (j7;s,r7| @ (GsT | @ (k|Spug|d) =

jt—oo

=S G a0 OO T ()OI (k) [0 g ]

mtp r—rtp
d3z~d3at imE— . i+ i _
/ 0 =D (T ) | = DY (€T ) % 0raT ) (1955)

o d3x~d3xt ,
= S DHRL e | S| =50 = 57)

i~ - ] iﬂ'i
DL (¢E0) D2 () w o)
where we have defined the function imposing the Ding-Han-Rovelli constraints:

DHRI LT oo = Oy o Oy G99 (k)OI 13 (k) [§7 50157 15241] (12.56)

m m*p r—rtp

Now, recall that, regarding the Baratin Oriti model, we have not considered the whole set of
solutions but rather only the solutions satisfying the directional condition (12.40), in order to
simplify the problem. Analogously, in order to study the Ding-Han-Rovelli solutions, we focus
on the particular case m*™ = r* = j© = 1”], ~=r" =325, n* = s* and p = j. These
choices correspond to looking at the peaks of the Clebsch-Gordan function (12.56).

Moreover, we observe that if we fix j+ then j is given by:

2
. .Jr

= 12.57
A ’yj ( )
Therefore, fixing the values of j and v, we can study these functions as functions of r (and so

as a function of j7), distinguishing the cases v < 1 and v > 1.

In conclusion, the function imposing the Ding-Han-Rovelli that we consider is:
PSPy 1ty

DHR(r) = L2 1 S el s (12.58)

I 5tig =1i=51t4J

where r satisfies (12.53) or (12.54).

Thus, we have now arrived to two expressions that are easily comparable. Indeed, we con-
sider a particular subset of the solutions of the Ding-Han-Rovelli model, given by the following
expression:

Jim (1= 9)5/2 475 (1= 9)5/2, 07 @ (1 +9)3/2 (1 +7)j/2,07| © (k|Sparlo) =
d3$7d3$+ _ 1—7. + 147,
o [ S8 1 2o - 52)
r imE Rl iwi _
DI (DI () et

5 gmt
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and we compare them to an other subset of solution of the Baratin Oriti model, given by:

im {(1 = 9)/2 4+ 75 (L= )3 /2,0 © (149032 (14 2)3 /2,0 © {k1S0le) =
e dPat . 1—~ 1+~
= S0zt [ (= 5 ) o (1 - )

177A7j—i-r i L — Ity j iﬂ'i _
DT ()DL (€7 ) x ula, )
We note that the differences are only in the functions implementing the constraints, thus in
order to compare the two set of solutions we need to study DHR(r) and B(’)%If(r). Particularly,
fixing the value of j (and correspondingly j¥) and ~, we can study these functions as functions
of r (and so as functions of j7). Importantly, we have to distinguish the cases 7 < 1 or v > 1,

and the domains (12.53) or (12.54).

12.7.1 A numerical example

In this section we give a numerical example of the functions B(’)D IR (r) and DHR(r).

First, we consider Ding-Han-Rovelli solutions, characterized by DHR(T), distinguishing the
cases 7 < 1 and 7 > 1 and the Domain I (12.53) and Domain I1 (12.54).

For example, for the Domain I, (12.53), if j = 10 and v = 0.5 < 1 the result is plotted in
Figure 12.2, while the result in the case j = 10 and v = 2 > 1 is plotted in Figure 12.3.

We can see that in the case v < 1 the function peaks when r = 0 , corresponding to
JT =5t = } Jg it =|pB|5T, i.e. the first EPRL condition. Particularly, the value of the peak
is 1. As r increases the function rapidly goes to zero.

For v > 1 the function peaks when r = (y — 1)j = 10 corresponding to j~ = ;lj =
1+7 it =3]jT, i.e. the first EPRL condition. Particularly, the value of the peak is 0.681. As r
increases the function rapidly goes to zero.

We note that a general feature of the Ding-Han-Rovelli model is that the maximum of the
weighting function for the domain 0 < r < vj, with v < 1, is 1, while for (v — 1)7 < r < vj,
with v > 1, the maximum is always less than 1.

Ding-Han-Rovelli weighting function with v=1/2, =10, Domain |

1.0}e
0.8t
[ ]
— 0.6}
=
T
5
0.4 °
02} ¢
[ ]
L ]
00 L L L
0 1 2 3 4 5

Figure 12.2: Ding-Han-Rovelli weighting function with v = %, j =10, Domain I

For the Domain I1, (12.54), if 7 = 10 and v = 0.5 < 1 the result is plotted in Figure 12.4,
while the result in the case j = 10 and v = 2 > 1 is plotted in Figure 12.5, where we have
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Ding-Han-Rovelli weighting function with v=2, =10, Domain |
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Figure 12.3: Ding-Han-Rovelli weighting function with v = 2, j = 10, Domain |

considered a logarithmic scale in the ordinate axis, so that we can easily note the exponential
decay characterizing the Ding-Han-Rovelli weighting function as r increases.

The peaks are 0.045652 (when r = j = 5) for v = 0.5 < 1 and 0.000111 (when r = vj = 20)
for vy =2>1.

Remarkably, we note that the Ding-Han-Rovelli function that imposes the simplicity constraints
for the Domain I1, (12.54), is significantly suppressed.

The reason is that for the Domain I1, (12.54), we have j© < j= < i’i—j/fr, and this condition

v—1

is really far from the first EPRL condition j= = o

relation.

47, which gives the correct classical

Ding-Han-Rovelli weighting function with v=1/2, j=10, Domain Il
® : ; : : :
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Figure 12.4: Ding-Han-Rovelli weighting function with v = %, j =10, Domain II

Therefore, the Ding-Han-Rovelli model allows solutions with a non trivial relation between
j-and j* (j~ = =857 +r, with r such that (12.53) or (12.54)), but it assigns a different weight
to these solutions given by the function DHR, (12.56). Particularly, for the Domain I of the
parameter r, given in (12.53), the peak of the function DHR corresponds to the first EPRL
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Ding-Han-Rovelli weighting function with y=2, =10, Domain Il
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Figure 12.5: Ding-Han-Rovelli weighting function with v = 2, 7 = 10, Domain II

condition, while the contribution of the solutions far from the first EPRL condition is close to
Zero.

Now, we consider the Baratin Oriti solutions, characterized by BO%If(r), distinguishing
the cases v < 1 and v > 1, in the same range of parameters of the previous analysis.
Specifically, if j = 10, v = 0.5 < 1 and we choose the Domain I, (12.53), the result is plotted
in Figure 12.6, while the result in the case j© = 10 and v = 2 > 1, for the same domain is
plotted in Figure 12.7.

We can see that in the case v < 1 the function peaks when r = 0, corresponding to j~ =
1_ij = 12745+ — |B|j%, i.e. the first EPRL condition. Particularly, the value of the peak is 1.

1+~
As 7 increases the function rapidly goes to zero.
For v > 1 the function peaks when r = (v — 1)j = 10, corresponding to j~ = %j = %j* =

|Bl7T, i.e. the first EPRL condition. Again, the value of the peak is 1 and the function rapidly
goes to zero as r increases.

10 Baratin Oriti weighting function with v=1/2, ;=10, Domain |

0.8

0.6

BO(r)
(=]
=

0.2}

0.0

Figure 12.6: Baratin Oriti weighting function with v = %, jJ =10, Domain I
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Baratin Oriti weighting function with ~=2, j=10, Domain |
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Figure 12.7: Baratin Oriti weighting function with v = 2, 7 = 10, Domain I

Therefore, the Baratin Oriti model allows solutions with a non trivial relation between j~
and jT, but it assigns a different weight to these solutions given by the function BO, (12.36).
Particularly, also solutions which would lead to a strange semi-classical behaviour are good
solutions of the constraints, as they are suppressed in the large-j limit by the function (12.36).

Actually, we can consider the Baratin Oriti solutions in the Domain II and compare the
results with the Ding-Han-Rovelli model, although in the Baratin Oriti model there is no upper
bound to the domain of the continuum parameter, since r € [0, +00). Specifically, if j = 10,
v = 0.5 < 1 and we choose the second domain (12.54) the result is plotted in Figure 12.8, while
the result in the case j© = 10 and v = 2 > 1, for the same domain is plotted in Figure 12.9.
In both the cases we observe that as r increases the Baratin Oriti weighting function oscillates
closer to zero, in accordance with the semi-classical theory.

Baratin Oriti weighting function with v=1/2, j=10, Domain Il

0.00

BO(r)

-0.05F

-0.10}

Figure 12.8: Baratin Oriti weighting function with v = %, 7 =10, Domain II
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Baratin Oriti weighting function with v=2, j =10, Domain Il
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Figure 12.9: Baratin Oriti weighting function with v = 2, j = 10, Domain II

12.8 The Baratin Oriti model and the Freidel Krasnov
model

In this section we investigate the relation between the Baratin Oriti model and the Freidel
Krasnov model in the large-j limit. Particularly, the comparison is interesting since both the
models impose geometricity conditions directly on bivectors. Particularly, the Baratin Oriti
model demands that quantum bivectors satisfy the simplicity constraints, whereas the Freidel
Krsnov model imposes simplicity conditions on semi-classical bivectors.

Therefore in asymptotic large-j limit, we expect that they somehow coincide. Indeed, we
will show that, in this limit, the Baratin Oriti weighting function peaks on the Freidel Krasnov
conditions. However, the Baratin Oriti model is more general as it allows more solutions, and
it does not imply any rationality condition on the Immirzi parameter.

In order to show that this is really the case, the strategy is to write both the models in
coherent states.

Particularly, in Section 12.1, we have shown that the Baratin Oriti solutions in coherent
states read (12.24):

(GymT i@ (j7smt it © (k|Skold) =

dBr~d3zT - _ it n "
:/WDfm—l[m—}(“’ )% Ey g1 (@) Digyy (87) < By -1 (a7) (12.59)
2J1(|kx~ k™! + BaT]) o
ey ey L ACIREA

Moreover, we can write the Freidel Krasnov solutions as:

GoimT At | @ Gt mt, At @ (k|Spk|o) =
P~ dPat - - L N
:/ (2m)6 D[m,”m,](x )*Egm—g;i ( )Dfmﬂ[mﬂ(x )* E,
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Proof.
(Gsme, i @ (Tt At @ (k[ Spkle) =
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Now, we use the property that in the limit j — oo the function:
L o .
(x|j;m, m) = /dgEg(m)ng(gmlggﬁl) = Dfmﬂ[mﬂ(xﬂ (12.62)
peaks sharply at x = jm.
Thus, in the limit % — oo, the function implementing the Baratin Oriti constraints reads:
; 2Jy(|kx= k=1 + Bx™|)
lim D/ (z7)Dl, (a7 )
e U [t t] Lkr— k-1 +
T ke k™" + B (12.63)
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is peaked about |z| ~ j, we have that 2‘][1']]:("1‘) is peaked

2J[2j+1](|$|)

Finally, recall that since Ta]

about |z| ~ 0, i.e. when:

j-=1813"
{ km~ k= + sign[8]mt =0 (12.64)

i.e. precisely the Freidel Krasnov constraints.
Finally, we recall the fact that in the Baratin Oriti model:

2
lim (D) _ 0 (12.65)

z—oo |z

so that solutions far from the Freidel Krasnov conditions are suppressed. In accordance with
the classical theory.

In order to summarize our analysis, we have seen that the Freidel Krasnov implements the
simplicity constraints by means of a Kronecker delta imposing the condition j~ = |§|j, and a
Dirac delta d(km~ k=t + sign[B]m™).

The Kronecker delta in the large-j limit imposes a condition on the norms of the self-dual
|zT] and anti-self-dual |z~| parts of the bivector, while the Dirac delta imposes a directional
condition on m~ and m™ describing, in the large-; limit the directions of the self-dual % and

anti-self-dual i—:| parts of the bivector.

Regarding the Baratin Oriti model, we have seen that the x-delta implementing the sim-
plicity constraints can be seen (with the non-commutative pointwise product) as a particular
Bessel function that peaks on the Freidel Krasnov condition. The difference is that the Freidel
Krasnov model implies the constraints by means of Delta functions, which are 1 when the con-
ditions are satisfies and zero otherwise. The Baratin Oriti model is then more general, since
it implements the constraints by means of a particular function that peaks when the Freidel
Krasnov conditions are satisfied, but, at the same time, is broadened with respect to Dirac and
Kronecker deltas, allowing a continuous set of solutions, that contribute non-trivially to the
field amplitude. However, in accordance to the classical limit, solutions far from the peak are
significantly suppressed.
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Chapter 13

Conclusions

In the thesis we have considered several Spin Foam models for four dimensions Riemannian
Quantum Gravity, particularly in the extended GFT formalism.

The reason we have chosen to focus on the Euclidean signature can be traced back to
the difficulties dealing with non-compact groups. Specifically, the non-commutative Fourier
transform, which plays a crucial role in the thesis, has not been yet defined for the Lorentz
group. However, we precise that Euclidean gravity is deeply studied in Quantum Gravity
literature in parallel with the Lorentzian case, as it is a testing ground for new ideas.

The standard strategy in order to formulate a GFT model for gravity is to start from
the Holst-Plebanski formulation of gravity, i.e. a constrained BF theory. As we have seen in
Chapter 5, BF theory, being a topological field theory, can be easily quantized in the Spin Foam
and Group Field Theory framework. Moreover, results are independent on the discretization,
and the theory is characterized by topological invariants.

However, the non-trivial aspect is the imposition of the simplicity constraints, which break
the topological invariance and restore the local degrees of freedom, typical of General Relativity.

As we have described in Chapter 6 and 7, in order to implement the simplicity constraints
in Spin Foam models, we need, firstly, to discretize the classical constraints of the Plebanski
formulation (or a linearised version), and, secondly, we quantize them using geometric quanti-
zation tools, in order to obtain an operatorial equation. Several models have been proposed,
imposing the quantum simplicity constraints differently. Actually, different criteria for the
implementation of the constraints have been considered in the literature, for example strong
imposition on quantum states or weak on matrix elements.

In Chapter 8, we have studied the Riemannian EPRL model, whose solutions satisfy the
Master constraint criterion. Specifically, we have seen that with the standard choice of the
spectrum of the Casimir operators, the solutions of the EPRL model minimize the Master con-
straint operator, without solving it exactly. Remarkably, the spectrum of the Casimir operators
depends on the choice of the operator ordering, and thus on the choice of the quantization map.

However, modifications of the operator ordering allow to satisfy the criterion exactly, but
the spectrum of the area operators results different from the standard one proposed in Loop
Quantum Gravity. In the thesis, we have investigated the EPRL solutions of the simplicity
constraints with respect to different choices of the spectrum of the Casimir operators.

Moreover, we have considered the EPRL solutions in the extended GFT formalism, im-
plementing the EPRL constraints directly on the GFT field, by restricting the SU(2)~ (anti-
self-dual subgroup), SU(2)" (self-dual subgroup) and SU(2) C SU(2)” x SU(2)* C SO(4)
representations appearing in the Peter-Weyl decomposition of the GFT field, using Kronecker
deltas.

In the thesis, we have limited our analysis to the GF'T field because the amplitude can be
obtained by considering the Feynman expansion of the GFT partition function, constructed
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with the constrained GFT fields. The expansion of the partition function in terms of Feynman
diagrams generates simplicial complexes and Spin Foams corresponding, exactly, to the EPRL
Spin Foam model. To be more precise, we have imposed the simplicity constraints only on a face
of the tetrahedron (corresponding to a bivector), but the results are easily generalizable to the
whole tetrahedron, if we consider the four faces of the tetrahedron be orthogonal to the same
normal vector. Technically speaking, we can glue the four constrained faces, by contracting the
four face amplitudes with an appropriate four-valent SO(3) intertwiner.

Modifications to the EPRL model have been proposed in order to relate the spin connection,
characteristic of the Spin Foam models (path integral quantization), and the Ashtekar-Barbero
connection, appearing in the standard formulation of Loop Quantum Gravity (canonical quan-
tization).

The strategy proposed by Alexandrov, that has been studied in Chapter 9 of this thesis,
amounts to a modification in the spectrum of the Casimir operators, appearing in the operatorial
equation implementing the simplicity constraints. The result is a modified relation between the
representations of the SU(2) subgroups. As for the EPRL model, we have considered the
Alexandrov model in the extended GFT formalism, in different representations, implementing
the constraints directly on the GFT field.

However, we mention that an other possibility to relate canonical and path integral quan-
tization of gravity is to generalize the Ashtekar-Barbero connection to a Lorentz (or SO(4))
connection, and generalize SU(2) spin networks to projected spin networks (which appear also
in the extended GFT formalism described in the thesis). We hope to clarify the relation be-
tween extended GFT models, Covariant Loop Quantum Gravity and Spin Foam models in
future works.

An other extension of the EPRL model, that we considered in Chapter 10 of this thesis, has
been proposed by Ding, Han and Rovelli, based on weak imposition of the constraints using a
Gupta-Bleuler criterion. Actually, in [45] it has been shown that the Ding-Han-Rovelli model
allows more solutions than the EPRL model. Specifically, solutions are parametrized by an
extra degree of freedom r, and the EPRL solutions are recovered for a particular choice of the
T parameter.

However, these extra solutions have not been studied in the literature, rather they are
usually overlooked as they are generally supposed to have a strange asymptotic behaviour.
In this regard, we think that extra solutions are good solutions and their contribution to the
field amplitude should be considered. The reason is that extra solutions are weighted by the
function implementing the constraints (related to Clebsch-Gordan coefficients), and those with
suspicious large-j behaviour are suppressed. As for the other models, we have considered
the Ding-Han-Rovelli solutions in the extended GFT formalism, in different representations,
implementing the constraints directly on the field, using Kronecker deltas.

Soon after the EPRL model was proposed, Freidel and Krasnov suggested an other model
based on Livine-Speziale coherent states. The model is presented in Chapter 11, and it amounts
to demand that simplicity constraints are satisfied in mean value, on coherent states. Due to the
properties of the coherent states, the Freidel Krasnov model has a clear geometric interpretation,
as it requires that semi-classical bivectors satisfy the simplicity constraints.

The Freidel Krasnov model differs from the other models as it is not defined in terms
of Kronecker deltas restricting the representations of the sub-groups. Rather, it amounts to
decompose the GFT field on an over-completed basis of coherent states and then restrict such
states to the ones satisfying the simplicity constraints. Nevertheless, it turns out that for g < 0
the FK model coincides with the EPRL model, while for g > 0 the two models differ. In
the thesis we have studied the Freidel Krasnov interwiner in the extended GFT formalism, in
different representations.

In Chapter 12, we have considered the Baratin Oriti model, based on the metric represen-
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tation of the extended GF'T field. Similarly to the Freidel Krasnov model, the Baratin Oriti
model has a clear geometric interpretation as it implements, using non-commutative delta func-
tions, the simplicity constraints directly on the metric variable of the field, describing quantum
bivectors. As pointed out in [50], the Baratin Oriti model may be the most general, as it does
not imply any restriction on the Immirzi parameter, whereas all the other models impose a
rationality condition.

In this thesis, we have deepened this idea. Particularly, our first great result is that the
Baratin Oriti solutions satisfy both the Master constraint criterion and the Gupta-Bleuler
criterion exactly, for every choice of well-defined quantization map.

The second great result comes from the introduction of a new formulation of the Baratin
Oriti model in terms of Bessel functions, which allows an easy comparison with the other models
in the large-j limit. Particularly, we have shown that, in this limit, the function weighting the
Baratin Oriti solutions peaks exactly on the first EPRL condition (relating the representation
of the self-dual and anti-self-dual subgroups).

Moreover, we have argued a way to recover also the second EPRL condition (relating the
SU(2) c SU(2)” xSU(2)* € SO(4) subgroup with the self-dual and anti-self-dual subgroups),
although the calculation is left for future work.

Finally, last issue was to check whether the Baratin Oriti extra solutions lead to strange
semi-classical limit.

Our result is that the weighting function implementing the Baratin Oriti constraints sup-
presses exactly the solutions that would lead to a suspicious asymptotic limit. Thus, Baratin
Oriti extra solutions are good solutions and contribute to the field amplitude, but the more they
are far from the EPRL conditions, the more their contribution to the field amplitude decreases.

The comparison between the Baratin Oriti solutions and the Alexandrov solutions is more
involved, and thus we have considered only a subset of the Baratin Oriti solutions. Particularly,
we have restricted our attention to the solutions satisfying a directional condition. This con-
dition removes the dependence on the directions of the self-dual and anti-self dual parts of the
bivector, and maximizes the weighting function with respect to the norms of the self-dual and
anti-self dual parts, corresponding, in the large-j limit, to the representations of the SU(2)~
and SU(2)* subgroups. Our result is that the Baratin Oriti solutions satisfying the directional
condition and the first Alexandrov’s condition (j= = (1 4 j), when 8 > 0) contribute sig-
nificantly to the amplitude. For § < 0, the Alexandrov’s proposal coincides with the EPRL
model.

Also the comparison between the Baratin Oriti solutions and the Ding-Han-Rovelli solutions
is generally non-trivial due to the complexity of the weighting functions implementing the
constraints in the two models. Thus, we have performed several approximations. On one hand
we have considered the Baratin Oriti solutions satisfying the directional condition. On the
other hand, we have considered only a subset of the Ding-Han-Rovelli solutions, precisely those
with the indices, appearing in the Clebsch-Gordan weighting function, that maximize the field
amplitude.

Our result is the following.

Both the BO and DHR functions implementing the constraints peak on the first EPRL con-
dition, and they reproduce the correct asymptotic limit. Also the field amplitudes are similar,
although, on one hand the Baratin Oriti model admits a continuum spectrum of solutions,
whereas the Ding-Han-Rovelli model admits only a finite set of solutions. On the other hand
the field amplitudes of the Baratin Oriti solutions, in the regime we have considered, are not
precisely the discretized counterpart of the Ding-Han-Rovelli solutions. We don’t know if this
discrepancy is due to the approximations and simplifications we have performed during the
calculations, or rather the two models just weight differently the field amplitudes. A more deep
analysis of the asymptotic of the two models is needed and left for future works.
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Finally, we have compared the Baratin Oriti model and the Freidel Krasnov model in the
large-j5 limit. In this case the relation between the two model is more evident because in
the asymptotic limit quantum bivectors become semi-classical bivectors, described in terms of
coherent states. Our analysis shows that the Baratin Oriti weighting function peaks exactly on
the solution of the delta function, implementing the Freidel Krasnov constraints, but it is more
widened, thus admitting more solutions.

In conclusion we think that the extra solutions characterizing the Ding-Han-Rovelli model
and the Baratin Oriti model are good solutions, and should be considered, as they contribute
to the GF'T field amplitude. Particularly, the Baratin Oriti solutions seem the most general, as
they satisfy both the Master constraint criterion and the Gupta-Bleuler criterion exactly, for
every well-defined quantization map, and without imposing any rationality condition on the
Immirzi parameter. Moreover, the asymptotic limit is generally in accordance with the other
models, but at the same time the Baratin Oriti solutions seem the natural generalization of the
EPRL/FK solutions.

13.1 Perspectives

As mentioned in the thesis several aspects should be deepened, more calculations should be
done, more strategies need to be explored. First, a complete analysis of the asymptotic limit
of the models presented in the thesis is needed. Actually, while the large-j limit of the EPRL
and FK models have been deeply studied in the literature [146-152], the asymptotic limit of
the Ding-Han-Rovelli solutions nor the Baratin Oriti model haven’t been considered.

Particularly, it would be interesting to check whether the Baratin Oriti model implies, in the
large-j limit, the second EPRL condition or the second Alexandrov condition. Moreover, we
have shown that the Baratin Oriti solutions are more general with respect to the other models
presented, but are they the most general solutions satisfying the Master constraint criterion or
the Gupta-Bleuler criterion? We would like to answer this question in future works.

An other open issue regards the projector property of the operator implementing the sim-
plicity constraints. Particularly, it would be interesting to investigate whether the EPRL/FK
projector, in the extended GFT formalism, commutes with the relaxed closure constraint. In
addition, we would like to know what are the properties of the Baratin Oriti operator imple-
menting the simplicity constraints under integration, particularly when acting on observables.
Again these issues are left for future studies.

Other possibles developments of the thesis are the comparisons between the Baratin Oriti
model and other models that have been recently introduced. For example, the Warsaw pro-
posal [154-156], an other modification of the EPRL model, and the holomorphic Spin Foam
models [157-159], based on the imposition of the simplicity constraints in a new spinorial
representation.

Finally, we have set all the discussion in the Euclidean setting, obviously a generalization of
the results of this thesis to the Lorentzian case, possibly with non-zero cosmological constant
and matter, is needed.
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13.2 About the role of simplicity constraints...

In this thesis we have discussed the implementation of the simplicity constraints in recent Spin
Foam and GFT models. As we have seen, at the classical level they are related to the Plebanski
formulation of General Relativity. Thus, a natural interpretation of the simplicity constraints
at the quantum level is to consider them as the constraints that one has to impose on quantum
BF states to break the topological invariance of the quantum BF theory and recover a quantum
version of the Holst-Plebanski formulation of General Relativity.

However, we would like to suggest an other interpretation of the constraints. Actually, Gen-
eral Relativity might be an effective theory, a low-energy approximation of a more fundamental
theory. An indication of this might come from the perturbative non-renormalizability of the
theory. More generally, one could expect quantum corrections to the Palatini action.

Actually, the relevant feature of General Relativity is the background independence and the
geometric content of the theory, rather than the particular form of the action (many generaliza-
tions of the Einstein-Hilbert action have been proposed, see for instance f(R) gravity, massive
gravity, etc.).

Therefore, the idea we would like to present is that simplicity constraints might be interpret
as a geometric condition that the fundamental degrees of freedom of the theory (the quanta of
the Group Field Theory) have to satisfy. Specifically, the simplicity constraints imply that the
GFT field describes a geometric tetrahedron.

However, other possible criteria to break the topological invariance may be related to the
renormalizability of the GFT theory, rather than the geometricity condition. Regarding this,
GFT renormalization has been currently studied [6,160-162]. For example, preliminary results
[162] indicate that the dynamics of the renormalized Lorentzian EPRL/FK model would result
modified with respect to the tree level one. Future studies in GFT renormalization will clarify
these issues.

13.3 About the imposition of simplicity constraints...

An other issue that we would like to point out is that the strategy of the Spin Foam program
(summarized as first quantize the BF theory and then impose quantum simplicity constraints)
is debated. Actually, in [87] Alexandrov concluded that the Spin Foam strategy to quantization
in four dimensions with finite Immirzi parameter is not viable, as it contradicts the quantization
rules for systems with second class constraints and leads to various inconsistencies at the quan-
tum level. Alexandrov specifically considered the EPRL model and the Freidel Krasnov model
and identified in the rationality condition imposed on the Immirzi parameter a manifestation of
these problems. However, he mentioned that there is an exception to which his analysis cannot
be applied, the FK model for g = 1.

Remarkably, in the Baratin Oriti model there is no rationality condition on the Immirzi
parameter, and thus it might be an other exception to the Alexandrov’s analysis, although
further investigation is needed. However, this hypothesis is supported by the fact that in the
Baratin Oriti model the simplicity conditions can be implemented in the path-integral by an
effective gauge covariant measure on the space of discrete connections, as shown in [49,50].

In conclusion, we would like to stress that the standard strategy “first quantize, then con-
strain” is really discussed (see for instance [41,83]). Particularly, in [41] Geiller and Noui
concluded that “in the end, the only way to discriminate between the various proposals is
either to extract physical predictions to compare with experiments, or at least to test the
strategies on toy models which bear a close analogy with gravity”.
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13.4 About the relation between simplicity constraints
and physical observables...

In [8] Peres stressed that “Quantum phenomena do not occur in a Hilbert space. They occur in
a laboratory”. Therefore, supposing simplicity constraints are correctly implemented, we may
ask whether they are related to physical observables. Generally, extracting physics from Spin
Foams is problematic, as, from the experimental point of view, we have no direct evidence of
quantum gravity phenomena, although we can consider semi-classical quantum gravity effects
near singularities (Black holes and the Big Bang).

Moreover, from the theoretical point of view the situation may be worse as both the classical
limit and the continuum limit of Spin Foam/GFT models have not been fully understood.
However, the general idea [32] is that the fundamental degrees of freedom of the GF'T formalism
are discrete, pre-geometric building blocks of combinatorial and algebraic nature. Particularly,
the spatial manifold is, at very short distances and very high energy (quantum domain), a
collection of (glued) building blocks and the field theory is defined on the space of possible
geometries of each such building block. In this picture, the space-time as a continuum manifold
is but an emergent concept corresponding to a collective configuration of a large number of
quantum gravity building blocks, possibly after a phase transition [163,164]. Thus, space and
time disappear at microscopic scales. The main hypothesis is that what we call continuum
space-time is but a phase of an underlying GFT system.

Recently, a new class of GFT states, the GFT condensates, has been proposed [165-
169]. The hope is that these states could describe continuum macroscopic homogeneous (but
anisotropic) geometries. Particularly, the appearance of macroscopic geometries is captured by
a process similar to Bose-Einstein condensation of the microscopic GFT building blocks.

The effective dynamics can be extracted for a homogeneous quantum space, i.e. for GFT con-
densate, from a generic GFT model for quantum gravity, and it has been shown to have the
form of a non-linear and non-local extension of quantum cosmology, similar to the one suggested
in [170].

The (Gross-Pitaevskii-like) hydrodynamics of the GFT condensate, in a further classical ap-
proximation following the continuum (thermodynamic) limit of the quantum GFT system,
would then correspond to General Relativity.

One can put forward a further hypothesis [171] and identify the process (phase transition)
of quantum space-time condensation with the Big Bang singularity.

Therefore, the Big Bang would correspond to a geometrogenesis process, in other words before
the condensation there was no space nor time.

In this picture, what is the physical relevance of simplicity constraints in the Big Bang
phase transition? And can we test the correct imposition of the simplicity constraints looking
at physical observables, for example the spectrum of the Cosmic Microwave Background Ra-
diation? We hope to answer these questions in the next few years. Stay tuned and enjoy this
stimulating quest!

117



Appendix A

Differential geometry

In this chapter we define several concepts of differential geometry used in the thesis. Particu-
larly, following [89] and [172], we start from the definition of Banach spaces, then we introduce
the notion of manifolds, tangent vectors and (co-)tangent bundles. After that we define exterior
and Lie derivative, and finally the notion of flow on a manifold.

Definition A.0.1. A Banach space F is a vector space X over the field R of real numbers,
or over the field C of complex numbers, equipped with a norm with respect to which they are
(Cauchy) complete.

Particularly, any Hilbert space H serves as an example of a Banach space.

Definition A.0.2. A Hilbert space H on K = R, C is a Banach space complete for a norm of

the form
2/l = v/ {z, 2),

() HxH—-K

is the inner product, linear in its first argument that satisfies the following:

where

Ve,ye H:  (y,x) = (z,y), (A1)
VeeH: (z,x)>0, (A.2)
(r,z) =0 2 =0. (A.3)

Now, we can introduce a fundamental concept in mathematical physics, the notion of man-
ifold. For example, in General Relativity space-time is a four dimensional Lorentzian manifold,
the classical phase space is described by a symplectic manifold with a Poisson structure, Calabi-
Yau manifolds play a fundamental role in recent superstring theories, etc.

Let E be a real Banach space.

Definition A.0.3. A topological manifold M is a is a topological space, specifically a second
countable Hausdorff space, such that around any of its points m € M there is an open set U C
M and amap ¢ : U — ¢(U) C E that is continuous with continuous inverse — homomorphism.
The couple (U, ¢) is called local chart. Moreover, we define an atlas the collection of such local

charts {(U;, ¢;) }; such that
o U. U =M,
e on a (non-empty) overlap U; N U; the transition maps the transition maps
5 0 b7 oswinvy) : 4i(UiNUy) = ¢;(U; N T)

are homomorphisms for any pair of local charts (U;, ¢;), (U;, ¢;)
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Generally, we would like to introduce concepts such as differentiable functions, tangent
vectors, vector fields and differential forms on a manifold M. Accordingly, we need differentiable
or smooth structures.

Definition A.0.4. A differentiable manifold is a topological manifold equipped with an equiva-
lence class of atlases whose transition maps are all differentiable. More generally, a C¥ —manifold
is a topological manifold with an atlas whose transition maps are all k-times continuously dif-
ferentiable.

Finally, we can define a C*-submanifold of a C*-submanifold.

Definition A.0.5. Given a C*-manifold N of dimension n, then we say that a subset M C N
is a C*-submanifold of dimension m if M can be covered by charts (U, ¢) of N with the property
that M NU = ¢~ H(R™ x {0}). (If k = oo we will also call this a smooth submanifold). Hence

we must have m < n and R" is written as R™ x R"™™,

Generally, we would like to define real-valued smooth functions on a manifold. Particularly,
we can define differentiable a function f on a differentiable manifold M by means of the differ-
entiable structure of the atlas and the definition of differentiable functions on a Banach space.
Actually,

Definition A.0.6. A real-valued function f : M — R on M is said to be differentiable at
m € M if there exists a chart (U, ¢) with m € U such that the local representative g :=
fo¢™:V C E — R is differentiable at u = ¢(m) as a function on £ (V open in E).

Importantly, this definition is independent from the choice of the local chart due to the
compatibility of the transition maps.

We note also that the space of all real-valued smooth functions on M, denoted C*°(M, R), is
an associative commutative (real) algebra under addition and pointwise multiplication of func-
tions. Particularly, pointwise multiplication “-” is a map C*(M,R) x C*°(M,R) — C*(M,R)
defined as

(f-9)(@) == f(@)g(x) f.g € C(M,R)

which satisfies the following conditions for all f,g,h € C*°(M,R) and A € R
e Commutativity: f-g=g¢g-f
e Linearity: f-(g+ M) =f-g+ Af-h
e Associativity: f-(g-h)=(f-g)-h

Now, we arrive to an essential definition, which will play a crucial role in the following: the
notion of vector bundles.

Definition A.0.7. A vector bundle over the manifold M (called the base manifold) is a real
manifold X (called the total space) together with a smooth map 7 : X — M (called the
projection) such that

e For each m € M, X,, = 7~ !(m) is a vector space over K of constant dimension r (X, is
called the fibre over {m} and r is called the fibre dimension),

e For each my € M, there is a neighbourhood U 3 myg in M together with a diffeomorphism
Y : U x K" — 7= YU) such that 9|, : {m} x K" — X,, is a linear isomorphism for each
m € U (the pair (U, ) is called a local trivialization).
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In the definition above M is a n-dimensional real manifold and K denotes the field of either
the real or complex numbers. A map s: U C M — X is called a section of a vector bundle X
if ros=1Id.

We will see different example of vector bundles, the first is the tangent vector bundle, which
we are going to define. First of all, we start by introducing the fundamental concept of tangent
vector v, at a point m € U C M.

Definition A.0.8. There are three standard definitions:

e Let ¢ : R — M be a smooth curve on M such that ¢(0) = m. On the set of germs
(local representatives of smooth functions) at 0 of smooth curves we define the following
equivalence relation: ¢ ~ ¢ if ¢(0) = &(0) and in a local chart (U, ¢) we have £|,_o(¢ o
)(t) = L]—o(¢ 0 ©)(t). A kinematic tangent vector is then such an equivalence class of
(germs of ) smooth curves [c],,.

e An operational tangent vector v,, is a derivation of the algebra of smooth functions
feC=UR):
U (f) = D fm(vm) == D(f o ¢_1)¢>(m)(vm)-
That is, for each open U C M, v, is a continuous (or bounded) linear map v, :
C=®(U,R) = R, and v, (ff) = vn(f)f(m) + f(m)v,(f) for all f,f € C(U,R). Note
that the value of v,,(f) depends only on the germ of f at m.

e A tangent vector v,, at m € M is an equivalence class of triples (U, ¢, v,,), where two
triples (U, ¢, v, (U, @', vl,) are equivalent if v], = D(¢'0¢™ 1) ym) (vm), for (U, ¢), (U, ¢')
local charts around m.

It is possible to show that these definitions may be equivalent in finite dimensions, however
not generally in infinite dimensions.

Definition A.0.9. In finite dimensions, we may define a single notion of tangent space of M
at m as the set of all tangent vectors at m, denoted as T,, M.

We observe that any tangent vector a € T, M can be written as a = a*0y where a* = a*(z)
are numerical coefficients and 0y = % form a basis in the tangent space.
With the above definitions, we can define the differential of a smooth function on manifold:

Definition A.0.10. Given smooth manifolds M, N and a smooth mapping ¢ : M — N we
define the differential dv,, at a point m € M as the following linear mapping:

dwm LM — Tw(m)N
U, > dthp (V)
with di,,(v)g := v, (g 0 ¥) for germs g on ¥(m).

Finally, the tangent bundle T'M is the collection (in fact, disjoint union) of all tangent
spaces

(A4)

T™ = | J T..M,

meM

and carries a natural manifold structure modelled on E x E, with local charts (T'U;, v;) where:

i : TU; == | ) TM — ¢;(U;) x E,

meU;

for (U;, ¢;) local charts of M.

120



Definition A.0.11. A (tangent) vector field X on M is a smooth section of the tangent bundle
TM, that is, a smooth map X : M — T'M such that my; o X = idy; , where mp : TTM — M is
the tangent bundle projection.

We denote the space of all smooth vector fields on M by Vect(M).
Now, after having defined the tangent space, we can define the cotangent space, by considering
the dual:

Definition A.0.12. The cotangent space T7; M is defined as the topological dual of T}, M, that
is the set of all continuous linear maps 7,,M — R.

The collection of all cotangent spaces defines the cotangent bundle

T°M:= ] T, M

meM

which may be shown to carry a manifold structure, with local charts (T*U;, v;)

i TV = | TpM = ¢i(U;) x E,
meU;

with (U;, ¢;) local charts for M.
Recalling that a differential vector field on M is a section of its tangent bundle, we define:

Definition A.0.13. A differential 1-form on M is a section of its cotangent bundle.

We denote the space of all smooth differential 1-forms on M by A!'(M), which is dual to
Vect(M).
Locally, we can write a differential 1-form as the expression w = w;dx’ for some chart U, where
{dx'}1<i<, forms the basis of A'(U) dual to the basis {;}1<i<n of Vect(U).
Moreover, the space A¥(M) of smooth differential k-forms on M can be defined as the k-th
exterior power of A'(M). In a local coordinate system a k-form w looks like

w= Z Wiy (2)dT™ A - A d',

i1 <<,

where all indices is, 1 < s < k, run from 1 to n and the wedge product is bilinear, associative,
and anti-symmetric.

On the space AF(M) of smooth differential k-forms on M, we can define the notion of
exterior derivative:

Definition A.0.14. The exterior derivative d is the unique R-linear mapping from k-forms to
(k + 1)-forms satisfying the following properties:

e df is the differential 1-form of f for smooth functions f.
e flatness: dod = 0.

e Leibniz rule: d(a A ) =da A B+ (1)P(a A dB) where « is a differential p-form.

Finally, we end this section with a very important object in differential geometry, which is
the Lie derivative £ on a manifold M. For our purpose, the Lie derivative plays a crucial role
when the classical phase space of a physical system is the cotangent bundle of a Lie group,
since momenta are precisely Lie derivatives.

The general definition involves the tensor bundle of rank (p, ¢) of a manifold, i.e. the direct
sum of all tensor products of the p tangent bundle and the ¢ cotangent bundle of that manifold.
Then, in analogy with vector fields, we define the tensor field as a section of some tensor bundle.

Now, we can give a general definition for the Lie derivative of a tensor field:
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Definition A.0.15. Let T be a differentiable tensor field of rank (p, ¢) and Y be a differentiable
vector field on a differential manifold M. Then an algebraic definition for the Lie derivative of
a tensor field follows from the following four axioms:

e The Lie derivative of a function is the directional derivative of the function. So if f is a
real valued function on M, then

Lyf=Y(f) (A.5)
e The Lie derivative obeys the Leibniz rule. For any tensor fields S and 7', we have
Ly(S@T)=(LyS)®@T+S® (LyT). (A.6)

e The Lie derivative obeys the Leibniz rule with respect to contraction

Lx(T(Y1,...,Y)) = (LxT)(Y,....,Y) + T(LxY1),....Y) + -+ T(Y1,...,(LxY,))
(A7)

e The Lie derivative commutes with exterior derivative on functions

Lx.,d] =0 (A.8)

In order to give an other definition of the Lie derivative, we first need to define an auxiliary
concept: the flow on a manifold M.

Definition A.0.16. For any (kinematic) vector field X € Vect(M) there exists an associated

local flow FI¥ : J CR x M — M, as the unique solution to the differential equation
d
%Flg((m) = XFzgf(m)a

FIX(m) =m

(A.9)

for all (t,m) € J C R x M. Moreover, if J =R x M, the flow is called complete or global flow,
and the associated vector field X a complete vector field.

Remarkably, the flow FIX satisfies the group law FIX o FIX = F lﬁit, for all s,t € R,
whenever FIZ*, FI¥ | FIX, are defined.

Definition A.0.17. Let FI¥ be a complete flow on a manifold M associated to the differential
vector field X € Vect(M), then the set {FIX : t € R} is called a one-parameter group of
transformations of M, otherwise a one-parameter semi-group of local diffeomorphisms.

Now, intuitively, if we consider a tensor field T" and a vector field Y, then Ly T is the
infinitesimal change we would see when we flow T" using the vector field —Y, which is the same
thing as the infinitesimal change we would see in 7' if we flowed along the vector field Y.

More precisely,

Definition A.0.18. If we have a differentiable tensor field T of rank (p, ¢) and a differentiable
vector field Y, then we can define the Lie derivative of T" along V. Let ¢ : M xR — M
be the one-parameter semigroup of local diffeomorphisms of M induced by the vector flow of
Y and denote ¢.(p) := &(p,t). For each sufficiently small ¢, ¢; is a diffeomorphism from a
neighbourhood in M to another neighbourhood in M, and ¢, is the identity diffeomorphism.
The Lie derivative of T is defined at a point p by

d d

(LyT)p = = . () Torw) = i, ()" T),, - (A.10)

*

where (¢;)« is the pushforward along the diffeomorphism and (¢;)* is the pullback along the

diffeomorphism.
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A.1 Lie groups

In this section we introduce an other fundamental concept of modern physics: Lie groups.
Their importance is related to continuous symmetries, which are a guiding principle when we
formulate physical theories.

Definition A.1.1. A Lie group is a smooth (C'*)-manifold G equipped with a group structure
so that the maps p : G x G — G mapping (x,y) — zy and ¢ : G — G mapping x — x~ ! are
smooth.

An example of a Lie group, playing a very important role in representation theory, is the
general linear group of degree n, GL(n,R) = {A € Mat{n,R}, | det[A] # 0}, i.e. the set
of n x n invertible matrices, together with the operation of ordinary matrix multiplication.
This forms a group, because the product of two invertible matrices is again invertible, and the
inverse of an invertible matrix is invertible.

Consequently, we can define a subgroup H of a Lie group G:

Definition A.1.2. Let G be a Lie group, and let H C G be both a subgroup and a smooth
submanifold. Then H is a Lie group.

Next we come to the concept of isomorphic Lie groups.
Definition A.1.3. Let G and H be Lie groups.

e A Lie group homomorphism from G to H is a smooth map ¢ : G — H that is a homo-
morphism of groups.

e A Lie group isomorphism from G to H is a bijective Lie group homomorphism ¢ : G — H
whose inverse is also a Lie group homomorphism. Remarkably, a Lie group isomorphism
is also a diffeomorphism.

e A Lie group automorphism of GG is a Lie group isomorphism of G onto itself.

Among the diffeomorphisms on Lie groups, we are particularly interested in the left and
right translation diffeomorphisms:

Definition A.1.4. Let G be a Lie group and g € GG. Then the translation maps L, : G — G,
mapping h — gh and R, : G — G, mapping h — hg are diffeomorphisms from G onto itself,
hence they are automorphisms (the notions of diffeomorphism and isomorphism are identical
for Lie groups). As a consequence the conjugation map C, = L, o R;l : G — G, mapping
h + ghg~! is an automorphism too, also called an inner automorphism.

Having defined the left and right translation, we can define left and right invariant vector
fields by:

Definition A.1.5. A vector field v € Vect(G) is called left invariant if (dL,)v = v for all
g€ G.

From the above equation with h = e we see that a left invariant vector field is completely
determined by its value v(e) € T.G.

When we study the phase space associated to the cotangent bundle of a Lie group, we use
the following:

Theorem A.1.1. If G is a Lie group, then the tangent bundle T'G s always trivializable, i.e.
TG ~ G x R" with n = dim(G)
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Now, we are interested in the action « of a Lie group G on a smooth manifold M:

Definition A.1.6. Let M be a smooth manifold and G a Lie group. A (left) action of G on
M is a differentiable map o : G x M — M such that

o a(gi, a(ga,m)) = algige, m)(m € M, g1, 92 € G);
e ale,m)=m(me M).

Usually we use the notation g - m or gm for a(g, m).

If g € G, then we sometimes use the notation a, for the map m — a(g,m) = gm, which is
a bijection with inverse map equal to a,-1.

Sets of the form mG(m € M) are called orbits of the action a. Moreover, the orbits
constitute a partition of M, and the set of all orbits, called the orbit space, is denoted by M/G.
The action of G on M is called transitive if it has only one orbit, the full manifold M. In this
case the G-space M is said to be a homogeneous space for G.

We are now ready to define the notion of representation of a Lie group, playing a fundamental
role in the thesis:

Definition A.1.7. Let V be a locally convex space. A representation 7 = (7, V) of G in V is
a left action 7 : G x V' — V| such that 7(g) : v — 7(g)v = 7(g,v) is a linear endomorphism
of V, for every g € G. The representation is called finite dimensional if dim(V') < co.

Furthermore, it would be useful have a notion of invariant subspace, therefore:

Definition A.1.8. Let m be a representation of GG in a linear space V. By an invariant subspace
we mean a linear subspace W C V such that 7w(g)W C W for every g € G. A continuous
representation 7 of GG in a complete locally convex space V' is called irreducible, if 0 and V' are
the only closed invariant subspaces of V.

A.2 Lie algebras

In this section we define the notion of Lie algebra and we study the relation between Lie group
and the associated Lie algebra. Finally, we define the adjoint representation, that we will use
to define Coadjoint orbits.

Definition A.2.1. A real Lie algebra is a real linear space a equipped with a bilinear map
[,] @ x a — asuch that for all X,Y,Z € a we have

e Anti-Symmetry: [X,Y] = [Y, X]
e Jacobi-identity: [X,[Y,Z]] +[Y,[Z, X]| + [Z,[X,Y]] =0
Consequently, we can define Lie algebra homomorphisms:

Definition A.2.2. Let a,b be Lie algebras. A Lie algebra homomorphism from a to b is a
linear map ¢ : a — b such that

(X, Y]a) = [0(X),0(Y)]e, VXY €. (A.11)

Now, we can introduce the representation of a Lie algebra
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Definition A.2.3. Let g be a Lie algebra. A representation of g in a complex linear space V'
is a bilinear map ¢ x V' — V| mapping (X, v) — Xwv, such that

[X,Y]o = (XY)v— (YX), VX,Yeg velV. (A.12)

In other words, the map X — X is a Lie algebra homomorphism from g into End(V'). Where
End(V) denoted the space of endomorphisms of a vector space V, i.e. linear maps f: V — V.

Particularly, we can define the adjoint representation:

Definition A.2.4. If g € G we define Ad(z) € GL(T.G) by Ad(z) = T.C,. The map Ad :
G — GL(T.G) is called the adjoint representation of G in T.G. If G is a matrix group the
Lie algebra g is a subspace of Mat(n,R). Hence the adjoint representation is simply matrix
conjugation:

Ad)X =g-X-g', X €g,9€G. (A.13)

This section shall be concluded with the justification of the identification of T,G with g,
the Lie algebra of GG. Particularly, one way to derive the Lie algebra associated to a Lie group,
using left invariant vector fields, follows by considering that:

e Firstly, we note that for (operational) vector fields X,Y € Vect(M), there exists a vector
field [X,Y] € Vect(M) which is uniquely determined by

(X Y](f) == X(Y(f) = Y (X(S))

for each f € C*°(U,R) on each open set U C M (as a consequence of the chain rule). The
R - bilinear mapping [-, -] : Vect(M) x Vect(M) — Vect(M) is called the Lie bracket on
vector fields, and (Vect(M), |-, ]) constitutes a Lie algebra.

e If G is any group acting smoothly on the manifold M, then it acts on the vector fields,
and the vector space of vector fields fixed by the group is closed under the Lie bracket
and therefore also forms a Lie algebra.

e We apply this construction to the case when the manifold M is the underlying space of a
Lie group G, with G acting on G = M by left translations L,(h) = gh. This shows that
the space of left invariant vector fields (vector fields satistying dL, X}, = Xy, for every
h € G, where dL, denotes the differential of L,) on a Lie group is a Lie algebra under
the Lie bracket of vector fields.

e Any tangent vector at the identity of a Lie group can be extended to a left invariant vector
field by left translating the tangent vector to other points of the manifold. Specifically,
the left invariant extension of an element v € T,G of the tangent space at the identity is
the vector field defined by 9y, = dLgv. This identifies the tangent space T.G at the identity
with the space of left invariant vector fields, and therefore makes the tangent space at
the identity into a Lie algebra, called the Lie algebra of GG, denoted by g. Thus the Lie
bracket on g is given explicitly by [v, w] = [0,®].. This Lie algebra g is finite-dimensional
and it has the same dimension as the manifold G

Finally, a Lie group G and the corresponding Lie algebra g ~ T.G are related by the exponential
map defined as:

Definition A.2.5. The exponential map exp = exp : T.G — G is defined by exp(X) = ax(1)
where ax is the maximal integral curve with initial point e of the left invariant vector field vy
on G determined by vx(e) = X, i.e.

d

Eax(t) = ’Ux(ax(t».
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A.3 Symplectic structure

In this section, we consider a particular class of manifolds, symplectic manifolds, which are the
mathematical structure describing the phase space of classical physics.

Definition A.3.1. A symplectic manifold is a pair (M,w), where M is a 2n-dimensional
manifold (with n € N) modelled on a Banach space F, and w is a strong symplectic structure
on M, that is, a two-form on M such that

e w is closed, i.e. dw =0,

e for each m e M, w,, : T,,M x T,,M — R is strongly non-degenerate.

Now, we introduce the Hamiltonian vector field that, together with the Poisson structure
on the symplectic manifold, characterizes the physical system and determines the evolution in
time.

Definition A.3.2. Let (M,w) be a symplectic manifold. A vector field X € Vect(M) is called
locally Hamiltonian if Lxw = 0, f or equivalently if i yw is closed. If i yw is, additionally, exact,
then X is called an Hamiltonian vector field.

The Poisson structure is given by the Poisson bracket:

Definition A.3.3. The Poisson bracket between two smooth functions f,¢g : U C M — R on
a symplectic manifold (M,w) is defined as

{f,9} = w(Xy, Xy) (A.14)
where X; , X, are the corresponding Hamiltonian vector fields.

The Poisson bracket satisfies the following properties:
e Linearity: {f,g+ A} ={f, g} + X[, h}

e Anti-symmetry: {f, g} = —{g, f}

e Jacobi identity: {f,{g,h}} +{h,{f,9}} +{g9,{h,f}} =0

for all f,g,h € C°(M,R).

That is, (C*(M,R),{-,-}) is a Lie algebra under the Poisson bracket.
Moreover, the Lie algebra structure {-,-} on C*°(M,R) is compatible with the associative
structure,

{f,gh} = =Xy(gh) = =X;(9)h — gXy(h) = {f,9}h + g{f, h} (A.15)

making thus (C*°(M,R), {-,-},-) a Poisson algebra.

Finally, we consider certain submanifolds of symplectic manifolds, which will become im-
portant in the study of polarizations later in this thesis. Before introducing these submanifolds,
let us begin with the following definition:

Definition A.3.4. A symplectic vector space is a pair (V,w) in which V is a 2n, (n € N),
dimensional real vector space and w : V x V' — C is a bilinear form on V satisfying

e Anti-symmetry: w(X,Y) = w(Y, X) X, Y eV,
e Non-degeneracy: w(X,)=0 < X =0 XeV.
Finally, we end this section with the definition of the Lagrangian subspace:

Definition A.3.5. A Lagrangian subspace H C V is a subspace H of a symplectic vector

space V with the properties
o dim(H) = tdim(V) = n,

2

e w(X,Y)=0X,YeH.

126



A.4 Coadjoint orbits

The notion of coadjoint orbits is the main ingredient of the orbit method.

Let G be a Lie group, g = Lie(G) the associated Lie algebra, and g € G.

First of all, consider g* = {f : g — R | f linear}, the vector space dual to g.

Then, for any linear representation (m,V’) of a group G we can define a dual representation
(7*,V*) in the dual space V*:

™(g): V" = V*r*(g) = m(g 1) (A.16)

where on the right-hand side we have denoted the dual operator in V* by the asterisk, defined
by:
(m(g™) fov) =(fim(g™)v) for any v €V, feV” (A.17)
and by (f,v) we denote the value of the linear functional f on a vector v.
Now, given the adjoint representation, we can define the coadjoint representation as follows:

Definition A.4.1. Let X € g, F' € g*.
Then the coadjoint representation Ad* : G x g* — g* of G in g* is defined by Ad*(g) : g* — g*
and Ad*(g) = Ad(g~')*.

And finally, we arrive to the notion of coadjoint orbits, that as we will see, are related to
symplectic manifolds:

Definition A.4.2. Given F' € g*. The coadjoint orbit O(F’) is the image of the map x : G — g*,
mapping g — Ad*(g)F.

The important and beautiful fact that the coadjoint orbits of Lie groups are symplectic
manifolds is encoded in the following theorem:

Theorem A.4.1. On every coadjoint orbit O of a group G, there ezists a non-degenerate closed
G-invariant differential 2-form Bq (called the Kirillov form) defined by

Bo(F)(X,Y) = (F,[X,Y]) X,Y €g, Feg"

This result is the most important new mathematical object that has been brought into
consideration in connection with the orbit method, as we will see in the quantization of classical
bivectors
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Appendix B

Quantization

In this section we define some general concepts of what is called quantization of symplectic
manifolds, while in next sections we will give more technical details. However, our description
is intended to be a general overview, or an introduction to one of the most debated problems of
modern mathematical physics. We refer to the literature for more specific topics [36,89,173,174]
and references therein.

Starting from a 2n-dimensional symplectic manifold (M, w) with a Poisson structure
(C>*(M),{-,-},-), the first step is the introduction of a prequantization map Q of a Lie subal-
gebra of observables O C C*°(M), which is essentially a Lie representation of O by symmetric
operators in some separable Hilbert space H.

More specifically [174],

Definition B.0.3. Let O be a Lie subalgebra of C*°(M) containing the constant function 1.
A prequantization of O is a linear map Q from O to the linear space Op(D) of symmetric
operators which preserve a fixed dense domain D in some separable Hilbert space H, such that

for all f,g € O,

Q1) Q({f,9}) = 7[Q(f), Qlg)],
(Q2) Q(1) =1, and

(Q3) if the Hamiltonian vector field Xy of f is complete, then Q(f) is essentially self-adjoint
on D.

Prequantizations are usually easy to construct, cf. [137,175,176], however, prequantization
representations tend to be flawed as the prequantization Hilbert spaces are usually “too big”,
in the sense that they cannot represent the phase spaces of a physically reasonable quantum
systems [177]. There are different ways to modify the notion of prequantization, thus obtaining
a genuine quantization.

Some versions [174] define it as a prequantization, not necessarily defined on the whole of
C>°(M), which is irreducible on a “basic set” b C C*°(M) [178] (for example, in the group
theoretical approach b is realized as the Lie algebra of a symmetry group). Actually, proper
quantization should yield an irreducible representation of this algebra b.

Particularly, we define [174]:

Definition B.0.4. A basic algebra of observables b is a Lie subalgebra of C*°(M) such that:
(B1) b is finitely generated,
(B2) the Hamiltonian vector fields Xy, f € b, are complete,

(B3) b is transitive and separating, and
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(B4) b is a minimal Lie algebra satisfying these requirements.

A different approach to quantization is to require a prequantization Q to satisfy some “Von
Neumann rule,” the simplest being of the form

Qoo f) =o(Q(f)) (B.1)

for some distinguished observables f € C*>°(M), and certain smooth functions ¢ € C*(R).

An other way to reduce it is by putting an additional geometric structure on the classical
phase space, called polarization.

Indeed, after prequantization, the prequantum Hilbert space involves all the 2n coordinates of
the symplectic manifold (M,w) on which they are defined.

The idea is that one should select a Poisson-commuting set of n variables on the 2n-dimensional
phase space and consider functions (or, more properly, sections) that depend only on these n
variables.

The n variables can be either real-valued, resulting in a position-style Hilbert space, or complex-
valued, producing something like the Segal-Bargmann space [177]. A polarization is just a
coordinate-independent description of such a choice of n Poisson-commuting functions.

Thus, informally, a “quantization” could be defined as a prequantization which incorporates
one (or more) of the three additional requirements above (or possibly even others). For example,
let O be a Lie subalgebra of C*°(M), and suppose that b C O is a basic algebra of observables,
then we can define [174]:

Definition B.0.5. A quantization of the pair (O, b) is a prequantization Q of O on Op(D)
satisfying

(Q4) Q[ b is irreducible,
(Q5) D contains a dense set of separately analytic vectors for Q(b), and

(Q6) Q [ b is faithful.

B.1 Algebraic Canonical Quantization

In this section, following [89], we give a more technical definition of (Canonical) Quantization,
based on the general concept of abstract *-algebras.

Particularly, in the first part of the section we, shortly, summarize the algorithm for Canonical
Quantization of a Poisson algebra on a symplectic manifold.

In spirit of completeness, in the second part we point out the mathematical structures mentioned
in the algorithm. However, our description is partial and the interested reader may refer to
literature for more details, particularly [89] and references therein.

B.1.1 Canonical Quantization algorithm

Now, we briefly present the Canonical Quantization algorithm:

1. Classical Poisson *-subalgebra 3:
Choose a Poisson*-subalgebra of the full Poisson algebra of classical observables such that
the classical system is still completely characterized by it.
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2. Quantum *-algebra 2:
Following Dirac’s correspondence principle, to each member of the the chosen set of
classical observables, associate an operator on an abstract *-algebra 2l such that Poisson
brackets of classical observables are mapped to ¢h commutators of the corresponding
operators.

3. Representations of 2A:
Determine an explicit *-representation of the *-algebra 2l in terms of linear operators on
a Hilbert space.

B.1.2 Technical discussion

As we have seen, the Poisson algebra of all classical observables is too big an algebra to quan-
tize (cf. Groenewold-van Hove’s theorem, and other no-go theorems [179]) and is, therefore,
important to select an appropriate Poisson subalgebra of C*°(M). As we have seen the notion
of complete set of observables together with other physical or mathematical considerations,
for example related to the presence of natural symmetries (see for instance [89]) may guide us
in selecting the Poisson subalgebra. In this section we denote by P the appropriately chosen
classical Poisson *-subalgebra of the quadruple (C*(M),{-,-},-, *).

Particularly, the Classical Poisson *-subalgebra 3 is a Poisson *-subalgebra of the full Poisson
algebra of classical observables such that the classical system is still completely characterized
by it.

Definition B.1.1. We define the quantization map from the classical Poisson *-subalgebra 13
to an abstract *-algebra of operators 2l as

Q: P =2
such that
1. Q is a *-linear map, that is a linear map that preserves involution
Q(z1a 4 22b) = 21Q(a) + 2,Q(b)
Q(a) = Q(a)*
for all z1, 20 € C, a,b € B, and where ~ denotes complex conjugation (involution on B);

2. ©Q maps Poisson brackets to commutators according to the correspondence principle
[0(a), Q(b)] = ihQ({a,b}),Va,b € P (B.2)

where we have restored the reduced Planck’s constant h.

We observe that sometimes it may be necessary to relax condition (B.2), for example in
deformed quantization where (B.2) is replaced by

[Q(a), Q(b)] = ihQ({a,b}) + O(h*) Va,b € P (B.3)

We proceed our discussion by determining the *-algebra of operators 2 from 3.
The first step is to construct the algebraic tensor algebra T'(3) over :

T(P)=CoPoPo- - =CoPP" (B.4)

n=1
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Then, one can show that the set:
J.= {a1®bl—bl®a1—i{a1,b1} :al,bl Gsn}, (B5)

is a two-sided ideal of T'(*B).
Lastly, we can define the abstract *-algebra of operators as:

Definition B.1.2. The quantum *-algebra 2l is the quotient of the tensor algebra T'() of the
classical Poisson *-subalgebra by the two-sided ideal

A = T(P)/7. (B.6)

Finally, we can consider representations 7 of 2l as a concrete algebra of (in general, un-
bounded) operators on some (dense subspace of a) Hilbert space H. In particular, 7 : A —
Aut(H) is a linear *-homomorphism between 2( and the automorphisms of #, preserving com-
mutators:

T(AA + uB) = A\r(A) + pr(B),
7(AB) = m(A)n(B),
m(A") = 7(A),
)

for all A, B € %A and \, u € R.

B.2 Geometric Quantization

In Section B we have seen that the complete set of observables is an irreducibility condition on
the set of classical observables. Such irreducibility condition is fundamental for the quantization
of symplectic manifold.

An other approach to derive the underlying quantum theory of a given classical system
is geometric quantization, which we briefly review in this section, following [172]. The main
difference with the Algebraic Quantization described above is that the irreducibility condition
is implemented by the so-called polarization.

In order to geometric quantize a Poisson manifold we first need a Hilbert space (called
prequantum Hilbert space) together with a quantization procedure for observables that exactly
maps the classical Poisson brackets into commutators.

The prequantum Hilbert space can be introduced by the concept of line bundle on a real
manifold:

Definition B.2.1. A line bundle X on a real manifold M is a vector bundle with K = C and
fibre dimension 1.

Let I'y (M) be the set of smooth sections over a real manifold M of a line bundle X.
Denote by Vect(M, C) the space of smooth complex vector fields (so multiplication by complex
numbers is included in the scalar multiplication) on M and by C*°(M,C) the set of smooth
complex-valued functions on M.

Definition B.2.2. A connection V on the line bundle X is a map V : Vect(M,C) —
End(I'x(M)), that assigns to each X € Vect(M,C) an operator Vx on I'x(M) such that

o Vixiy = fVx+Vy; fe COO(M, C), XY € VGCt(M, C)
o Vx(fs)=X(f)s+ fVxs; X € Vect(M,C), s € T'x(M)
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e Vx(s+5)=Vx(s)+Vx(s); X € Vect(M,C),s,s" € T'x(M)

On a line bundle-with-connection we can define a Hermitian structure, i.e. an inner product
such that

L () :({m} xC)x ({m} xC)x ~CxC—R
2. s(m) x s'(m) — (s,5")(m) = (s(m), s'(m))

A connection V and a Hermitian structure (-,-) are called compatible if for every complex
vector field X, X € Vec(M,C), and for every s, s’ € I'x(M) we have

X{(s,s") =(Vgs,s) + (s,Vxs')

Here X denotes the formal complex conjugate of the complex vector field X. The formal
complex conjugate of X satisfies by definition the following rules,

1. X +Y = X +Y with XY vector fields.
2. AX = A\X with X a vector field, A € C and X the complex conjugate of \.

Furthermore, if we ask that the Hermitian structure is compatible with the connection, then
we have a Hermitian line bundle-with-connection.

Moreover, given a Hermitian line bundle-with-connection, we can define the curvature of
the connection as:

Definition B.2.3. The curvature 2-form of V as the complex differential 2-form 2 on M
determined by

O(X,Y)s = %([vx, Vy] = Vixy)s XY € Vect(M), s € Ty (M).

Here [Vx,Vy] = VxVy — VyVyx is a commutator bracket.

To make the prequantization construction rigorous one needs a Hermitian line bundle-with-
connection over the classical phase space (the symplectic manifold M),
However, the existence of such a line bundle-with-connection is in general not guaranteed.
For such a line bundle-with-connection to exist a certain condition should be satisfied by the
curvature 2-form €2 defined on it. This is the so-called integrability condition (IC), for details
[172].
Suppose that the symplectic manifold (M,w) is quantizable in the sense that w satisfies the
integrability condition (IC). Then it is possible to construct a Hermitian line bundle-with-
connection X with curvature 2-form (2, called the prequantum line bundle, from which we can

define the prequantum Hilbert space as the space of all sections s of a prequantum line bundle
X.

Definition B.2.4. We define the prequantization map Q as
Q: —ithfS+f8 (B7)

where f is a classical observable f € S C C*°(M,R), S is a subalgebra of C*°(M,R) (that is,
a subspace of C*°(M,R) which is closed under pointwise multiplication of smooth real-valued
functions on M), and X; denotes the Hamiltonian vector field corresponding to the classical
observable f.

In order to define a polarization, one needs the notion of distributions on a manifold M.
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Definition B.2.5. For all m € M consider the subspaces P,, C T,,M. If m has an open
neighbourhood U C M such that for all u € U a set of r independent vector fields { X} exists
with Span{X;} = P,, then
P= ][] PncTM
meM

is called a distribution of dimension r on M.
Particularly, we are interested in the notion of completely integrable distribution P.

Definition B.2.6. If for every point on M, a coordinate chart U can be found such that a
distribution P on M is spanned by just the derivatives with respect to the coordinates on U,
then the distribution is called completely integrable.

With this information we can now define the polarization:

Definition B.2.7. Let (M,w) be a symplectic manifold. A polarization P of (M,w) is a
maximally integrable distribution of TM® such that P, is a Lagrangian subspace of T}, M for
all m € M, where TM® = ,,c 0/ T, M = I,/ (T;,,M ® C) is the complexify of the tangent
bundle T'M of M

Finally,

Definition B.2.8. A polarized section of the prequantum line bundle X is a section s over M
satisfying
Vis=0 VX € Vect(M,C;P)

We conclude this section describing a particular class of symplectic manifolds for which
geometric quantization is fairly well understood, the Kahler manifolds. These manifolds have
natural and well-behaved polarizations.

To understand what a Kahler manifold is we first need to define what an almost complex
manifold and complex manifold are respectively. Particularly,

Definition B.2.9. An almost complex manifold (M, J) is a real manifold M that is equipped
with a smooth real tensor field J such that at every point m € M the linear endomorphisms
I TnM — T, M satisty J,, o J,, = I,,, with I,,, : T,,, M — T}, M, mapping v — v the identity
operator on T, M.

Moreover,

Definition B.2.10. Let (M, J) be an almost complex manifold. The smooth real tensor field
J is called integrable if the Nijenhuis tensor N(X,Y) = [X, Y|+ J[JX, Y]+ J[X, JY][JX, JY]
vanishes for all X,Y € Vect(M,R).

Subsequently,

Definition B.2.11. A complex manifold (M, J) is an almost complex manifold such that J is
integrable. In this case, the smooth tensor field J is called the complex structure .

With these definitions we can give the following definition of a Kahler manifold:

Definition B.2.12. A Kéhler manifold (M, J,w) is a complex manifold (M, J) which at the
same time is a symplectic manifold (M,w) such that the symplectic form w and complex
structure J are compatible, that is

w(JX,JY)=w(X,Y) VXY € Vect(M,R).
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Let us denote the space of polarized sections of the prequantum line bundle X over the
Kahler manifold (M, J,w) with respect to a Kahler polarization P by I'x(M; P). As previously,
denote the prequantum Hilbert space by H.

Definition B.2.13. The Hilbert space Hp is the space defined by Hp = H N 'x(M; P). In
other words, it consists of all square-integrable polarized sections of X.

Finally, one can introduce metaplectic correction to the operator corresponding to a polariza-
tion preserving observable (also known as the half-form correction), i.e. technical modifications
of the above procedure that are necessary in the case of real polarizations and often convenient
for complex polarizations, for details (see [136]).

134



Acknowledgements

This thesis is the result of almost one year of research at the Max Planck Institute for Gravita-
tional Physics (Albert Einstein Institute) in Golm, Potsdam. During this period I've had the
opportunity to meet many people I would like to thank for having made this work possible.

I am deeply grateful to my supervisor, Dr. Daniele Oriti for having been a wonderful person
with me, accepting me in his group, stimulating me with brilliant discussions and for his kind
support. I want to thank him, for having helped me improving both at the scientific and non-
scientific level, in front of the blackboard as well as in the soccer field. I would like to wish
Daniele and Sandra all the very best!

Moreover, I would like to thank all the members of the Microscopic Quantum Structure and
Dynamics of Spacetime group, for useful discussions and stimulating conversations.
Particularly, I would like to thank Marco Finocchiaro for his kindness, for having been a great
collaborator and a wonderful friend and Lorenzo Sindoni, who has deeply influenced my scien-
tific and personal views, sharing with me his time, his experience and his knowledge. Thanks!
I would like to thank Prof. Sergio Caracciolo, for his patience, his questions and advices, offer-
ing me a critical point of view on many aspects of the physical research.

Moreover, I am very grateful to all my friends who have supported me in last years, help-
ing me in difficult moments, making me a better person and bringing happiness into my life;
being sorry for surely neglecting someone: Federico, Alessia, Francesco F., Marco G., Chloé,
Benedetta, Francesco D., Chiara M., Chiara S., Alice, Lorenzo, Eleonora, Maria Giulia, Carlo,
Luca, Francesca, Chiara R., Marco R., Valeria, Enrico, Giuseppe, Irene, Charlotte, Guglielmo,
Michela, Amedeo, Andrea S., Silvia B., Alessandro, Andrea M., Silvia M.

I would like to thank Ugo Celoria for having introduced me to science, and for all the stimu-
lating conversations we have had throughout these years.

Finally, I am grateful to my father Giulio and my mother Gabriella for their full support and
encouragement, for being the best parents I could imagine and for their love during all my life,
vi voglio bene!

September 2014

Marco Celoria

135



Bibliography

1]
2]
3]

[11]

[12]
[13]
[14]

[15]

[16]

[17]

[18]

L. D. Landau and E. M. Lifshitz. The Classical Theory of Fields. Pergamon, 1975.
R. M. Wald. General Relativity. The University of Chicago Press, Chicago 1989.

J. A. Wheeler C. W. Misner, K. S. Thorne. Gravitation Relativity. Freeman, San Francisco
1973.

C. Rovelli. Quantum Gravity. Cambridge University Press, Cambridge 2006.
K. S. Thorne. Black Holes and Time Warps. W.W. Norton, 1994.

S. Carrozza. Tensorial methods and renormalization in Group Field Theories. PhD thesis,
Universit Paris-Sud 11,MPI for Gravitational Physics (Albert Einstein Institute), 2013.
larXiv:1310.3736].

J. von Neumann. Mathematical Foundations of Quantum Mechanics. Princeton University
Press, 1955. , [English translation of Mathematische Grundlagen der Quantenmechanik
(Springer, Berlin, 1932)].

A. Peres. Quantum Theory, Concepts and Methods. Kluwer, 1993.
J. J. Sakurai. Modern Quantum Mechanics: Revised Edition. Pearson Education, 1994.

S. Weinberg. The Quantum Theory Of Fields: Foundations, volume 1. Cambridge Uni-
versity Press, 1996.

S. A. Fulling. Aspects of quantum field theory in curved space-time. Cambridge University
Press, 1989.

S. W. Hawking. Black hole explosions? Nature 248 (5443): 30, 1974.
J. D. Bekenstein. Black holes and entropy. Physical Review D 7 (8): 23332346, 1973.

A. Perez. The Spin Foam Approach to Quantum Gravity. Living Rev.Rel.,16:3, 2013.
[arXiv:1205.2019].

M. H. Goroff and A. Sagnotti. The ultraviolet behavior of Einstein gravity. Nucl. Phys.
B 266, 709, 1986.

M. Maggiore. A Modern introduction to Quantum Field Theory. Oxford University Press,
2004.

D. Oriti. Spin foam models of quantum spacetime. PhD thesis, University of Cambridge,
2003. [arXiv:gr-qc/0311066].

D. Oriti. Approaches to Quantum Gravity. Cambridge University Press, 2009.

136



[19]
[20]

[21]

[22]

23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

32]

[33]

[34]
[35]

[36]

[37]

J. C. Baez. Spin Foam Models. Class. Quant. Grav., 15:18271858, 1998.

A. Perez. Spin foam models for Quantum Gravity. Class. Quant. Grav., 20:R43, 2003.
larXiv:gr-qc/0301113].

C. Rovelli. Zakopane lectures on loop gravity. PoS QGQGS 2011, 003, 2011.
[arXiv:1102.3660].

B. Bahr, B. Dittrich, and J. P. Ryan. Spin foam models with finite groups.
[arXiv:1103.6264 [gr-qc]].

T. Thiemann. Modern Canonical Quantum General Relativity. Cambridge Monographs
on Mathematical Physics, Cambridge University Press, 2007.

A. Perez. Introduction to Loop Quantum Gravity and Spin Foams. 2004. [arXiv:gr-
qc,/0409061].

H. Nicolai, K. Peeters, and M. Zamaklar. Loop Quantum Gravity: An Outside view.
Class. Quant. Grav., 22:R193, 2005. [arXiv:hep-th/0501114].

S. Alexandrov and P. Roche. Critical Overview of Loops and Foams. Phys. Rept., 506,
4186, 2011. [DOI], [arXiv:1009.4475 [gr-qc]].

B. S. DeWitt. Quantum Theory of Gravity. I. The Canonical Theory. Phys. Rev. 160
(5): 11131148, 1967.

F. David. Planar diagrams, two-dimensional lattice gravity and surface models. Nuclear
Physics B, 257:4558, 1985.

P. H. Ginsparg. Matrix models of 2-d gravity. Nuclear Physics B, 257:4558, 1991.
larXiv:hep-th/9112013].

P. Di Francesco, P. H. Ginsparg, and J. Zinn-Justin. 2-D Gravity and random matrices.
Phys. Rept. 25/, 1, 1995. [arXiv:hep-th/9306153].

P. H. Ginsparg and G. W. Moore. Lectures on 2-D gravity and 2-D string theory.
larXiv: /hep-th/9304011].

D. Oriti. The microscopic dynamics of quantum space as a Group Field Theory. In G.
Ellis, J. Murugan, A. Weltman, Foundations of space and time. Cambridge University
Press, 2011. [arXiv:1110.5606 [hep-th]].

L. Freidel. Group Field Theory: an overview. Int. J. Theor. Phys.44, 1769-1783, 2005.
larXiv:hep-th/0505016].

D. Oriti. The Group Field Theory approach to Quantum Gravity. [arXiv:gr-qc/0607032].

A. Baratin and D. Oriti. Ten questions on Group Field Theory (and their tentative
answers). J. Phys. Conf. Ser. 360 012002, 2012. [arXiv:1112.3270].

C. Guedes, D. Oriti, and M. Raasakka. Quantization maps, algebra representation and
non-commutative Fourier transform for Lie groups. 2013. [arXiv:1301.7750].

D. Oriti and M. Raasakka. Quantum Mechanics on SO(3) via Non-commutative Dual
Variables. Phys.Rev. D84 , 025003, 2011. [arXiv:1103.2098 [hep-th]].

137



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

L. Freidel and K. Krasnov. A new spin foam model for 4d gravity. Quantum Grav., 25,
125018, 2008. [DOI], [arXiv:0708.1595 [gr-qc]].

S.Gielen and D. Oriti. Classical general relativity as BF-Plebanski theory with linear
constraints. Class. Quantum Grav.,27, 185017, 20101. [DOI], [arXiv:1004.5371].

S.Gielen. Classical GR as a topological theory with linear constraints. J.Phys.Conf.Ser.
314 (2011) 012044, 2010. [DOI], arXiv:1011.5513 [gr-qc].

M. Geiller and K. Noui. Testing the imposition of the spin foam simplicity constraints.
Classical Quantum Gravity 29, 135008, 2012. [arXiv:1112.1965].

J.C. Baez and J.W. Barrett. The Quantum tetrahedron in three-dimensions and four-
dimensions. Adv. Theor.Math. Phys., 3, 1999, [arXiv:gr-qc/9903060].

J. Engle, E. Livine, R. Pereira, and C. Rovelli. LQG vertex with finite Immirzi parameter.
Nucl. Phys., B799, 136149, 2008. [DOI], [arXiv:0711.0146 [gr-qc]].

S. Alexandrov. The new vertices and canonical quantization. Phys. Rev. D, 82, 024024,
2010. [DOI], [arXiv:1004.2260 [gr-qc]].

Y. Ding, M. Han, and C. Rovelli. Generalized spinfoams. Phys. Rev. D, 83, 124020,
2011. [DOIT], [arXiv:1011.2149].

E. R. Livine and S. Speziale. A new spinfoam vertex for Quantum Gravity. Phys. Rev.
D, 76, 084028, 2007. [DOI], [arXiv:0705.0674 [gr-qc]].

E. R. Livine and S. Speziale. Consistently Solving the Simplicity Constraints for Spinfoam
Quantum Gravity. Europhys. Lett., 81, 50004, 2008. [DOI], [arXiv:0708.1915].

A. Baratin and D. Oriti. Group Field Theory with Noncommutative Metric Variables.
Phys. Rev. Lett. 105 221302, 2010. [arXiv:1002.4723].

A. Baratin and D. Oriti. Quantum simplicial geometry in the Group Field Theory
formalism: reconsidering the Barrett-Crane model. New J.Phys., 13:125011, 2011.
larXiv:1108.1178].

A. Baratin and D. Oriti. Group Field Theory and simplicial gravity path integrals: A
model for Holst-Plebanski gravity. Phys.Rev., D85:044003, 2012. [arXiv:1111.5842].

P. Dona and S. Speziale. Introductory lectures to Loop Quantum Gravity.
[arXiv:1007.0402].

N. Barros e Sa. Hamiltonian analysis of general relativity with the Immirzi parameter.
Int. J. Mod. Phys. D 10, 261, 2001. [arXiv:gr-qc/0006013].

A. Ashtekar, A. Corichi, and J. A. Zapata. Quantum Theory of Geometry III : Non-
commutativity of Riemannian Structures. [arXiv:gr-qc/9806041].

A. Baratin, B. Dittrich, D. Oriti, and J. Tambornino. Non-commutative flux representa-
tion for Loop Quantum Gravity. [arXiv:1004.3450v1 [hep-th]].

B. Dittrich and J. P. Ryan. Simplicity in simplicial phase space. Phys. Rev. D, 82,
064026, 2010. [DOI], [arXiv:1006.4295 [gr-qc].

B. Dittrich and J. P. Ryan. Phase space descriptions for simplicial 4d geometries. Class.
Quantum Grav., 28, 065006, 2011. [DOI], [arXiv:0807.2806 [gr-qc]|.

138



[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]
[69]

[70]

[71]

[72]

73]

[74]

H. Waelbroeck and J. A. Zapata. A Hamiltonian formulation of topological gravity. Class.
Quant. Grav. 11, 989, 1994. [arXiv:gr-qc/9311035].

A. Ashtekar and C. J. Isham. Representations of the holonomy algebras of gravity and
non Abelian gauge theories. Class. Quant. Grav. 9, 1992. [arXiv:hep-th/9202053].

A. Ashtekar and J. Lewandowski. Representation theory of analytic holonomy c*-algebras.
In J.C. Baez (Ed.), Knots and Quantum Gravity, Ozford Lecture Series in Mathematics
and its Applications. Oxford University Press, 1994.

A. Ashtekar and J. Lewandowski. Projective techniques and functional integration for
gauge theories. J. Math. Phys. 36, 1995.

J. Lewandowski, A. Okolow, H. Sahlmann, and T. Thiemann. Uniqueness of diffeomor-
phism invariant states on holonomy-flux algebras. Commun. Math. Phys. 267, 703, 2006.
larXiv:gr-qc/0504147].

C. Fleischhack. Representations of the Weyl Algebra in Quantum Geometry. Commun.
Math. Phys. 285, 67, 2009. [arXiv:math-ph/0407006].

R. Penrose. Quantum Theory and Beyond (ed. T. Bastin). Cambridge University Press,
Cambridge 1971.

J.B. Kogut and L. Susskind. Hamiltonian Formulation of Wilson’s and Lattice Gauge
Theories. Phys. Rev., D11:395, 1975.

W. Furmanski and A. Kolawa. Yang-Mills Vacuum: An Attempt of Lattice Loop Calcu-
lus. Nucl. Phys., B291:59/, 1987.

M. Reisenberger. World Sheet Formulations of Gauge Theories and Gravity. [arXiv:gr-
qc/941235].

C. Rovelli and L. Smolin. Spin Networks and Quantum Gravity. Phys. Rev. D, 53:57/3,
1995.

J. C. Baez. Spin Network States in Gauge Theory. Adv.Math., 117:253272, 1996.

J. A. Zapata. A Combinatorial Approach to Quantum Gauge Theories and Quantum
Gravity. PhD thesis, Pennsylvania State University, 1998.

L. Smolin. Recent Developments in non Perturbative Quantum Gravity; in Quantum
Gravity and Cosmology. In Proceedings of the 1991 GIFT International Seminar on
Theoretical Physics. World Scientific, Singapore, 1992. [arXiv:hep-th/9202022].

C. Rovelli and L. Smolin. Discretneess of the Area and Volume in Quantum Gravity.

Nucl Phys B, 442, 1995.

A. Ashtekar and J. Lewandowski. Quantum Theory of Gravity I: Area Operators. Class.
Quant. Grav., 14:A55A81, 1997.

A. Alekseev, A. P. Polychronakos, and M. Smedback. On area and entropy of a black
hole. Phys. Lett. B 574, 296, 2003. [arXiv:hep-th/0004036].

R. Loll. Simplifying the Spectral Analysis of the Volume Operator. Nucl.Phys. B,
500:40542, 1997.

139



[75]

[76]

[77]

78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[36]

[87]

[38]

[89]

[90]

[91]

A. Ashtekar and J. Lewandowski. Quantum Theory of Gravity II: Volume Operators.
[arXiv:gr-qc/9711031].

T. Thieman. Anomaly-free Formulation of non Perturbative, four Dimensional Lorentzian
Quantum Gravity. Gravity. Phys. Lett. B, 380:257, 1996.

M. Gaul and C. Rovelli. A generalized Hamiltonian Constraint Operator in Loop
Quantum Gravity and its Simplest Euclidean Matrix Elements. Class. Quant. Grav.,
18:15931624, 2001.

C. Di Bartolo, R. Gambini, J. Griego, and J. Pullin. Canonical Quantum Gravity in the
Vassiliev Invariants Arena: II. Constraints, Habitats and Consistency of the Constraint
Algebra. Class. Quant. Grav., 17:32393264, 2000.

C. Di Bartolo, R. Gambini, J. Griego, and J. Pullin. Consistent Canonical Quantization of
General Relativity in the Space of Vassiliev Knot Invariants. Phys. Rev. Lett., 84:23142517,
2000.

J. Halliwell and J.B. Hartle. Wave Functions Constructed from an Invariant Sum Over
Histories Satisfy Constraints. Phys. Rev., D43:11701194, 1991.

T. Jacobson and L. Smolin. Non Perturbative Quantum Geometries. Nucl. Phys.,
B299:295, 1988.

L. Smolin and C. Rovelli. Loop Space Representation of Quantum General Relativity.
Nucl. Phys. B, 331:80, 1990.

S. Alexandrov, M. Geiller, and K. Noui. Spin Foams and Canonical Quantization. SIGMA
8, 055, 2012. [arXiv:1112.1961].

E. R Livine. Projected spin networks for Lorentz connection: Linking spin foams and
loop gravity. Class. Quant. Grav. 19 5525-5542, 2002. [arXiv:gr-qc/0207084].

S. Alexandrov and E. R. Livine. SU(2) Loop Quantum Gravity seen from covariant
theory. Phys.Rev. D67, 044009, 2003. [arXiv:gr-qc/0209105].

S. Alexandrov. Spin foam model from canonical quantization. Phys. Rev. D 77,024009,
2008. [arXiv:0705.3892].

S. Alexandrov. Simplicity and closure constraints in spin foam models of gravity. Phys.
Rev. D 78, 044033, 2008. [arXiv:0802.3389].

M. Raasakka. Non-commutative representation for quantum systems on Lie groups. PhD
thesis, MPI for Gravitational Physics (Albert Einstein Institute), 2013.

C. Guedes. Algebraic canonical quantization and Schrodinger representation for cotangent
bundles: an unbounded analysis. PhD thesis, MPI for Gravitational Physics (Albert
Einstein Institute), To appear.

A. Perelomov. Generalized Coherent States and Their Applications. Springer-Verlag,
Berlin, 1986.

L. Freidel and E. Livine. Ponzano-regge model revisited III: Feynman diagrams and
effective field theory. Class. Quant. Grav. 23, 2021, 2006. [arXiv:hep-th/0502106].

140



[92]

[93]

[100]
101]

[102]

[103]

[104]

[105]

[106]

107]

[108]

[109]

[110]

L. Freidel and S.Majid. Noncommutative Harmonic Analysis, Sampling Theory and the
Duflo Map in 2+1 Quantum Gravity. Class. Quant. Grav. 25, 0450006, 2008. [arXiv:hep-
th/0601004].

E. Joung, J. Mourad, and K. Noui. Three Dimensional Quantum Geometry and Deformed
Symmetry. J. Math. Phys. 50:052503, 2009. [arXiv:0806.4121v1 [hep-th]].

S. Majid. Foundations of quantum group theory. Cambridge University Press, Cambridge
1995.

A. Baratin, F. Girelli, and D. Oriti. Diffeomorphisms in group field theories. Phys. Reuv.
D83:104051, 2011. [arXiv:1101.0590 [hep-th]].

E. R. Livine. Matrix models as non-commutative field theories on R3. Class. Quant.
Grav. 26: 195014, 2009. [arXiv:0811.1462v3 [gr-qc|].

M. Han and T.Thiemann. Commuting Simplicity and Closure Constraints for 4D Spin
Foam Models. [arXiv:1010.5444v1 [gr-qc]].

J. B. Hartle and S. W. Hawking. Wave Function of the Universe. Phys. Rev.,
D28:29602975, 1983.

G. W. Gibbons and S. W. Hawking. Fuclidean Quantum Gravity. Singapore World
Scientific, 1993.

L. Crane. Categorical Physics. 1993. [arXiv:hep-th/9301061].

M. P. Reisenberger and C. Rovelli. Sum over Surfaces form of Loop Quantum Gravity.
Phys.Rev. D, 56:34903508, 1997.

C. Rovelli. The Projector on Physical States in Loop Quantum Gravity. Phys.Rev. D,
59:104015, 1999.

T. Thieman. Kinematical Hilbert Spaces for Fermionic and Higgs Quantum Field Theo-
ries. Class. Quant. Grav., 15:14871512, 1998.

M. P. Reisenberger. A Left-handed Simplicial Action for Euclidean General Relativity.
Class. Quant. Grav, 14:17531770, 1997.

M. P. Reisenberger. A Lattice Worldsheet sum for 4-d Euclidean General Relativity.
larXiv: gr-qc/9711052].

D. Boulatov. A Model of Three-Dimensional Lattice Gravity. Mod.Phys.Lett. A,
7:16291646, 1992.

H. Ooguri. Topological Lattice Models in Four Dimensions.  Mod. Phys.Lett. A,
7:27992810, 1992.

R. De Pietri, L. Freidel, K. Krasnov, and C. Rovelli. Barrett-Crane Model from a
Boulatov-Ooguri Field Theory over a Homogeneous Space. Nucl. Phys. B, 57/:785 806,
2000.

M. P. Reisenberger and C. Rovelli. Spacetime as a Feynman Diagram: the Connection
Formulation. Class. Quant. Grav., 18:121140, 2001.

M. P. Reisenberger and C. Rovelli. Spin Foams as Feynman Diagrams. [arXiv: gr-
qc/0002083].

141



[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]
[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127)

[128]

[129]

J. C. Baez. An introduction to spin foam models of Quantum Gravity and BF theory.
Lect. Notes Phys., 543:2594, 2000.

J.F. Plebanski. On the Separation of Einsteinian Substructures. J. Math. Phys., 18:2511,
1977.

D. Yetter and L. Crane. A categorical construction of 4-D topological quantum field
theories. In in Quantum Topology, L Kauffmann and R Baadhio FEds. World Scientific,
Singapore, 1993.

D. Yetter, L. Crane, and L. Kauffmann. State-sum invariants of 4-manifolds. J. Knot
Theor. Ramifications, 6:177234, 1997.

D. Oriti. Group Field Theory as the 2nd quantization of Loop Quantum Gravity. 2013.
[arXiv:1310.7786 [gr-qcl].

D. Oriti. Group Field Theory as the 2nd quantization of Loop Quantum Gravity.
[arXiv:1310.7786 [gr-qc]].

C. Petronio and R. De Pietri. Feynman Diagrams of Generalized Matrix Models and the
Associated Manifolds in Dimension 4. J. Math. Phys., 41:66716688, 2000.

T. Krajewski. Group field theories. PoS QGQGS 2011, 005, 2011. [arXiv:1210.6257].

M. Dupuis, F. Girelli, and E. Livine. Spinors and Voros star-product for Group Field
Theory: First contact. [arXiv:1107.5693 [gr-qc]].

R. De Pietri and L. Freidel. so(4) Plebanski Action and Relativistic Spin Foam Model.
Class. Quant. Grav., 16:21872196, 1999.

M. P. Reisenberger. Classical Euclidean General Relativity from Left-handed Area=
Right-handed Area. [arXiv:gr-qc/9804061].

E. R. Livine and D. Oriti. Coupling of spacetime atoms and spin foam renormalisation
from Group Field Theory. JHEP 0702 092, 2007. [arXiv:gr-qc/0512002].

J. Engle, R. Pereira, and C. Rovelli. The loop-quantum-gravity vertex-amplitude. Phys.
Rev. Lett., 99, 161301, 2007. [DOI], [arXiv:0705.2388 [gr-qc]].

J. Engle, R. Pereira, and C. Rovelli. Flipped spinfoam vertex and loop gravity. Nucl.
Phys. B, 798, 251290, 2008. [DOI], [arXiv:0708.1236 [gr-qc]].

J. W. Barrett and L. Crane. Relativistic spin networks and Quantum Gravity. J.Math.
Phys., 39, 32963302, 1998.

A. Perez and C. Rovelli. 3+1 spinfoam model of Quantum Gravity with spacelike and
timelike components. Phys. Rev. D, 64, 064002, 2001.

V. Bonzom. From lattice BF gauge theory to area-angle Regge calculus.
Class. Quant. Grav. 26 155020, 2009. [arXiv:0903.0267 [gr-qc]].

V. Bonzom. Spin foam models for Quantum Gravity from lattice path integrals. Phys. Rev.
D80 064028, 2009. [arXiv:0905.1501 [gr-qc]].

V. Bonzom and E. R. Livine. A Lagrangian approach to the Barrett-Crane spin foam
model. Phys.Rev. D79 064054, 2009. [arXiv:0812.3456 [gr-qc]].

142



[130]

[131]

[132]

[133]

[134]

[135)]

[136]

[137]
138

[139]

[140]

141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

L. Freidel and K. Krasnov. Spin foam models and the classical action principle. Adwv.
Theor. Math. Phys. 2, 1183-1247, 1999. [arXiv:hep-th/9807092].

A. Barbieri. Quantum tetrahedra and simplicial spin networks. Nucl. Phys., B518:71/728,
1998, [arXiv:gr-qc/9707010].

M. Montesinos. Alternative symplectic structures for SO(3,1) and SO(4) four-dimensional
BF theories. Class. Quant. Grav. 23, 2267, 2006. [arXiv:gr-qc/0603076].

A. Kirillov. Elements of the Theory of Representations. Springer-Verlag, New York, 1976.

B. Kostant. Modern Analysis and Applications. In Modern Analysis and Applications,
Springer Lecture Notes in Mathematics, No. 170, chapter Quantization and unitary rep-
resentations. Springer-Verlag, New York, 1970.

V. Guillemin and S. Sternberg. Geometric Asymptotics. American Mathematical Society,
Providence, Rhode Island, 1977.

J. Sniatycki. Geometric Quantization and Quantum Mechanics. Springer, New York,
1980.

N. Woodhouse. Geometric Quantization. Oxford University Press, Oxford, 1992.

M. P. Reisenberger. On relativistic spin network vertices. J. Math. Phys. 40, 20462054,
1999. [arXiv:gr-qc/9809067].

J. C. Baez, J. D. Christensen, and G. Egan. Asymptotics of 10j symbols. Classical
Quantum Gravity 19, 64896513, 2002. [arXiv:gr-qc/0208010].

J. W. Barrett and C. M. Steele. Asymptotics of relativistic spin networks. Classical
Quantum Gravity 20, 13411361, 2003. [arXiv:gr-qc/0209023].

L. Freidel and D. Louapre. Asymptotics of 6j and 10j symbols. Classical Quantum Gravity
20, 1267 1294, 2003. [arXiv:hep-th/0209134].

J. W. Barrett and R. M. Williams. The Asymptotics of an Amplitude for the 4-simplex.
Adv. Theor. Math. Phys., 3:209-215, 1999.

J. Engle and R. Pereira. Coherent states, constraint classes, and area operators in the new
spin-foam models. Class. Quantum Grav., 25, 105010, 2008. [DOI], [arXiv:0710.5017].

Y. Ding and C. Rovelli. The volume operator in covariant Quantum Gravity.
Class. Quant. Grav., vol. 27, p. 165003, 2010.

M. Finocchiaro and D. Oriti. to appear.

J. W. Barrett, R. Dowdall, W. J. Fairbairn, H. Gomes, and F. Hellmann. Summary of
the asymptotic analysis for the EPRL amplitude. [arXiv:0909.1882].

J. W. Barrett, R. Dowdall, W. J. Fairbairn, H. Gomes, and F. Hellmann. Asymp-
totic analysis of the EPRL four-simplex amplitude. J.Math.Phys. 50, 112504, 2009.
[arXiv:0902.1170].

J. W. Barrett, R. Dowdall, W. J. Fairbairn, F. Hellmann, and R. Pereira. Lorentzian spin
foam amplitudes: Graphical calculus and asymptotics. Class. Quant.Grav. 27, 165009,
2010. [arXiv:0907.2440].

143



[149] J. W. Barrett, W. J. Fairbairn, and F. Hellmann. Quantum Gravity asymptotics from
the SU(2) 15j symbol. Int.J.Mod.Phys. A25 28972916, 2010. [arXiv:0912.4907].

[150] J. W. Barrett, R. Dowdall, W. J. Fairbairn, H. Gomes, and et al. F. Hellmann. Asymp-
totics of 4d spin foam models. Gen.Rel. Grav. 43, 24212436, 2011. [arXiv:1003.1886].

[151] F. Conrady and L. Freidel. On the semiclassical limit of 4d spin foam models. Phys. Rev.
D78, 104023, 2008. [arXiv:0809.2280)].

[152] F. Conrady and L. Freidel. Quantum geometry from phase space reduction. J. Math. Phys.
50, 123510, 2009. [arXiv:0902.0351].

[153] D. Oriti and M. Raasakka. Asymptotic analysis of Ponzano-Regge model with non-
commutative metric variables. J.Phys.Conf.Ser. 314 (2011) 012044, [arXiv:1401.5819

[gr-qc]].

[154] W. Kaminski, M. Kisielowski, and J. Lewandowski. Spin-Foams for All Loop Quantum
Gravity. Class. Quant.Grav. 27, 095006, 2010. [arXiv:0909.0939].

[155] W. Kaminski, M. Kisielowski, and J. Lewandowski. The EPRL intertwiners and corrected
partition function. Class. Quant.Grav. 27, 165020, 2010. [arXiv:0912.0540].

[156] W. Kaminski, M. Kisielowski, and J. Lewandowski. The Kernel and the injectivity of the
EPRL map. Class.Quant.Grav. 29, 085001, 2012. [arXiv:1109.5023].

[157] M. Dupuis, L. Freidel, E. R. Livine, and S. Speziale. Holomorphic Lorentzian Simplicity
Constraints. J.Math.Phys. 53, 032502, 2012. [arXiv:1107.5274].

[158] M. Dupuis and E. R. Livine. Holomorphic Simplicity Constraints for 4d Riemannian
Spinfoam Models. J.Phys.Conf.Ser. 360, 012046, 2012. [arXiv:1111.1125].

[159] M. Dupuis and E. R. Livine. Holomorphic Simplicity Constraints for 4d Spinfoam Models.
Class. Quant. Grav. 28, 215022, 2011. [arXiv:1104.3683].

[160] J. Ben Geloun, R. Gurau, and V. Rivasseau. EPRL/FK Group Field Theory. FEuro-
phys. Lett., vol. 92, p. 60008, 2010.

[161] V. Rivasseau. Towards Renormalizing Group Field Theory. Proc. Sci. , vol. CNCFG2010,
p. 004, 2010.

[162] A. Riello. Self-Energy of the Lorentzian EPRL-FK Spin Foam Model of Quantum Gravity.
2013. [arXiv:1302.1781 [gr-qc]|.

[163] L. Sindoni. Gravity as an emergent phenomenon: a GFT perspective. [arXiv:1105.5687].

[164] D. Oriti. Disappearance and emergence of space and time in Quantum Gravity. 2013.
[arXiv:1302.2849].

[165] S. Gielen, D. Oriti, and L. Sindoni. Cosmology from Group Field Theory Formalism for
Quantum Gravity. Phys.Rev.Lett. 111, 031301, 2013. [arXiv:1303.3576 [gr-qc]].

[166] S. Gielen, D. Oriti, and L. Sindoni. Homogeneous cosmologies as Group Field Theory
condensates. JHEP 1406, 013, 2014. [arXiv:1311.1238 [gr-qc]].

[167] S. Gielen. Quantum cosmology of (loop) Quantum Gravity condensates: An example.
Class. Quant. Grav. 31 155009, 2014. [arXiv:1404.2944 [gr-qc]].

144



[168] S. Gielen and D. Oriti. Quantum cosmology from Quantum Gravity condensates: cos-
mological variables and lattice-refined dynamics. 2014. [arXiv:1407.8167 [gr-qc]].

[169] L. Sindoni. Effective equations for GFT condensates from fidelity. 2014. [arXiv:1408.3095].

[170] M. Bojowald, A. L. Chinchilli, D. Simpson, C. C. Dantas, and M. Jaffe. Nonlinear (loop)
quantum cosmology. Phys. Rev. D86 124027, 2012. [arXiv:1210.8138 [gr-qc]].

[171] D. Oriti. Group Field Theory as the microscopic description of the quantum spacetime
fluid: A New perspective on the continuum in Quantum Gravity. PoS(QG-Ph)030, 2007.
[arXiv:0710.3276 [gr-qc]].

[172] J. Maes. An Introduction to the Orbit Method. Master’s thesis, Department of Mathe-
matics, Utrecht University Institute for Theoretical Physics, Utrecht University, 2011.

[173] D. Giulini. That strange procedure called quantisation. Lect. Notes Phys. 631, p.1740,
2003. [arXiv:quant-ph/0304202].

[174] M. J. Gotay, H. B. Grundling, and G. M. Tuynman. Obstruction results in quantization
theory. Journal of NonLinear Science 6 469498, 1996. [arXiv:ath-ph/9809011].

[175] P.R. Chernoff. Seminar on representations of diffeomorphism groups. 1988. Unpublished
notes.

[176] R. W. Urwin. The prequantization representations of the Poisson lie algebra. Adv. Math.
50, 126154., 1983.

[177) B.C. Hall. Quantum Theory for Mathematicians. Springer, 2013.

[178] A. A. Kirillov. Geometric quantization. In Dynamical Systems IV: Symplectic Geometry
and Its Applications. V. 1. Arnold, and S. P. Novikov, S.P., Eds. Encyclopdia Math. Sci.
IV. Springer, New York, 1990.

[179] S. T. Ali and M. Englis. Quantization Methods: A Guide for Physicists and Analysts.
Reviews in Mathematical Physics 17, 391490, 2005. [arXiv:math-ph/0405065].

145



	Motivations and scope of the thesis
	The Spin Foam approach and Group Field Theories
	Plan of the thesis

	General Relativity
	The Palatini formulation of General Relativity
	Hamiltonian analysis of tetrad formulation
	Smearing of the variables
	The holonomy-flux algebra

	Loop quantum gravity
	Cylindrical functions and the kinematical Hilbert space
	Gauge-invariant Hilbert space
	Solutions of the diffeomorphisms constraint
	Quantum geometry
	Quantum dynamics
	Projected spin networks 

	Some mathematical tools
	Structure of the phase space TSO(3)
	Parametrization of the phase space TSO(3)
	The quantization of the phase space TSO(3)
	Group basis
	Spin basis and coherent states
	The non-commutative momentum basis
	Non-commutative Fourier transform
	Properties of the non-commutative Fourier transform
	An explicit example: the Freidel-Livine-Majid map

	Spin Foams and the path integral for gravity
	Spin Foams and the projection operator into Hphys
	Spin Foams from lattice gravity
	Spin Foams as Feynman diagrams
	Discretization dependence
	A note on the signature: Riemannian gravity
	Spin Foam model for BF theory with compact gauge group
	GFT models for BF theory with compact gauge group
	Connection and spin formulations
	Non-commutative Fourier transform and bivector formulation
	Introducing normals: extended GFT formalism


	Gravity as a constrained BF theory
	The Plebanski formulation of General Relativity
	Discrete Quadratic Constraints
	Discrete Linear Constraints

	GFT models for four dimensional Riemannian Quantum Gravity
	Quantum Bivectors
	Geometric Quantization of the Kirillov-Kostant Poisson structure
	Quantum bivectors in four dimensions
	Relation between Spin network states and Angular momentum states
	Quantum simplicity constraints

	The Riemannian EPRL model
	The problems of the Barrett-Crane model
	The EPRL model and the Master Constraint criterion
	The Master constraint criterion and the Casimir operators
	The EPRL solutions and the Casimir operators
	A note on the quantization map
	The EPRL solutions in the extended GFT formalism

	The Alexandrov's proposal 
	The Alexandrov's prescription 
	The Alexandrov's solutions in the extended GFT formalism

	The Ding-Han-Rovelli solutions of the Gupta-Bleuler criterion
	The Ding-Han-Rovelli solutions in the extended GFT formalism

	The Freidel Krasnov model
	Coherent states
	Imposing the simplicity constraints
	The FK solutions in the extended GFT formalism

	The Baratin Oriti model
	The Baratin Oriti model and in the extended GFT formalism
	The Baratin Oriti model and the Master Constraint criterion
	The Baratin Oriti model and the Gupta-Bleuler criterion
	Discussion
	The Baratin Oriti model and the EPRL model
	The Baratin Oriti model and the Alexandrov's proposal
	The Baratin Oriti model and the Ding-Han-Rovelli solutions
	A numerical example

	The Baratin Oriti model and the Freidel Krasnov model

	Conclusions
	Perspectives
	About the role of simplicity constraints...
	About the imposition of simplicity constraints...
	About the relation between simplicity constraints and physical observables...

	Differential geometry
	Lie groups
	Lie algebras
	Symplectic structure
	Coadjoint orbits

	Quantization
	Algebraic Canonical Quantization
	Canonical Quantization algorithm
	Technical discussion

	Geometric Quantization

	Bibliography

