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Résumé: La formulation de Plebanski de la relativité générale montre que la gravité en quatre
dimensions peut étre étudiée comme un modéle topologique contraint. Cela a conduit une partie de la
communauté de la gravité quantique a étudier les théories (quantiques) des champs topologiques. Dans
ce contexte, des modéles de somme d’états sont utilisés pour décrire des invariants topologiques. Les
états de la théorie quantique sont des décompositions cellulaires d’une variété et la fonction de partition
est une somme sur de telles géométries discrétes. Dans cette thése, je considére différentes approches
de la gravité quantique, toutes basées sur la description de géométries discrétes.

Dans la premiére partie de ma thése, je résume briévement les modéles matriciels, les modéles ten-
soriels et le modéle SYK. L’une des théories les plus réussies qui traite la gravité comme un modéle de
géométries discrétes est le modéle matriciel. Il s’agit d’'une formulation d’intégrale de chemin dont les
champs fondamentaux sont des matrices. Les diagrammes de Feynman sont des cartes planaires inter-
prétées comme des graphes duaux aux géométries discrétes bidimensionelles. La fonction de partition
des modéles matriciels a donc été exprimée comme une somme sur les topologies bidimensionelles dont
I’expansion est dominée par les triangulations de la sphére. Le grand succés des modéles matriciels a
suggéré la description de la gravité quantique dans des dimensions supérieures en utilisant des tenseurs.
Cependant, contrairement aux modéles matriciels, la fonction de partition des tenseurs aléatoires s’est
avérée étre dominée par des graphes assez simples qui ne codent pas les géométries appropriées.
Néanmoins, les modeéles tensoriels ont jeté les bases des théories tensorielles des champs de groupe (GFT)
et ont joué un role de premier plan dans ’étude du modéle Sachdev-Ye-Kitaev. Il s’agit d’une théorie
quantique des champs unidimensionnelle qui décrit 'interaction d’un nombre arbitraire de fermions cou-
plés par un tenseur aléatoire. En ce sens, le modéle SYK est un exemple de systéme quantique & plusieurs
corps, avec une interaction chaotique non locale. Le modéle SYK attire encore plus I'attention en tant
que modéle de jouet unidimensionnel pour la dualité AdS/CFT. Je discuterai de la généralisation d’un
modéle SYK ot les couplages obéissent a une distribution non-gaussienne. Je prouverai 'universalité
gaussienne et donnerai I’action effective du modéle, montrant les effets de la non-gaussianité comme une
modification de la covariance.

La deuxiéme partie de ma these est consacrée aux modéles de GFT. Le premier exemple de modéle de
somme d’états pour les variétés euclidiennes 3d est historiquement le modéle de Ponzano-Regge. Dans
ce cas, les représentations du groupe SU(2) sont utilisées comme décorations des cotés dans la variété
triangulée. Boulatov a proposé une théorie qui vise & redériver les mousses de spins comme diagrammes
de Feynman d’une théorie des champs. Le modéle a été appelé théorie des champs de groupe (GFT)
et a ensuite été généralisé en quatre dimensions. Les GFT peuvent étre interprété comme la deuxiéme
description quantifiée d’un systéme quantique & plusieurs corps ot les états sont les éléments constitutifs
d’une géométrie discréte; la fonction de partition est donnée en tant que somme sur les amplitudes de
tels états (spin foams) qui sont associés au représentations d’un groupe G donné. Je passerai d’abord
briéveent en revue les ingrédients essentiels du modéle, puis je proposerai deux nouvelles généralisations.
La premiére est basée sur les algébres de Hopf et vise & décrire une 3d GFT ou I'espace des configurations
et les espaces des moments sont courbes et non commutatifs. La deuxiéme généralisation est basée sur
les 2-groupes. Dans cette partie, je donnerai d’abord quelques arguments selon lesquels 2-groupes sont
nécessaires pour décrire des variétés discrétes a quatre dimensions; je discuterai de la construction d’un
espace des phases décoré par des éléments de 2-groupe, et puis j'appliquerai ce résultat pour construire
la GF'T associée, exprimant la fonction de partition sous la forme d’une somme d’états.

Mots-clés: Géométries Discrétes, Gravité Quantique, GFT, Modéle SYK

Abstract: The Plebanski formulation of general relativity suggests the analysis of four dimensional
gravity as a constrained topological model. This led the focus of part of the quantum gravity community
towards topological (quantum) field theories. In this context, state sum models are used to describe
manifold invariants. The states of the quantum theory are parameterized by the cellular decompositions
of a manifold and the partition function is a sum over such discrete geometries. In this thesis I discuss
different approaches based on the field theoretical formulation of discrete geometries.

In the first part of my thesis I briefly summarize matrix models, tensor models and the SYK model.



One of the most successful theories that treats gravity as a model of discrete geometries is the matrix
model. This is a path integral formulation whose fundamental fields are matrices. The Feynman
diagrams are planar maps interpreted as the graphs dual to 2d geometries. The partition function of
matrix models can be expressed as a sum over the 2d topologies, whose expansion is dominated by
triangulations of the sphere. The great success of matrix models suggested the description of quantum
gravity in higher dimensions using tensors. However, differently from matrix models, the triangulations
obtained using random tensors turned out to be dominated by rather simple graphs which do not encode
the proper geometries. Nevertheless, tensor models laid the foundations of tensorial group field theories
and played a prominent role in the study of the Sachdev-Ye-Kitaev (SYK) model. The latter is a 1d
quantum field theory that describes the interaction of an arbitrary number of fermions coupled by a
random tensor. The SYK model gathered a large attention as a one dimensional toy model for the
AdS/CFT duality. I discuss the generalization of a particular case of the Gross-Rosenhaus version of a
complex SYK model, where the couplings obey to a non-Gaussian distribution. I prove the Gaussian
universality and provide the effective action of the model, showing the effects of the non-Gaussianity as
a modification of the covariance.

The second part is dedicated to group field theories. The first example of a state sum model for 3d
Euclidean manifolds, was the Ponzano-Regge model. In this case, representations of the SU(2) group
are used as decorations of the edges in the triangulated manifold. In a similar spirit, Penrose constructed
what is called now spin networks, by associating representations of SU(2) and intertwiners to respectively
links and nodes of a graph. Boulatov proposed a theory that aims to recover the Ponzano-Regge state
sum as the Feynman diagrams of a field theory. The model was called group field theory and was
later generalized in four dimensions. Group field theories can be interpreted as the second quantized
description of a many body quantum system where the states are the building blocks of a discrete
geometry; the partition function is expanded as a sum over the amplitudes of such states (spin foams)
which are associated to the representations of the given gauge group. I first provide a short review of
the essential ingredients of the model, and then I propose two new generalizations of it. The first is
based on Hopf algebras and aims to describe any possible group field theory associated to a phase space
where both the configuration and momentum spaces are curved and non-commutative. The second
generalization is instead based on 2-groups. In this part, I present first a few arguments according
to which 2-groups are the tool needed to describe topological features of four dimensional manifolds;
then I discuss the construction of a phase space decorated by 2-group elements and finally I apply this
construction to formulate a 2-group field theory, expressing the partition function as a state sum.

Keywords: Discrete Geometries, Quantum Gravity, Group Field Theories, SYK model
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Introduction

The problem of quantum gravity

The description of quantum gravitational phenomena as well as the definition of a quantum
space-time and ultimately the unification of the standard model with gravity, are some of the
main challenges addressed in theoretical physics for many decades. The main issue for the
formulation of a proper quantum gravity model is the lack of experimental evidence. Differently
from the formulation of past theories, such as thermodynamics, electromagnetism and even
quantum mechanics, we can not compare the predictions of any model of quantum gravity with
the experimental data. Nowadays, a common approach to formulate models of quantum gravity
is to make assumptions based on our intuition; here I want to focus on one particular intuition:
the connection between gravity and topological models.

According to Einstein’s formulation, what we call gravity is the dynamics of the space-time’s
geometry. Space-time is not fixed, it changes its shape, stretches and contracts according to the
distribution of energy and matter in it. In turn, its curved shape dictates the trajectories of
moving particles and macroscopic bodies. The approach used to accomplish this description, in
Einstein’s general relativity, is that of a field theory. The field is the ingredient that encodes the
fundamental degrees of freedom of the model. In the case of gravity, such field is the metric of
the space-time, that contains the information about distances and shape of the geometry.

On the other hand, quantum mechanics deals with the description of microscopic phenom-
ena, and one of the initial milestone on which it is funded is the duality between waves and
particles. As a consequence, the dynamics of particles ceases to be deterministic, and becomes
probabilistic; the evolution of microscopic bodies can not be described as a single path, but
rather as multiple trajectories that connect the initial to the final state, weighted by different
probabilities. This feature is realized by describing particles through some objects known as
wave functions. Remarkably, also quantum mechanics can be formulated as a field theory, where
such wave functions cover the role of fields. The modern formulation of quantum mechanics is
due to Feynman, in terms of the so called path integral. Here, all the features of the system in
consideration are encoded in a single object, called partition function, interpreted as the sum
over all the possible paths pursued by the evolution of such system. From the partition function
is possible to derive all the predictions of the model, which are thus the probabilities that a
given system evolves from an initial to a final setting, following one of the possible paths. This
reflects the probabilistic nature of quantum mechanics. Feynman also introduced a graphical
tool — the Feynman diagrams — that allows to compute these predictions in a rather simple way,
according to a set of rules.

Although the modern formulation of gravity and quantum mechanics share the same lan-
guage of fields, their unification in a common theory remains a very complicated task; the true
natures of the two models seem to be incompatible. One of the warnings relies in their funda-
mental formulation: quantum mechanics describes particles moving on a fixed space-time, while
gravity describes the dynamics of such background. This is known for instance the background
independence problem. Even the mere description of the quantum behaviour of gravity turned



out to be highly non-trivial, and determining what are the fundamental ingredients of a quan-
tum theory of gravity is not an obvious job. Since there are no observations of any quantum
gravitational phenomena, and since their theoretical formulation seems to be very complex, it
is reasonable to wonder whether a theory of quantum gravity is actually necessary. There are
some cases, such as the interior region of a black hole or the first moments of life of our universe,
where it is expected that quantum gravitational phenomena were dominating. Neither quantum
mechanics or general relativity could be able to properly describe such regimes.

So, where do we start from to construct a model of quantum gravity? Over the years different
ideas originating from different motivations converged to some common schemes. One possibility
is thus to make some assumptions based on these schemes, which will drive us towards the for-
mulation of the model. For example, Penrose proposed to reconstruct space(time) by colliding
objects with a rotational symmetry, with a conservation of angular momentum [1]. This can be
represented as a graph decorated by representations of some group, such as SU(2), with nodes
decorated by interwiners. These graphs were called spin networks. At the same time, gauge
theory was developed and in particular lattice gauge theories were used to describe topological
models. In this context, the invariants of a manifold can be encoded as the global (gauge) degrees
of freedom of the lattice, and the symmetries of the manifold can be reconstructed by concate-
nating some fundamental geometric building blocks. Also the model proposed by Penrose can
be expressed in this language, as the spin networks are interpreted to encode the fundamental
quantum states of a discrete geometry. Later on, the spin foams were constructed as the tran-
sition amplitude between such quantum states [2|. From a geometric perspective, spin foams
characterize how the building blocks of a given geometry can be glued together to reconstruct
the space-time manifold, whereas from a field theoretic point of view, they are the transition
amplitudes between quantum states.

The idea of reconstructing the symmetries of a manifold by merging the fundamental pieces of
a discrete geometry will be the main direction that I will follow in this thesis. It will be the
common thread between different approaches that I am going to discuss. However, gravity is
a topological model only in two or three dimensions. The way to reconstruct the gravitational
degrees freedom in higher dimensions is to make use of the constrained systems approach, in-
troduced by Dirac [3|. Indeed, the Plebanski formulation of general relativity [4] suggests that
gravity in four dimensions can be studied as a constrained topological model (constrained BF
model [2]). From this perspective, inspired by topological (quantum) field theories [5, 6], one
can construct models of quantum discrete geometries as topological state sum models, where the
states are amplitudes associated to discrete geometries or cellular decompositions of a manifold
(eventually spin foams). Ultimately, the proper dynamics or the proper degrees of freedom can
be implemented by imposing the required constraints.

Matrix and tensor models

As discussed above, a fundamental assumption that I will adopt in this thesis, is that we can
use (quantum) discrete geometries to characterize the quantum gravity regime. Under this
perspective, gravity is thus understood as a lattice (gauge) theory [7]. One of the most successful
theory in this direction is the matrix model [8-11]. This is a path integral formulation whose
fundamental fields are matrices. The Feynman diagrams are the so called ribbon graphs: these
are maps drawn on a surface that can be interpreted as the graphs dual to a two dimensional
cellular decomposition. The model gathered large notoriety when 't Hooft provided the large
N expansion [12]| for the related partition function. The idea is to associate to each graph, a
weight governed by its genus. This expansion allowed to control the series of ribbon graphs and
to express the matrix model partition function as a (state) sum for a model of two dimensional
discrete geometries. Here the sum goes over the 2d topologies and the expansion is dominated



by triangulations of the sphere. Later on, matrix models have been fully solved with the use of
topological recursion [13| and related to two dimensional quantum gravity [14].

The great success of matrix models suggested the description of quantum gravity or discrete
geometries in dimension higher than two, using tensors. This new formulation was first intro-
duced in [15] as the natural generalization of matrix models. It still consists in the path integral
formulation of a field theory, whose Feynman diagrams are graphs dual to triangulations of a d
dimensional manifold. However, differently from matrix models, the large N expansion for the
partition function was much harder to derive, it came after more than twenty years for a specific
class of these models based on colored tensors [16-18]. Unfortunately, as the large N expansion
of matrix models properly describes two dimensional discrete geometries, the expansion of ten-
sors is dominated by rather simple graphs which do not encode the proper degrees of freedom
to describe gravity.

Despite the failure of tensor models to describe higher dimensional discrete geometries, they
turned out to be precious in the study of renormalization of quantum gravity models [19], they
laid the foundations of tensorial group field theories (that I will discuss later and consist in
the major part of this manuscript) and played a prominent role in the study of the Sachdev-Ye-
Kitaev (SYK) model [20,21]. The latter is a one dimensional quantum field theory that describes
the interaction of an arbitrary number of fermions. The connection with tensor models relies
in the fact that the coupling between such fermions is assumed to be a random tensor. In this
sense the SYK model is an example of a many body quantum system, with a non-local chaotic
interaction [22|: in terms of Feynman diagrams, the fermions do not interact at a point, but
rather in an extended area represented as the graph associated to the tensor coupling. Despite
such inspiring interpretation, the SYK model gathered even more attention as a one dimensional

toy model for the AdS/CFT duality [23].

Tensorial group field theories

One of the first examples of state sum model for three dimensional Euclidean manifolds, where
gravity is naturally a topological theory, was the Ponzano-Regge model [24]. In this case,
the states are based on representations of the SU(2) group, which are used as decorations of
geometric objects in the triangulated manifold, see also [25]. The approach of using group
representations to describe discrete geometries, is at the root of spin foam models [26,27]|. In
this context, graphs dual to the cellular decomposition of a three dimensional manifold (dual
complexes) are associated to the states of the quantum theory. A similar construction was first
introduced by Penrose in [1], where these graphs where called spin networks [28], and later on
it was extensively used in Loop Quantum Gravity [29-31]. The dynamical evolution (transition
amplitude) from one spin network to another is encoded in the graphs called spin foams, which
are thus interpreted as the graphs dual to triangulations of four dimensional manifolds [2|. In
this sense, spin networks are understood as the boundary (states) of spin foams.

In [32], Boulatov proposed a new theory that aims to recover the graphs generated by the
Ponzano-Regge model as the Feynman diagrams of a field theory. This model, called group field
theory (GFT), was based on the gauge symmetry group SU(2), and constructed in such a way its
Feynman diagrams are complexes dual to three dimensional triangulations. The four dimensional
generalization of group field theory was proposed by Ooguri, in [33]. It was then shown that any
spin foam amplitude could be recovered as the Feynman diagram of a specific group field theory
[34]. Remarkably, group field theories can be interpreted as the second quantized description
of a many body quantum system [35], where the states are the building blocks of the cellular
decomposition of a manifold (in arbitrary dimension). The partition function of the model can
be expanded as sum of the amplitudes associated to such states, which are thus spin foams.



A possible application of group field theories is to recover continuum physics as an effective
behaviour of group field theory [36-38|. It should be clear that group field theories are a specific
class of tensor models with an enriched set of (algebraic) degrees of freedom associated to the
Feynman diagrams. The amplitudes of GF'T’s are indeed associated to the representations of a
given group G, rather than to the degree of the graph as in the theory of random tensors. Hence,
GFT’s turned out to provide a more suitable description of discrete geometries in dimension
higher than two, than ordinary tensor models. Lastly, I would like to mention two of the most
celebrated examples of models that can be recast as group field theories: the Barrett-Crane
model [39] and the EPRL model [40], which is the most advanced version of spin foam models.
In both cases a group field theory based on the Lorentz group is considered. Despite group field
theory is initially introduced as a topological model, neither the Barrett-Crane or the EPRL
models are topological; they can indeed be formulated as constrained version of specific group
field theories. The implementation of gravity that breaks the topological invariance is due to the
simplicity constraint [4]. This condition appears first in the Plebanski formulation of gravity,
expressed as a constrained BF model, and relates the metric degrees of freedom to the bi-vector
field [30,41].

Although the gravitational model is clearly the most interesting case, when discussing some
tensorial group field theory models in this thesis, I will focus on the topological (unconstrained)
formulation of discrete geometries, leaving the implementation of the simplicity constraint for
later investigations.

Let me now present the plan of my thesis. In the second chapter 1 will discuss the basic
features of matrix and tensor models and their fundamental ingredients. In this part, I would like
to stress their interpretation as field theories generating discrete geometries and their formulation
as state sum models. This point is particularly important for my discussion, since it can be
seen as the common thread between the different approaches to discrete geometries that I am
presenting here. The connection between random matrices and two dimensional quantum gravity
will also be emphasized.

Ch. 2 is then focused on the Sachdev-Ye-Kitaev model. I will introduce first its main aspects,
pointing out the reasons why it became so popular; I will mention the several versions in which it
can be studied and the features in common with tensor models. Then, I will discuss a work done
in collaboration with T. Krajewski, R. Pascalie and A. Tanasa [42]. In this project we considered
a complex version of a specific Gross-Rosenhaus generalization [43] of the SYK model, where the
tensor couplings obey to a general non-Gaussian potential. We prove the Gaussian universality
which, for colored tensor models, was shown in [44]; then we provide the effective action of the
model and highlight the effects of the the non-Gaussian distribution as a modification of the
covariance.

Later, I will move to the discussion of tensorial group field theories. I provide an introductory
summary of the three dimensional model in Ch. 3. The purpose of this chapter is twofold: I
want to give an overview to the reader who is not familiar with the topic, and mostly, I would
like to emphasize the main aspects of a group field theory that I will often recall in the rest of

the thesis.

In chapter 4 indeed I want to discuss a generalization of three dimensional group field theory,
based on Hopf algebras. Called Hopf algebra field theory, this is a project in collaboration with
F. Girelli [45]. First, I will introduce the concepts of Hopf algebras and quantum groups. These
can be seen, for now, as a generalization of groups, used for instance as the tool that encodes the
proper symmetries of (discrete) three dimensional gravity. I will first introduce the Hopf algebra
ingredients extensively used in the formulation of the new model, and then I will provide its main
aspects in analogy with ordinary group field theories. In the final part of the chapter I explain

10



that Hopf algebra field theory can be regarded as the path integral formulation generating the
Turaev-Viro amplitude [46].

Ch. 5 is dedicated to another generalization of group field theory, based on 2-groups. The
latter is a mathematical tool used to generalize some concepts of differential geometry, such as
the parallel transport on a manifold. It was also suggested that 2-groups are the right tool to
properly encode the topological features of a four dimensional manifold. This is why, together
with F. Girelli and P. Tsimiklis, we provided the construction of the phase space of a three
dimensional cellular decomposition, decorated with 2-group elements [47|. This construction,
presented in the first part of Ch. 5, aims to provide a basis for the description of the discrete
geometries that, upon quantization, will be interpreted as the quantum states of an eventual
state sum model. The step further is addressed in a project in collaboration together with F.
Girelli, A. Tanasa and P. Tsimiklis in [48|. T will discuss this work in the second part of Ch. 5;
here we formulate a group field theory based on 2-groups, where indeed we use the construction
provided in [47] to define the kinematical states of the model. Finally, we show that the new
model provides a topologically invariant state sum.

11



Chapter 1

Random matrix and tensor models

In this chapter I briefly review the theory of random matrices and random tensors, and their
application to discrete geometries or quantum gravity. This is an overview with a specific focus
on the aspects that will be useful for the rest of my thesis. One can find more details on matrix
models in [8,11,13,49]; I refer to [14] for a discussion on the relation between random matrices
and two dimensional quantum gravity, and [50] for more hints on the combinatorial aspects.
Moreover, the books [9, 10| contain a complete overview on the model. General reviews on
tensor models instead are [51-55].

1.1 Random matrices

In the past decades, matrix models have been largely studied for their various application in
combinatorics, probability and mathematical physics [11]. They have been first introduced
by Wigner [56] to study the diffusion of neutrons with heavy atoms. The initial Wigner’s
intuition was similar to the arguments that led Boltzmann to the formulation of statistical
mechanics. The classical deterministic approach was too complicated for systems with large
number of particles, or large number of degrees of freedom. Therefore, Boltzmann formulated a
probabilistic description of the macroscopic system, in which the probability distribution depends
on the symmetries of the system (related to the type of microscopic interactions between the
components). Similarly, when the mass of an atom or the energy of a neutron are too high, the
diffusion between the two depends on too many degrees of freedom and its description in terms
of ordinary quantum mechanics becomes too complicated. Wigner thus proposed to encode the
degrees of freedom (the symmetries) of such system in a random matrix. The job then reduces to
study the distribution of the eigenvalues of such matrices. Assuming that these matrices follow
a Gaussian distribution, the partition function of the system is

z :/ AM ¢~ 2T (1.1)
Mnx N
where M is the spaces of the N x N Hermitian matrices with probability measure
N
1 N2
AM = o (N/m) = [ ] dd [T dRM;dS;; (1.2)
i=1 i<j

In this context, the eigenvalues ), are distributed according to the function p(z) = & >, (6(z —
An)). Using the resolvent technique (see |9,10]) one finds the celebrated semi-circle law [56] for
the distribution of the resonant energies of the diffused neutron

p(x) = % 2 —2. (1.3)



A more general model of random matrices is based on a non-Gaussian distribution of the type
Z[t,] = /dM e~ 3 (M) +N T, oo tn Tr(M™) : (1.4)

where each coefficient ¢,, is the coupling related to the product of n matrices. This partition
function can be expanded with respect to the couplings as

(Ntn)ln n\ —Nrr(m2
Zlta] = Y /dMHTTr(M)“e 2 Tr(M%)

{in}neN
Nt,)™ i
= > 1 (. (15)
{i"}TLEN n "

Using the Wick Theorem it is possible to split the average <Tr(M ”)Z"> as a sum of products of
simpler terms of the type (Tr(M™)). Each of these terms can be interpreted as the momentum
of a Gaussian distribution (the terms with an odd power indeed vanish). In order to compute
the average (Tr(M™)), one can use a graphical interpretation of such random matrices in terms
of ribbon graphs. The latter are constructed as follow. Each matrix M;; is represented as an half
edge given by a pair of oriented lines:
1 —>—
Mij Lo
Je—= (1.6)
The trace of the square of matrices is the sum over the indices, represented as a full edge given
by the conjunction of two of such oriented lines:
1 —>—e
(M Mji)

j.—)—.

(1.7)

The product of m matrices M™ is represented by a central vertex attached to m outgoing half

edges
Wiz
Mmoo =T
T (1.8)

Hence, the general term (Tr(M™)), called petal diagram, is a sum over the graphs given by all
the possible contraction of such half edges with each other. The Wick’s theorem hence allows to
compute each diagram (Tr(M")™) as a resulting power of N: each graph takes a contribution of
N for each vertex, a contribution of 1/N for each edge and again a power of N for each closed
path of edges, called face. Denoting V(I'), E(I') and F(I') resp. the number of vertices, edges
and faces of the graph I', the resulting contribution in N is thus

NFE-EQVE) _ n2-29(0) _ px(r) | (1.9)
where ¢g(T") and x(T') are the genus and the Euler’s characteristic of I'. The partition function

(1.4) thus reduces to a sum over all the possible ribbon graphs expanded in a formal power series
in 1/N (a state sum):

Zlt,] = ZF: Byl E[t;;n(”. (1.10)



Here Sym(I") is the order of the symmetry group of the graph I' and v,(I") is the number of
n-valent vertices of I'. Taking the logarithm of eq. (1.10) reduces to the partition function to
only connected graphs

Flt =log Z[t.) = > N2-29(T ,H ey (1.11)

I" connected | ym
Since the genus of a graph is always positive or null, it is clear that the above expansion in 1/N
is bounded by N2. This allows the study of matrix models for large values of N. In this case,
the dominant ribbon graphs are those with vanishing genus, called planar graphs. One observes
that the graph expansion of such planar graphs becomes critical when the coupling constant ¢,
reaches a critical value ¢.. Such regime is called double scaling limit |[54]. It amounts to take the
large N limit (N — oo) and, at the same time, the limit of the coupling ¢, to the singularity .,
such that the product = N(t — ¢.)® remains constant. In this limit, the partition function of
connected graphs (1.11) assumes the shape of

Fltal =) 2™ K,, (1.12)

with K, being some constant that depends on the genus. Since the terms K,’s are all positive,
the sum converges only if one reduces the model to convergent matrix integrals, see [9,10]. The
main reason why the double scaling limit is interesting for our purpose, is that in this regime,
the average number of vertices of a graph diverges, which can be interpreted as the recover of a
continuum geometry. The double scaling limit can thus be considered as a continuous limit for
the two dimensional quantum gravity interpretation of random matrices.

Random matrices and 2d quantum gravity

The partition function (1.11) characterizes the field theory based on a single type of Hermitian
matrix M randomly distributed. It is possible to further generalize the model, for instance to
the multi-matrix case. This lies outside the purpose of this thesis, since we are interested in
matrix models for their application to two dimensional quantum gravity [14].

The ribbon graphs introduced above are the Feynman diagrams of a matrix model with partition
function (1.4). They can be interpreted as the graphs dual to the cellular decomposition of a
two dimensional manifold. The latter is constructed by associating an n-valent polygon to each
n-valent vertex of the ribbon graph, with the edges of the polygon being orthogonal to the
(double) edges of the ribbon graph. The choice of Hermitian matrices ensures that the cellular
decomposition is orientable. An open ribbon graph and the construction of its dual 2d cellular
decomposition are represented in Fig. 1.1a and 1.1b. The fact that the Feynman diagrams of a
matrix model encode any two dimensional cellular decomposition, should already give an idea
of why these models are related to discrete geometries and eventually to quantum gravity. A
more precise argument is the following. The Einstein-Hilbert action for d = 2 can be computed
exactly, and it turns out to be proportional to the Euler characteristic

(9) = 267; (2). (1.13)

Senlg) =

16G

Here ¥ is a two dimensional manifold and g is the metric on it. One could also insert the
contribution of the cosmological constant as

R(g) ~ A) = Zx(M) — AA(). (1.14)

SEH [ga
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(a) Open ribbon graph made of a single 3-valent (b) Open ribbon graph together with its dual 2d
vertex, two 4-valent vertices, one 5-valent and one cellular decomposition: each n-valent vertex is as-
6-valent vertices. sociated to an n-polygon.

The only dynamical variables are the Fuler characteristic, coupled to the Newton constant, and
eventually the area A(X) coupled to the cosmological constant. The partition function associated
to 2d quantum gravity, formulated as a (quantum) field theory, is

Zpn = /dge_SEH, (1.15)

where for simplicity I considered the Euclidean case. At the discrete level, the integral in the
partition function of 2d quantum gravity (1.15) can be interpreted as a sum over sufficiently
refined 2d triangulations, and thus over the ribbon graphs. Expressing the two dimensional
Einstein-Hilbert action can be expressed in terms of the Euler characteristic and the area as in
(1.14), one obtains the relation between matrix models and two dimensional gravity with the
proper map that relates the cosmological constant A and the size of a matrix N, resp. to the
couplings of the model ¢, and to the Newton constant N = ¢€ and #, = ¢ (sce also [50]). In
this way, the discrete version of the partition function (1.15) is expressed through a sum over
ribbon graphs, similar to the one of matrix models (1.11):

Zpi = /dge Tora Jxdz® Va(R(g)—A) /dMe FTe(M?)+N 32,0y tnTe(M™) (1.16)

1.2 Random tensor models

Motivated by the great success of random matrices, random tensors were first proposed in [15]
as the natural generalization of matrix models to describe higher dimensional quantum gravity.
In this section I will briefly review the main aspects of tensor models, mentioning the various
formulations proposed during the years and I will discuss their application to describe discrete
geometries in dimension higher than two.

There exist several random tensor models. They usually differ by two aspects: whether the model
is real or complex, and whether it is colored or not (see [53] for more details). The Feynman
diagrams of the real model are graphs where all the vertices carry the same weight (the coupling
constant); whereas in the complex model there are two different couplings associate to black
and white vertices of the graph. Normally, such type of graphs are bipartite, which means that
each black vertex is connected only to white vertices, and vice-versa. The choice of the colored
tensors instead leads to the so called edge colored graphs, where the edges are labelled by different
colors, associated to an extra label of the tensor. There exist several other generalizations of
tensor models in the mathematical phsycs literature, for instance the model based on O(N) [57]
invariant tensors, the uncolored version [58] or the multi-orientable model [55,59] attracted much
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attention; however, in this manuscript I only provide a brief introduction to the basics features
of the QFT model and its combinatorics, to set the ground for discussing the SYK model and
group field theories. Therefore, I will restrict this section to the case of complex, colored random
tensors, which are naturally associated to orientable discrete cellular decompositions.

Following a similar pattern to matrix models, let us this consider the complex colored tensor
model whose fields are given by rank d tensors T, ., and T%m,a ., that transform under the
action of a given symmetry group, say (d copies of) the unitary group U(N)*¢, in the sense that
each index of the tensor transforms under the action of one of the copies of the symmetry group.
The model is assumed to be invariant under the action of such group. The coloring of the model
relies in the fact that the tensor indices are distinguished. The Feynman diagrams of the model
are d colored, bipartite graphs, where each tensor 7, ,, is assigned to a black vertex attached
to d half edges, and its conjugate tensor Tal,...,a , is assigned to a white vertex attached to d half
edges,

Tal,‘..,ad : _a1,...,ad : (117)
The quadratic (or Gaussian) term of the action that governs the model is of the type
Sk =N2Tr(T,, T,,), (1.18)

where the trace, that ensures the invariance under U(N)*?, stands for a sum over all the indices,
respecting the coloring. The graph associated to the Gaussian term is called diopole and it is
represented in Fig. 1.2a. Because of the invariance request, all the Feynman diagrams are given
as combination of a pair of tensors T and T (not necessarily with all the indices contracted); this
reflects the bipartiteness of the graphs. Given a graph I' constructed by the combination of a
number of tensors 7', T, the coloring allows to identify the so called p-bubbles, with 0 < p < d—1.
These are sub-graphs of I' with only p-valent vertices. For instance, a 0-bubble is a vertex, a
1-bubble is a single edge, a 2-bubble is a face made of a combination of two alternated coloring of
edges. Without going further in the details, I would like to mention that the concept of bubble
turns out to be very useful in the definition of boundary graphs, which is a key aspects in the
study of discrete geometries. Moreover, to each d colored graph one can associate d!/2 ribbon
graphs constructed as the graph whose faces are are given by cycles of the colors, modulo their
orientation and permutation. These are called jackets J(I') of the graph I" [16,17]. The jackets
of a graph are then used to introduce the degree:

wl) =Y 97, (1.19)
7

where g7 is the genus of the jacket J. The partition function of random tensor models admits
an expansion over the graphs as a power series in 1/N, governed by the degree w. Therefore,
the general partition function for a complex, colored tensor model turns out to be

_ = N @ _
r

Here tr is the coupling associated to the graph ', and (T, T)r is the respective invariant in
terms of the tensors 7" and 7. Similar to the case of random matrices, taking the logarithm
restricts the above partition function to only connected graphs.
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(a) Dipole graph: it is constructed (b) Example of dipole insertion: first cut an edge (color
as a pair of black and white vertices 1), then add a pair of black and white vertices and finally
connected by d edges. connect them by d — 1 edges, respecting the coloring.

Figure 1.3: Example of bipartite melonic graphs. On the left the quartic (two pairs of black and
white vertices) graph, called pillow. On the right a graph with four pairs of black and white
vertices.

Large N behaviour and double scaling limit

The expansion in 1/N of colored tensor models [16-18,60,61] (eq. (1.20)) was an important
step towards the study of tensor models since it allows a classification of its Feynman graphs.
However, while the graph expansion (1.11) of the random matrices, being governed by the genus,
is a topological expansion, in the case of random tensors the degree is not a topological invariant.
This aspect does not preclude the study of the leading order of tensor models for large values
of N. The dominant graphs here are called melonic graphs, which are constructed as follows.
One can start by the simplest graph, the dipole, made of two vertices connected by d + 1 edges,
see Fig 1.2a. Then, apply a dipole insertion to one of its edges. The latter consists in cutting
one of the edges of the graph, inserting a pair of black and white vertices attached to the half
edges (respecting the bipartiteness) and subsequently connecting the two new vertices through
the remaining d edges, respecting the coloring. The dipole insertion is represented in Fig. 1.2h.
The family of melonic graphs is isomorphic to the class of trees, indeed all the graphs generated
by iterations of such dipole insertion are melonic graphs and have zero degree. Some example
of such graphs are given in Fig. 1.3. All the melonic graphs are dual to triangulations of the
sphere, even if not all the triangulations of the sphere are dual to melonic graphs (this shows
that the expansion (1.20) is not topological).

Similar to matrix models, the expansion (1.20) can be re-written as a power series in z =
N(t —t.), for some « that depends on the model, where ¢, is the critical point of the coupling
t (if there are more coupling constants ¢r, the limit becomes more complicated). Therefore,
one can again perform the double scaling limit [62], taking N — oo and ¢ — t. such that the
parameter x remains constant. The case of random tensors is slightly more complicated than
random matrix models and one has to use the intermediate field technique to recover the proper
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result, see [61] for more details.

1.3 Remarks

Matrix and tensor models played a central role in the past decades in the understanding of
quantum gravity as a model of discrete geometries. In particular, these models suggested the
possibility of formulating a field theory with Feynman diagrams interpreted as the graphs dual to
cellular decompositions of d dimensional manifolds. In this perspective, the U(N)*4*! invariance
of random matrices or random tensors played the role of the discrete version of invariance under
the change of coordinate in general relativity. While the single and double scaling limits were
interpreted as some sort of continuous limits for the theory. However, if matrix models have a
rather sufficiently complicated large N limit, governed by planar graphs, tensor models present
a much simplified behaviour dominated by continuous trees (melonic diagrams). This suggested
that, despite their suggestive intereptation, random tensor models are not rich enough to describe
the quantum version of gravity in dimension higher than two.

One of the most prominent attempts to generalize random tensor models is tensorial group field
theory, which I will discuss in more detail in Ch. 3. Before going through GFT’s, I would like
to discuss another topic that I have been working on during the first period of my Ph.D, still
related to tensor models: the Sachdev-Ye-Kitaev model.
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Chapter 2

The Sachdev-Ye-Kitaev model with a
non-Gaussian disorder average

This chapter is dedicated to the Sachdev-Ye-Kitaev (SYK) model, which reached large audience
mostly for its relation to holographic models of gravity such as AdS/CFT. I will also mention
the relation between SYK and tensor models, which is a fundamental aspect for the present
thesis. After a short summary of the fundamental aspects of the SYK model, I will discuss some
results obtained in collaboration with T. Krajewski, A. Tanasa and R. Pascalie in [42].

The Sachdev-Ye-Kitaev model was first introduced by Sachdev and Ye in [20] and later presented
by Kitaev during a session of two talks at KITP [21]. The model is a one dimensional quantum
field theory, based on N Majorana fermions v, (t) with i, = 1,..., N, coupled by a ¢-valent
random tensor (quenched disorder) Jiy,...i, With entries independently chosen from a Gaussian
distribution. The model, governed by the Hamiltonian

H — l% Z Ji1,.,.,iq 2/17;1 N ’Qbiq 5 (21)

01,0yl

can thus be interpreted as a many body system, where each particle interacts with each other.
The Feynman graphs of the model are made of fermionic legs following the ordinary Feynman
rules, that meet at points weighed by the coupling J. Since the coupling is not a constant but
rather a random tensor, such points can be represented in turn by sub-graphs exhibiting the
disorder. In this sense the interaction between fermions is non-local. Several versions of the
SYK model were proposed in the past, such as the higher dimensional generalization [63], its
complex version [64], a generalization of the model with several flavours was proposed by Gross
and Rosenhaus in [43] and the supersymmetric version was also constructed in |65, 66].

The SYK model gathered a large attention in several areas of physics mostly for its versatility
and for the many interesting features that it presents. In particular, one has to mention the
main three attractive properties of the model [22,67,68].

o Maximally chaotic: the study of quantum chaos is a branch of quantum mechanics that
quantifies how a given system depends on its initial state. A quantum system is said to be
chaotic when it is highly sensitive to the initial conditions. This aspect is measure by the
out-of-time order (four point) correlation function, which gives the Lyapunov exponents.
If these parameters saturate at a maximum value for large times, the model is said to be
maximally chaotic.

e Integrable at large N: the SYK model classicalizes in a certain regime (for large values of
N). This implies that in this limit the model reduces to a system of classical equations
which are exactly solvable (integrable), even for strong couplings.
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Figure 2.1: Solution of the Schwinger-Dyson equation for the two point function of the SYK
model in the large N limit. The two point function G is given as a combination of free energies
>, which contains all the iterated melonic diagrams.

e Conformally symmetric in the infrared: for low energies the two point function of the model
presents a one dimensional conformal symmetry, which is spontaneously and explicitly
broken by the vacuum.

The first property provides an interesting opportunity to relate many-body systems and black
holes, since the out-of-time order correlation function [69], and thus its exponential behavour
governed by the Lyapunov exponents, encodes some properties of the nearly black hole horizon
physics [70]. The simultaneous presence of the first two properties is a rather rare aspect and
thus gathered some excitation in the community. Usually, quantum chaotic systems are too
complicated to be integrable, and vice-versa exactly solvable systems are usually too simple to
present a maximally chaotic behaviour.

The second property reflects that the graphs of the couplings J are dominated by the melonic
graphs in the large N limit [71]: as Witten showed in [72], the graph expansion of the couplings
in the SYK model is exactly the same of tensor models (whereas the other orders are different).
The two point function G(t) can be expressed as a re-summation over all the melonic graphs. I
give its graphical representation in Fig. 2.1, where the term X(¢) is the self energy of the model,
which contains an arbitrary combination of the melonic graphs made by a number of iterations
of dipole insertions (shown in Fig. 1.2b). The two point function and the self energy can be
seen as the classical solutions of the effective action. This is obtained by integrating over the
disorder (random tensors .J). Upon integration (averaging), the effective action turns out to be
a bi-local action for the fermionic fields [22]. Therefore, using a Lagrange multiplier 3 one can
introduce the bi-local field é(tl, ts), so that the effective action writes

Sefs[G, ]

N, -
v - -3 10g<det (6(t1 — t2) Oy, _Z)>

2

+ % /dtldtz (i Gty t2) — J; <é(t1at2)q>r> - (2:2)

Where (G(t1,t2))r is the graph I’ expressed as a combination of the bi-local fields G.

Finally, the SYK model and its infrared regime are the features that gathered more popularity
in the quantum gravity community thanks to their interpretation as a toy model for holog-
raphy [23,73]. In particular, in the IR limit, reached for w << J (where w is the variable
canonically conjugated to the time t), the Schwinger-Dyson equation becomes invariant under
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the the reparametrization t — f(7'). The bi-local fields G and ¥ transform accordingly

A
G(LY) > (F0) F1) GU®, ().
/ ! ey A(Q*l) / <23)
() = (O LE) S0 1),
where A = 1/q is the conformal order. And the effective action (2.2) can be thus expressed as
the combination of two contributions

Sert = Scrr + Ssen - (2.4)

The first, Scpr, is an explicitly conformally symmetric term (in one dimension), in the sense
that it is invariant under the reparametrization ¢t — f(t). The second term instead, Ssq,, breaks
the conformal symmetry and is governed by the Schwarzian derivative

Sch(f(t). 1) = fT _ g(%) | (2.5)

The latter is the lowest order of derivatives invariant under the action of the group SL(2,C).
Without going through complicated details, this implies that the IR limit of the SYK model
is associated to the description of the nearly horizon behaviour of an anti-de Sitter (AdSs)
black hole in terms of dilaton gravity |22, 73], with almost constant dilaton solutions. The non
constant contribution of the dilaton is instead related to Jackiw-Teitelboim (JT) gravity [74,75].
The latter is a special case of Liouville theory [67,76], which in turn was related to SYK model
in [77]. These features of the SYK model lead the community to consider it a toy model for the
AdS/CFT duality in 1 + 1 dimensions.

For a complete review on the SYK model, the interested reader can refer to [22].

2.1 Non-Gaussian disorder average

This section is based on [42], written in collaboration with T. Krajewski, R. Pascalie and A.
Tanasa, where we investigate a particular case of the Gross-Rosenhaus model (see also [78]). The
generalization of the SYK model proposed by Gross and Rosenhaus was first presented in [43]
and is based on f flavours of fermions, with N, fermions of flavour a appearing ¢, times in the
interaction. Here we consider the complex version of a specific case of this model, where each
fermion of flavor a appears only once. Therefore, we deal with ¢ complex fermions v (¢), where
the label a = 1, .., ¢ is the flavor and each fermion carries an index i, = 1, ..., N. The model is
governed by the action

i) = o (S amowr +3 ¥ dsidol +3 Y S dldl). @9

aia 1,0l 1,0l

Here J;, . ;, is the rank ¢ tensor that plays the role of a coupling constant. Similarly to the
ordinary SYK model, we average the free energy (or connected correlation functions) over the
couplings J (this is called average over the quenched disorder). In order to perform the average it
is convenient to use the replica trick. This consists in adding an extra replica index r =1,...,n
to the fermions and taking the average over the replica copies. The averaged logarithm of the
partition function is

(log Z(J))s = lim %, (2.7)

n—0 n
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with

/ H d¢r d@/JT eXpZSJ ¢ra¢r . (28)

1<r<n

In this chapter, I will consider a generalized SYK model in which the averaging over the coupling
constant J is performed with a non-Gaussian weight:

[dJdJ Z"(J) exp ( - (N;:

(J.7)))

(Z™(J)); = — P - (2.9)
JaaT exp (= (%5207 + Va(J, D))
Moreover, we demand the potential Vi to be invariant under the unitary transformations
117 g 7 Z 21]1 ,Lq] Jj1,---,jq s 7,17 g 7 Z U“]1 .. quq ‘]le g - (210)

J1,-- 7.7q J1,-- 7]q

The above invariance condition implies that the potential Vy that governs the distribution of
the couplings J and J can be expanded as a polynomial in JJ. These polynomials are then
associated to g-valent bipartite, edge colored graphs I' constructed as follows. The tensors J and
J are associated to black and white vertices. Expanding the potential in a power series of J.J
implies that black vertices are connected to white vertices, and vice-versa, making the graph I’
bipartite. Each vertex is attached to ¢ legs (¢g-valent), labelled by the fermion flavors associated
to an edge coloring of the graph'. The most general form of the potential expanded over these
graphs is
Na—k(T) _

Z PP — Sym(T (J e (2.11)
In this expression, the parameter \y is a real number and represents the weight of the graph I
in the expansion, k(I") is the number of connected components of I" and Sym(I") is its symmetry
factor. I have used the shorthand for the contraction of tensors for a given graph I"

SRS D DR | (R e | e ey | QUSRS

1Sty SN e v Velftl{liksa B
The contraction of indices through the delta function means that each white vertex v associated
to the tensor .J is connected to a black vertex v associated to a tensor J through the edge with
coloring c(e). The Gaussian term (the melonic diagram, represented in Fig. 1.2a for a tensor
model) corresponds to a dipole graph with a single pair of white and black vertices connected
by ¢ edges. This writes

-1 q—1 _
N JJ = N Z Jit g Sin i - (2.13)

o? g -
1<dy,...ig<N

In the following I will compute the effective potential and derive its large N behaviour, showing
that the Gaussian term, the dipole, is the dominant graph of the expansion. To do so, we first
introduce the pair of complex conjugate tensors K and K defined by

11, Lig IQZ/dt¢zlr : zqr7 11, Lig IQZ/‘dtw“r... 7;;](1;7“. (214)

!These graphs are called bubbles in the tensor model literature (see the book [52].)
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The averaged partition function (2.8) expressed in the tensors K, K is

(—fat s, ., o002 ) [dId] exp (—(Njgl JI+V (LI + TR +TK) )

dy][dy] e

(zn(ay), =1 (215)

[dJdJ exp ( — (M5 TT + Viv(J, j)))

In order to study the large N hmlt of the above averaged partition function, I first introduce

the background fields L = —-2 K and L = —-2— K, and then shift the couplings as

qu qu

J — J+ L, J — J+1L. (2.16)

The effective potential thus becomes

q—1

JT = ValJ + L, J + L)) + N'log (AZ‘:) . (2.17)
Here s is a flowing parameter that interpolates between the values of the integral, from s = 0
(where the integration is trivial and J = J = 0), up to s = o (up to a trivial multiplicative con-
stant) which gives the integral that we have to compute. The flowing parameter is fundamental
for the study of the large N limit, that I will perform in the next part. The inclusion of the
constant term ensures that the effective potential remains zero when we start with a vanishing
potential.

Vi(s, L, L) = —1og/dej exp ( -—

Gaussian universality

Here 1 will derive the large N behavior of the effective potential using a Polchinski-like flow
equation, following the approach proposed in [79-82]. Using standard QFT manipulations (see
for instance [83]), one can show that the effective potential (2.17) obeys the differential equation

OVy 1 *Vy OV  OVy
9vN _ Y - _ . 2.1
ds  Na-1 2. (aL OL; OL;, . i OL; (2.18)

1<i1,...7iq<N 11,..452q 115-+452q 11,-.452q

i1,erig

This equation is formally a Polchinski-like equation [84], in the sense that there are no short
distance degrees of freedom over which one could integrate. I will explain the interpretation of
such equation later on, for now it is sufficient to know that I will use it to analyse the large
N limit of the effective potential. Since the effective potential is invariant under the unitary
transformations defined in eq. (2.10), it may also be expanded over graphs as in (2.11)

Na—k(q) _
(s,L,L) Z Ar(s \sym o) (L, L)y, (2.19)

with s dependent weights Ar(s). Inserting this expansion in the differential equation (2.18) one
obtains a system of differential equations for the couplings Ar(s):

e _ D NFOTRORDTa A Y A A (2.20)
ds I/ (vv)=I (r’ur”y/ (vv)=r

The Polchinski-like equation (2.18) can be represented as in Fig. 2.2. Graphically, a derivation
of the potential V with respect to the background fields L and L resp. removes a white or a
black vertex. Then, the summation over the indices reconnects the edges respecting the coloring.
Equation (2.18) gives all the possible ways in which each graph I' (on the LHS) can be obtained
through the operation of removing a pair of black and white vertices (derivation with respect to
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Figure 2.2: Graphical representation of the Polchinski-like equation (2.18). The derivatives with
respect to the background fields L and L correspond to the operation of removing a pair of white
and black vertices and reconnecting the ¢ edges, from the graph I'" or from the graphs I'" and
I on the RHS, such that the resulting graph is equal to I' on the LHS.

= I [y

Figure 2.3: Removal of a pair of white and black vertices and reconnection of the edges according
to the coloring.

L, L) and reconnecting the edges (on the RHS); the two terms on the RHS of the equation take
in consideration that the two vertices can be removed either from a single graph I” or from two
different graphs IV and I'”. Let me explain in more detail the graphical interpretation of such
two terms in the Polchinski-like equation (2.20).

e In the first term on the RHS we remove a pair of white and black vertices v, v from a single
graph I, then we recombine the edges according to the coloring, such that the resulting
graph is equal to I'. This operation is represented in Fig. 2.3 and Fig. 2.4. The term
e(v, ) in (2.20) is the number of edges connecting v and v in I”. After summation over the
indices, each of these lines yields a power of NV in (2.20). Since the operation of removing
two vertices and reconnecting the edges can at most increase the number of connected
components by ¢ — 1, we always have that k(I') — k(I'") 4+ e(v,7) — ¢+ 1 < 0. One obtains
the equality if and only if IV is a melonic graph. Therefore, in the large N limit, only
melonic graphs survive in the first term on the RHS of (2.20).

e In the second term of (2.20) we remove a pair of white and black vertices from the graphs
IV and I'”, with the condition that the graph obtained after removing the vertices and

Figure 2.4: Removal of white and black vertices and reconnection of the edges creating a loop.
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reconnecting the edges is equal to I'. In that case, the number of connected components
necessarily diminishes by 1, so that all powers of N cancel.

The crucial point in the system (2.20) is that only negative (or null) powers of N appear. This
implies that, if Ar(s = 0) is bounded in N, then Ar(s) is also bounded for all values of s. Once
we have checked that the couplings Ar(s) are bounded for any value of the flowing parameter s,
we derive the leading order of the large N expansmn of the effectlve potential (2.19) by setting

s = 0 and substituting the values L = —35—=K and L= —~NaT 2= K of the background fields:
0‘2 _ 0'2 S (_0'2)/”(1—‘)Nq_k(q)_(q_l)v(r) -
W(s=0’L=—-——KL=— K)=> Ao’ K, K
N(S g, Na-1 ; Na-1 ) zr: F(O- |Sym(1—\)| < ) >F
(2.21)

Here v(I") is the number of vertices of the graph I". The exponent of N can be rewritten as
(¢g—1)(1—ov(I"))+1—k(I); it has it maximal value for v(I") = 2 and k(I') = 1, which corresponds
to the dipole graph. This proves that the dipole graph (the Gaussian term) is dominant in the
large N expansion of the potential Vy of an SYK model based on a non-Gaussian average. This
result is a re-expression of the Gaussian universality property of random tensors [44].

Effective action

Let us now derive the effective action of this new model. To this end, we integrate over the
random couplings J and J using the non-Gaussian probability distribution as in (2.15). The
result can be expressed in terms of the graphs I'; as in the effective potential (2.21). Then, we
replace the tensors K and K with their expressions (2.14) in terms of the fermionic fields, so

that each graph I' is given by

LSS VI ) (3 LTSRN

1<iv,a,.,05,a <IN white

vertices v

H Z/dt“¢z1,1,rv qu,v( 7) H 51}6(6) 15,c(e) * (222)

black 5 edges
vertices T e=(v,D)

We note that, as in the standard SYK model [22], the result is a bi-local effective action that
depends on pairs of fermionic fields evaluated in different time ¢ and #. This allows to use a
Lagrangian multiplier X to introduce the bi-local field below, that carry a single flavour label a
and two replica indices 7, r':

G Z ()P (t) - (2.23)

Assuming for simplicity a replica symmetric saddle-point we get rid of the replica copies. The
resulting effective action in terms of the bi-local fields is thus

W = — Z: log (det (5(t1 —t3) Oy — if(tbt?))) + /dt Z if(t)éf(t)

f=1

—Z N~CO=2@/2=DH=k0) 0 (62 (AR T) (Ghp . (2.24)

The term pr is the resulting coupling associated to the term <é>1", which is the graph I' expressed
in terms of the bi-local invariant (2.23). The resulting fermionic Feynman diagrams computed
from the effective action are constructed as follows:
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Figure 2.5: Graphical representation of the term <é>1" of a bipartite g-valent quartic (four
vertices) melonic graph I' in terms of the bi-local fields G(¢,t').

e associate a real variable ¢, to each vertex;
e associate a bi-local field éc(tv, t,) to an edge of colour ¢ joining the vertices v and v’;
e multiply the edge contributions of the graph I' and integrate over the vertex variables t,;

e add up a weight Ar and a power of N equal to the contribution in the effective potential
(2.21), plus an extra power of N given by the number of edges e(T') = $qu(T') of T.

In Fig. 2.5 T represent an example of a graph in terms the bi-local invariant constructed as
explained above. The resulting N contribution of a given graph I' is

Na=FD) s (N=@=Dyo) 5 e — N N~ @@)=2)(a/2=1)+1-k() (2.25)

At the leading order, only the Gaussian term survives, namely the graphs I" with (v(I') = 2
and k(") = 1)). The matrix model case given by ¢ = 2 is an exception. In this case, all the
terms corresponding to connected graphs survive. Let me emphasize that, similarrly to the other
couplings pur, also the covariance associated to the propagator term is modified, as an explicit
consequence of the non-Gaussian averaging of our model. Remarkably, for ¢ > 2, this is the only
modification at leading order in N. It is convenient to use a Schwinger-Dyson equation [60] to
compute the actual value of the covariance — denoted ¢’ — induced by the non-Gaussian disorder.
In our case, the Schwinger-Dyson equation arises from the constraint

Z /deJ (Jil,__z-q exp ( —

11...1q

q—1

JT — Va(J, J))) —0, (2.26)

which, for large values of IV, leads to the algebraic equation

.S

T'melonic

Bym (D] CARSE (2.27)

Finally, it is interesting to note that despite the non-locality of the effective action (2.24), the
latter is invariant under re-parametrization below (in the IR) at all orders in 1/N

6.0 — (%0)"(2w) @, o0, (229

Indeed, changing the vertex variables as t, — ¢(t,), the Jacobian cancels with the re-scaling of
the bi-locl field G, since I is a g-valent graph and A =1/q.
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2.2 Concluding remarks

In this chapter I have investigated the effects of non-Gaussian average over the random tensorial
couplings J in a particular case of the complex version of the SYK generalization proposed by
Gross and Rosenhaus. To our knowledge, this is the first analysis of the effects of the relaxation
of the Gaussianity condition in SYK models.

To summarize the results, we first used a Polchinski-like equation to prove the finiteness of the
couplings Ar of the non-Gaussian terms of the potential. This allowed to expand the potential
as a sum over the graphs (2.11), whose expression was then used to derive the effective action of
the model (2.2). At this stage, the main effect of the non-Gaussian potential is reflected in the
modification of the couplings Ar into ur, and in particular in the modification of the covariance,
the weight of the Gaussian term.

Effect of the non-Gaussian average in other SYK models. An interesting perspective for
future works would be the investigation of the effects of such a perturbation from the Gaussian
distribution in other versions of SYK model, such as

e recal Gross-Rosenhaus generalization of the SYK model;
e super-symmetric SYK model;

e SYK model based on a real and anti-symmetric random tensor J.

Note that in [42] we have already made the first steps towards this direction, where the real
Gross-Rosenhaus SYK model was considered with a quartic potential. In this context we proved
explicitly the Gaussian universality, we computed the effective action and the first order correc-
tion in N of the covariance, due to the quartic contribution in the potential. The main technical
complication for generalizing the real version to any arbitrary non-Gaussian potential, comes
from the fact that the graphs will not be bipartite. Consequently, the operation of removing the
vertices and reconnecting the edges, which played a central role in our proof, would be much
more involved.
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Chapter 3

Group field theories

The suggestive idea of using group representations as decorations of geometric objects to describe
discrete geometries dates back to the Ponzano-Regge formulation [24]. Here the edge vectors of
a triangulation of a three dimensional manifold are decorated by SU(2) elements. The partition
function of the model is expanded as a state sum, where such 3d discrete geometries are encoded
in the transition amplitudes between any pair of two dimensional triangulations. Later on,
Penrose provided a model of three dimensional gravity in the dual picture in [1|, where the
graphs dual to three dimensional triangulations (dual complexes) were decorated by holonomies
of SU(2) and called spin networks. These spin networks appear also in the discretization of
three dimensional Euclidean gravity, formulated as a BF model and cover the role of quantum
(boundary) states in the spin foam quantization, where the transition amplitudes between any
pair of spin networks, called spin foams, are interpreted as the complexes dual to the cellular
decompositions of a manifold. Boulatov proposed a path integral prescription that generates
triangulations of a three dimensional manifold (as in the Ponzano-Regge model) as Feynman
diagrams of a field theory [32]. This model, baptized group field theory, is a sub-class of tensor
models where the (quantum) states are enriched with algebraic data. Its four dimensional
generalization [33]| is due to Ooguri. For an introductory overview of group field theory, the
interested reader can refer to [85,86].

Group field theory has also been related to the classical action of gravity, when the model
proposed by Barrett and Crane in [39], which is linked to the state sum of a specific group field
theory based on a Lorentzian manifold, was connected to the discretization of a constrained
BF model [41]. In [35], it was suggested the formulation of tensorial group field theories as a
quantum gravitational system made of many interacting bodies — the building blocks of a discrete
geometry. Under this perspective, the analysis of the hydrodynamical approximation of GFT’s
aims to retrieve classical physics, specially cosmology, as an emergent behaviour of group field
theory models, [36]. This also suggested a link between GFT’s and quantum cosmology [37]. The
renormalization group flow of a GFT model was also analysed in [87-90]. As I will emphasize
later on in this chapter, the quantization procedure used in GFT is the geometric quantization,
also used in the spin foam approach. The classical phase space underlying such quantization,
is the cotangent bundle T*G, which is given by the group G and its tangent space. At the
semi-classical level, the tangent space can be understood as a non-abelian algebra (or non-
commutative abelian group). Such formulation sheds light on the relation between group field
theories and non-commutative space-times [91].

I recall that models of quantum mechanics can be expressed either in the configuration or in the
momentum space pictures. The same principle holds for group field theories. For what concerns
us, in the triangulation picture the (quantum) states are simplicial triangulations of a two
dimensional manifold, whereas in the dual complex they are two dimensional spin networks. In
both cases, the Feynman diagrams are transition amplitudes between any pair of such (quantum)
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states, interpreted as three dimensional discrete geometries, and the partition function of the
model is expanded as a (state) sum over such geometries. The two formulations are mapped
into each other by (the generalization of) a Fourier transform [92-94].

In this chapter I will introduce the main ingredients of a three dimensional group field theory
based on a general Lie group G. In the first and second parts of the chapter I will discuss the
model in the triangulation and in the dual complex pictures, providing the Fourier transform
between them. In the final part of the chapter I will also mention how to generalize the model
to the higher dimensional case, how to introduce the simplicity constraint and the application
of the Peter-Weyl theorem in group field theory.

Since we are dealing with a simplicial triangulation and its dual complex, it is worth to fix the
convention here to avoid any ambiguity along the discussion. I will call vertices and edges the
points and the one dimensional objects of the triangulation, respectively. The zero and one
dimensional objects of the dual complex will instead be called resp. nodes and links.

3.1 Three dimensional Group Field Theory

In this section I briefly review group field theory in 2+1 dimensions [91]. T will introduce the
main ingredients, such as the field, the action that governs the model and the Feynman diagram
amplitudes, emphasizing the geometric interpretation of each element. I deal with the dual
complex picture in the first part, while in the second part I will introduce the Fourier transform
and recast the model in the triangulation formulation.

3.1.1 Spin foams as Feynman diagrams of GFT

Invariant field

The fundamental field of 241 dimensional group field theory is a function on three copies of a
Lie group G, ¢ € F(G*3). The field is invariant under a gauge transformation of the group G
itself. Such symmetry is enforced through the projector P : F(G*3) — F(G*?) defined as

(P 6)(g1, 92, 95) — / dh 6(hg, hgs, hgs) (3.1)

where g;, h € G and thus dh is the left Haar measure' on G. The above equation is called gauge
averaging and the invariance of the field under the gauge transformation can be understood as
the functional identity

(Po)=¢. (3.3)

Action

Similarly to matrix and tensor models, the action of a GFT model is given by a quadratic term
plus an interaction term, which will be used to construct transition amplitudes of the model
(spin foams [30]). The action is thus

S=8c+S5y. (34)

'The left Haar measure dg on G is defined by the invariance property
d(gg) =dg, VgeG. (3.2)

Similarly for the right Haar measure.
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The quadratic part of the GFT action, called kinetic term, is defined as a product of fields

S = /dg3 (¢ 70)(91, 92, 93) = /dgG/C({g}) d(91, 92, 93) (94, 95, J6) » (3.5)

where
K({g}) = 0(g195 ") 6(9295 ") 6(g39: ") , (3.6)

is the kernel of the propagator amplitude and can be interpreted as the conservation of the three
momenta g;. The operator 7 : F(G?) — F(G?) defined as (7 ¢)(g1, g2, 93) = ¢(g3, 92, g1) is the
permutation map and it is used to encode the proper combinatorics of the model”. For a 2+1
dimensional GFT, the interaction term is as a non-local’ product of four projected fields (3.1)

Sy = /dg6 (P ¢)(g1: 92, 93) (P 0)(3: 94, 95) (P 0) (s 96, 91) (P ) (96 94, go)

- / dg"?dh* V({h; g}) ¢(91, 92, 93) (94 g5. 96) D(97. g8, go) (910, 911, 912) , (3.7)
where

V({h; g}) = 6(h1g19y "h3 ") 6(h1g2915 hi ') 6(hagsgs "hy)
6(hagsgiithyt) 8(hagegr *hyt) 8(hagsgig byt (3.8)

is the kernel of the tetrahedron amplitude. Despite the terms K and V are the kernels of the
amplitudes, I will sometimes call them just amplitudes by abuse of language.

Feynman amplitudes

Similarly to other topological models of discrete geometries, the partition function of a group
field theory Z = [d¢ e can be expanded as a state sum. Such state sum runs over the three
dimensional discrete geometries (with no boundary) represented as dual complexes I'*, built by
merging an arbitrary number of tetrahedron amplitudes (3.8) through the propagator amplitudes
(3.6). Consider a path made of an arbitrary number, say N, of what I will call bulk links, and
denote it as L. The amplitude of a given complex I'* is expressed as a combination of delta
functions enforcing the closure of such paths Ly

z=N> ]] /Hdhé(hlhg...h]v), (3.9)

I'* Lyel*

with A a normalization factor. In the next part I will clarify the notion of bulk and boundary
variables, and the geometric interpretation of the partition function above.

Geometric interpretation

The field ¢ encodes the fundamental degrees of freedom of the model; upon quantization indeed,
the space of fields (the algebra of functions F/(G*3)) would be interpreted as the Hilbert space
of the model. As a function on three copies of the Lie group G, the field is represented as the
graph dual to a triangle, composed by a central node attached to three links, see Fig. 3.1a.
The gauge transformation, is enforced as a group multiplication on each of the three elements g;

2Normally one should sum over all the permutations of the kinetic term [85,86], in order to encode all the
possible Feynman amplitudes. I will avoid to discuss this subtle issue, which is particularly relevant in dimension
higher than three.

3The nomenclature non-local here is used for a product of fields that share only some of their sub-components

g, such as ¢(g, gi, 95) (9, Gn, Gm)-
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(a) The dual field ¢ is represented in black as a

triangle, with the three elements z; € G* dec- (b) The gauge symmetry is interpreted as a trans-
orating the three edges. The field ¢ is its dual lation in the dual complex. The field ¢, represented
graph represented in blue, made of a central as three links (in blue) dual to a triangle, is shifted
node and three links decorated by the group by an extra link (the dashed red line) decorated by
elements g; € G. h € G that represents the (gauge) translation.

Figure 3.2: The propagator amplitude enforces the identification of a pair of triangles in black
(dual fields ¢) or their dual graphs in blue (fields ¢). I used arrows to emphasize that edges are
identified with opposite orientations while links with the same orientation.

with respect to a single group element h. The transformed field is thus a function of the three
elements hg;, and can be represented as the graph dual to a triangle translated by a single link
h, as in Fig. 3.1b. Under this perspective, the gauge transformation thus encodes the notion of
parallel transport in the dual complex.

The propagator amplitude (3.6), being given as the product of two fields evaluated at the same
point (same triplet of group elements), is represented as an identification of two graphs 3.1a dual
to triangles, as in Fig. 3.2. Similarly, the tetrahedron amplitude (3.8) is the combination of four
fields, where each of them shares only one variable g; with each of the other three, respecting
the combinatorics of a tetrahedron. The four fields are thus associated to the graph dual to
the boundary of a tetrahedron. While the four variables h; are the decorations of the four links
internal to the tetrahedron and dual to its four faces, see Fig. 3.3a. The same construction arises
if one represents each of the six delta function in (3.8) as a closed loop of four links (two bulk
plus two boundary links), of the type hagigj’lhlj1 =1, see Fig. 3.3b. The proper combination
of such six delta functions together gives again the graph in Fig. 3.3a.

Note that, despite the elements h and g belong to the same group G, they play a completely
different role. The links g, initially used to define a single field, are part of the boundary graph of
a tetrahedron and thus lie in two dimensional cellular decomposition. The links A instead are an
extra labels for the states, introduced through the gauge projector (3.1). They form the graph
dual to the bulk of the tetrahedron, hence they lie in a three dimensional cellular decomposition.
Therefore, one can interpret the links g and h resp. as the boundary and bulk degrees of freedom

of the graph dual to the simplicial triangulation of a three dimensional manifold.
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higsgy hy' =1
(a) The tetrahedron amplitude. In black the four

triangles that compose the tetrahedron boundary. (b) Each of the six delta functions of the tetra-
The bulk graph dual to the tetrahedron is in red hedron amplitude (3.8) enforces a the closure
and the graph dual to its boundary are the dotted of the combination of two bulk links (in red)
blue links. and two boundary links (in blue).

Given a complex I'* dual to a simplicial triangulation [ of a three dimensional manifold, its
Feynman amplitude is given as a combination of loops made of a number, say N, of bulk links.
Each of such loops is the closed path spanning a face dual to an edge (shared by N tetrahedra) of
the triangulation. In line with the usual interpretation of discrete geometries, each of these loops
encode the local curvature round its dual edge. The dual complexes I'* are naturally interpreted
as three dimensional spin foams. The partition function (3.9) is thus expanded as the sum over
all the amplitudes associated to such dual complexes I'*.

3.1.2 Dual picture: discrete geometry

Fourier transform

Given the GFT model introduced in the previous section, characterized by the gauge symmetry
group G, one can define a (non-commutative) Fourier transform that maps the functions on such
group to the functions on its dual Lie group G*. The notion of dual Lie group is clarified in
App. A, where I discuss the Poisson Lie group construction. To the purpose of this chapter,
one can think at the group G* as the dual Lie algebra g*, which can be regarded as the abelian
group R?, where n is the dimension of G and the functions on G* obey to a non-commutative

product rule denoted by the symbol *.
The above mentioned Fourier transform is the map F : F(G) — F(G*) defined as

FIf (@) = / dge(g,z) (). (3.10)

with x € G*, g € G and f € F(G). I will call plane wave the element” e(g,x) € F(G)® F(G*), in
analogy with quantum mechanics, where the kernel of the Fourier transform is indeed an ordinary
plane wave. In the Lie group context, the plane wave is defined in terms of its properties

(6(917 )*6(92, ))($) = 6(91927$) ) (6( vx?) 6( >I1))(g) = 6(9,1131 + Ig) )

/dg e(g,x) =0(g), e(g,1) =1, /daje(g,x) —6(g), e(l,z)=1. (3.11)

4The element e(g, r) often carries a subscript x in literature [93]. This is used to recall that the plane wave is
partially defined as a function on F(G*), and thus it respect non-commutative multiplication.
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Here § and ¢ are resp. the delta functions on G and G*. The plane wave has also an inverse
element

e Hg,7) :==e(g,2) = e(g,—x), (3.12)
which is used to define the inverse map F~': F(G*) — F(G):

FUf)g) = / de (e (g, ) * ) (@), (3.13)

for f € F(G*). It is not complicated, using the properties (3.11) and (3.12), to show that
FIFYf]] = fand F'[F[f]] = f. The minus sign in the inverse element (3.12) as well as the
addition at the place of the product in (3.11) reflect the abelianess of the group G*.

Dual field and closure constraint

As in the dual complex picture of GFT, where the fundamental degrees of freedom are encoded
in the field ¢, in the transformed formulation these are encoded in its Fourier transform QAS =
Flp] € F(G**3), which T will call dual field.

The Fourier transform of the gauge averaging (3.1) gives

FIP)(arzs) = [ dg® [T elgia) (P)arsa90) = [ hdg® T eloivmo) olhas, b )

=1

3
= /dhdg3 [T ethgi2:) é(91. 92, 9s)
i=1

3 3
= /th e(h_l,xi) /dg3 H e(gi, Ti) ¢(g1, 92, g3)
i=1 i=1

3
= /th e(h™Y, &y + x5 + x3) O(21, T, 3) = (C @) (1, T2, T3) . (3.14)
i=1
Above I used the definition of dual field as the Fourier transform of the field ¢ and the properties
(3.11) and (3.12) of the plane wave. The function
CA(fL’l, T, IL‘3) = 5(1’1 + 9 + 173) N (315)

is called closure constraint, since it is enforcing that the three elements z; sum up to zero [95].
The invariance of the field under the gauge transformation (3.3) yields to the functional identity

p=(Cx9). (3.16)
Action

Also the action (3.1), and thus the kinetic (3.5) and interaction (3.7) terms, can be expressed in
the G* picture, upon Fourier transform. Let me show in details the steps for the kinetic term,
which are rather simple:

Sk I/dg3¢(91792;93) ?(93, 92, 91) = /dg?’f1[@](91792793)-7:1[5)](93792791)

= /dg3dx6 (ﬁ e(9i, )*({5> (21, 22, 73) (ﬁ e(ga—i, )*95) (4, 5, T6)

= /dg3d$6 (6(91, T + 1) €(ga, T5 + T2) €(gs, T4 + $3)) * (¢(21, T2, 73) Qg(ﬂa T5, 7))

_ /dxﬁ (K % (¢7))({z}) = /de (¢ * T V) (21, T2, 73) , (3.17)

33



where in the last step the inverse field stands for ¢=*({z}) = ¢({z~*}). To perform the compu-
tation, I used the properties (3.11) of the plane wave and the definition of the inverse Fourier
transform (3.13). In the third line I wrote the star product between functions (¢ * ¢)(z;) has a
product of functions already evaluated in the elements, g%(:cl)*é(:cl) This is an abuse of notation
used to simplify the expression. The term

K({z}) = 6(x1 + x6) d(za + 5) 6 (23 + 24) (3.18)

is the kernel of the propagator amplitude in the triangulation picture. Note that the amplitude
(3.18) can be directly derived by the propagator amplitude (3.6) upon Fourier transform. I
will not show all the details of the computation for the interaction term (3.7). Its derivation is
slightly longer than the propagator amplitude but follows the same steps. Using again an abuse
of notation, the interaction term can be re-expressed as

Sy = /d:L‘6 (é é)(ml, T, T3) * (é q@)(—xg, Ty, T5) * (é qg)(—%, Tg, —T1) * (é gZ;)(—mG, —T4, —To)

= /d3512 V({x}) * d(x1, 29, T3) * O(24, T5, 26) * D27, T8, L) * (T 10, 211, T12) » (3.19)
where the kernel of the tetrahedron amplitude in the triangulation picture is

fj({$}) = (é(%a5172,$3)é($47$5,$6)é($77$8,959)@@10,%11@12))
*(5(1’1 + Ig) 5(1‘2 + IL‘12) (S((L’g + I4) 5(1’5 + ZL‘H) (S(.I’G + ZE7) 5(1‘8 + ZL‘10)> . (320)

Again, the above amplitude (3.19) can be directly derived as the Fourier transform of (3.8).

Feynman amplitudes

Analogous to the GFT model expressed in the dual complex, the building blocks for the Feyn-
man diagrams also in this case are tetrahedron amplitudes (3.20). Once again, the partition
function can be expanded as a sum over all the possible Feynman amplitudes associated to the
triangulations I' of three dimensional manifolds. The partition function of a group field theory
in the triangulation picture is thus

Z=N>" /de |JRZEEE (3.21)

where N is a normalization factor and the product goes over the tetrahedra 7 C T'.

Geometric interpretation

The fundamental degrees of freedom of the GF'T model in the triangulation picture are encoded
in the dual field ¢; again, upon quantization, the space of fields F'(G**3) would be the Hilbert
space of the model. As the field ¢ was interpreted as a graph dual to a triangle, the representation
of the dual field is now that of a triangle, as in Fig. 3.1a. This interpretation is enforced by the
closure constraint (3.15), which suggests that the three group elements z; can be interpreted as
the (three edge vectors of the) boundary of a triangle.

The propagator amplitude (3.18) is again represented as the identification of two triangles, as
in Fig. 3.2. Last, the tetrahedron amplitude (3.20) is still a product of four dual fields, which
are now the four triangles that compose the boundary of a tetrahedron, see Fig. 3.3a. This
is more clear if one looks at the expression in (3.20): the first four functions are the closure
constraints of four triangles, and the remaining six deltas merge the triangles by identifying the
six edges pairwise. The amplitudes of the model are constructed as combinations of tetrahedra
glued together by identifying their faces (triangles) through the propagator (3.18). The Feynman
graphs are thus simplicial triangulations of three dimensional manifolds; as a consequence, the
partition function (3.18) is just the sum over all such triangulations (discrete geometries).
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3.1.3 Peter-Weyl theorem

It is worth to dedicate a few words on the use of the Peter-Weyl theorem in GFT [91].

Theorem 1 (Peter-Weyl). Let G be a compact group.

o The set of matriz elements of the irreducible representations of G are dense in the space

F(G).
e Unitary representations of G are completely reducible.

e Regular representations of G can be decomposed as a direct sum of irreducible unitary
representations, for which the matriz coefficients form an orthonormal basis.

One can use the Peter-Weyl theorem — in GFT as well as other similar spin foam-like approaches
— to expand the amplitudes of the model as a Fourier decomposition in terms of irreducible rep-
resentations of the group G. Upon quantization, this map, which can be seen as another Fourier
transform, turns the Hilbert space of the model into the space of irreducible representations
and allows the numerical evaluation of the amplitudes. In the particularly interesting case of
G = SU(2), the partition function (3.9) reduces to the one of Ponzano-Regge model, expressed
in terms of the 65 symbols:

Z= H {67}:(4:) - (3.22)

{7:}

For non-compact groups the theorem does not hold and the story is slightly more complicated;
however, in most of the cases of interest, one can still decompose representations of non-compact
groups as direct sum of irreducible ones. I refer to [96-98] for some explicit realizations, when the
gauge groups are taken to be G = SU(2) or the double cover the the Lorentz group, G = SL(2, C).

3.2 Higher dimensional GFT and geometric condition

In the previous sections I presented a 2+1 dimensional GF'T model. The same construction
holds for general d + 1 dimensions, with a slightly different geometric interpretation:

x the dual field and the field are functions on d + 1 copies of the groups G* and G, and are
resp. represented as a d-simplex or its dual graph;

x the gauge transformation does not change, and the closure constraint turns into the closure
of the boundary of a d-simplex;

x the propagator remains the identification of two d—simplices or their dual graphs;

 the building blocks of the Feynman amplitudes (given by the interaction term) are d + 1—
simplices or their dual graphs;

% the partition function is a sum over the d + 1 dimensional discrete geometries or over their
dual graphs (d + 1 dimensional spin foams).

In the previous sections I presented the d = 2 case for two reasons:

e the geometric interpretation is easier to visualize;
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e in the next chapter I will provide the generalization of a group field theory based on quan-
tum groups. According to the arguments that I will explain in Ch. 5, this generalization
is better motivated in 241 dimensions, whereas it would require further adjustments in
higher dimensions.

One fundamental feature of the general d + 1 GFT model is that it is a topological model: as I
will show in the following chapters, GFT models with no further constraints, are invariant under
the so called Pachner moves. Hence, the Feynman amplitudes (and thus the partition function)
are topologically invariant. Since the initial aim of GFT is to describe quantum gravity, not just
discrete geometries, the topological invariance makes GFT a model of quantum gravity only in
three dimensions.

In four dimensions group field theory does not encode any gravitational degree of freedom. Here,
quantum gravity can be formulated as a constrained topological model. GFT is not an exception:
one can constrain the model implementing the simplicity constraint [99-101]. The latter, in BF
theories imposes the B field to be (the two form dual to) a simple bi-vector’ rather then just
a two form. Two celebrated examples of gravitational models re-phrased as constrained four
dimensional GFT’s are he EPRL [40] and the Barrett-Crane models [39,102,103|. A pedagogical
discussion of these concepts is presented in [96,103], where the Barrett-Crane model is recovered
from the amplitude of a group field theory, using the double cover of the Lorentz group G =
SL(2, C) as the gauge group. In this case, the restriction from the topological to the gravitational
case is performed by the introduction of the projector

(Ps &)(g1, 92, g3, 94) = / dv* ¢(g1v1, gava, 9a7v3s Gava) - (3.23)

Here g; € SL(2,C) and ~; € SU(2). Therefore, the projector reduces the space of fields to the
functions invariant under the right translations by any SU(2) element; namely, the restricted
space is the set of functions on the hyperboloid H = SL(2,C)//SU(2). This can be seen even bet-
ter using the Plancharel theorem”: imposing the constraint (3.23) on the field, it is decomposed

as a direct sum of time-like irreducible (balanced) representations, that are properly associated
to simple (dual) bi-vectors, see [40,102,104].

3.3 Remarks

Since I have intensively celebrated some of the most interesting aspects of group field theories,
to conclude this chapter I would like to mention two aspects that are particularly important for
the current discussion and open the windows for possible improvements.

Quantum groups. Despite the model clearly provides the basis for a quantum theory of
gravity, the classical phase space, on which the spin foam quantization would be implemented,
is the cotangent bundle T*G. Since the dual Lie algebra g* is an abelian group, these model can
only describe the simplicial triangulations of flat manifolds. The generalization to curved three
dimensional manifolds requires the use of Poisson Lie groups as a gauge symmetry group. These
allow to have curvature on both the configuration and momentum spaces and are discussed in
more detail in App. A.

A simple bi-vector can be written as a wedge (skew symmetric tensor) product of vectors: b = e A e.
6The Plancharel theorem plays the role of the Peter-Weyl theorem for the Lorentz group. It provides the
decomposition of the functions on the group in terms of irreducible (balanced) representations, see [39].
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Higher categories. As we will see in Ch. 5, in four dimensions even the use of quantum
groups is not enough to describe curved geometries. In this case one needs to generalize even
further the concept of group, using what is called a 2-group.
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Chapter 4

Quantum groups in group field theory

Group field theories were first introduced with the aim of retrieving the amplitudes of three di-
mensional Euclidean quantum gravity as the Feynman diagrams of a field theory. Nevertheless,
I already emphasized that GFT’s can be naturally generalized to the higher dimensional case
and even in the Lorentzian setting; another interesting extension is also the inclusion of the
cosmological constant [41], which is normally interpreted as the insertion of an homogeneous
curvature of the discretized manifold. As I discussed in the previous chapter, the (spin foam)
quantization used in group field theories is based on the cotangent bundle of the gauge group,
as the classical phase space. This implies that the triangulation associated to the discretized
manifold has to be flat (without homogeneous curvature). In [105] the underlying symmetries of
three dimensional gravity with non-zero cosmological constant were derived, and it was pointed
that these symmetries are realized in terms of quantum groups [106], which was well-known since
Witten’s seminal work [107].

In this line, the proper state sum for three dimensional discrete gravity with non-zero cosmo-
logical constant is provided by the Turaev-Viro model [46]. This is a generalization of the
Ponzano-Regge amplitude, where the representations of SU(2) are replaced by representations
of the quantum group SU,(2). In the original model, the quantum group is also used a regulator
for the model, as the parameter ¢ is taken as root of unity'. The Turaev-Viro vertex term is
thus a topological invariant associated to 3d gravity [6] and it is related to discrete version of
Chern-Simons action [108,109]. The generalization of Turaev-Viro model to the 4d case is the
Yetter-Crane model [110]. This is a state sum model whose quantum (boundary) states are the
Turaev-Viro invariants, and the partition function is interpreted as four dimensional discrete
curved geometry.

Quantum groups, or more generally monoidal (spherical) categories, are also the natural tool
to describe topological quantum field theories (TQFT) [111], widely known in mathematics and
condensed matter. The use of quantum groups to describe the symmetries of quantum gravity are
also at the basis of doubly (deformed) special relativity (DSR) [112-114] and non-commutative
space-time approaches [115,116].

I refer to the books [106,117] as complete introductions to quantum groups. Assuming that not
all the readers are familiar with the notion of quantum groups and Hopf algebras, I provide a
short overview in the next section. After this, I will introduce the core of this chapter: the Hopf
algebra field theory, based on an project in collaboration with F. Girelli [45]. This is a new
model constructed in a framework inspired by the group field theory approach in Ch. 3, that,

!The parameter q is called deformation parameter in quantum group theory and allows to recover the ordinary
definition of groups in the limit ¢ — 1. Taking ¢ to be root of unity consists in assuming that ¢ = 1 for some
n € N. This assumption is analogous to the choice of a finite group in place of a Lie group in ordinary gauge
theories, used to regularize the model.
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using co-associative Hopf algebras, aims to provide the description of homogeneously curved
discrete geometries. To better understand the goal of Hopf algebra field theory, I recall that the
Ponzano-Regge model can be retrieved as the discretization of a three dimensional BF model
with vanishing cosmological constant, and its partition function can essentially be seen as a
plane-wave or as a Dirac delta function implementing the vanishing of the curvature (with the
B field playing the role of a Lagrange multiplier),

Zh=0 _ / (dB)[dA] ¢ fwt B'AFT / (dA] 5(F)

- Z}70= /[dX][dg} [T o = /[dg] 11 d(9e) = Zpr, (4.1)

where X, € R? is a variable associated to the edge e of a triangulation and g, is the closed
holonomy on the loop of links spanning the surface dual to the edge e. No analogue of such
discretization really exists when the cosmological constant is not zero, even if the asymptotic
analysis of the TV amplitude shows that it is related to the Regge action with a non vanishing
cosmological constant [118]. One can nevertheless wonder whether a similar derivation could
exist for the TV model and in particular whether there exists a generalized notion of plane-wave
which would be used to encode a discretized BF' action.

Using the notion of generalized Drinfeld double [119] that naturally encodes the duality between
Hopf algebras, I will provide the formulation of Hopf algebra field theory both in the configuration
and in the momentum space. The two formulations are associated to the simplicial triangulation
of an homogeneously curved three dimensional manifold and to its dual complex, and are related
by a (generalized notion of ) Fourier transform. The canonical element of the generalized Drinfeld
double plays the role of generalized plane wave; it is used as the kernel for the Fourier transform
between dual Hopf algebras, and most importantly it will be the core to construct the amplitudes
of the new model. Indeed, I will also show that such plane wave provides the discretization or
regularization of a BF amplitude with or without cosmological constant.

4.1 Quantum groups

In this part I will briefly introduce the concept of Hopf algebra and quantum groups. This
section is mostly inspired by [106,117|, to which I refer for a more detailed overview. The reader
who is familiar with the notion of Hopf algebra can skip this part.

Algebra

Let us start from the definition of an algebra. We call algebra the set (A, +, K) over the field K,
where A is a vector space equipped with a linear” multiplication (or product) m : A® A — A
and + denotes the vector addition. Without risk of confusion, I will sometimes use the simpler
notation a; - as or even ajas at the place of m(a; ® as) for the multiplication, with a;,ay € A. 1
consider algebras whose product is associative and has a unit element, (usually denoted 1 or 7).
Given any two algebras A, B, one can also define their tensor product A ® B, which is still an
algebra with product (a1 ® by) - (a1 ® be) = aras ® bybs.

Co-algebra

2In the sense that the product is compatible with the sum and the action of K.
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This definition of algebra suggests a dual picture, given by a vector space over K equipped with
a co-product A : A — A® A, for which there exists a linear co-unit € : A — K defined by

(e®id)oA=(ld®e)oA=id. (4.2)

Here id denotes the identity map and o the composition of maps. I will consider co-associative
co-algebras, for which the identity (id ® A) A = (A ® id) A holds. Later on I will often use the
Sweedler notation for the co-product

Aa = Z a1y @ ae) . (43)

Again, given any two co-algebras A, B, their tensor product A ® B is still a co-algebra with
co-product A(a ® b) = awyba)y ® ag)b).

Bi-algebra

A bi-algebra is a vector space equipped with all the maps mentioned above: product, co-product,
unit and co-unit. Said otherwise, a bi-algebra A is both an algebra and a co-algebra, where the
above mentioned maps are all compatible, in the sense that

A(a1 : CLQ) = A(al) . A(ag) s A(l) =1®1 s 8(&1 . CLQ) = 5(&1)8((12) s 6(1) =1. (44)

The above identities state that the co-product and co-unit are algebra homomorphisms, while
the product and the unit are co-algebra homomorphisms.

Hopf algebra

An Hopf algebra over K is a bi-algebra over K equipped with an antipode map S : A — A,
compatible with product and co-product, as such

mo(id®S)oA=mo(S®id)o A =ne. (4.5)

Even if the role of the antipode can be interpreted as that of an inverse map, the identity S? = id
does not always hold; for some Hopf algebra (such as the finite dimensional ones) there also exists
an inverse antipode S~! for which So S™' = S0 S =id.

Quantum group

A quantum group or quasitriangular Hopf algebra is an Hopf algebra A equipped with an element
R € A® A called quantum R-matrix. This obeys the axioms

(A®id)R =Ri3Ras, (d®A)R =TRizRiz,

4.6
RAa=(trolAa)R, Va€A, (4.6)

here I used the tensor product notation R;j = > 1® - @RV ® - @ R® @ --- ® 1, where
R =Y RW ® R®. The quantum R-matrix has an inverse R~' and satisfies the further
identities

(e@idR=>[{ee)R=1, (SidR=R"', ([dxS)R'=R. (4.7)

Given the properties (1.6), one can check that the quantum R-matrix satisfies the Quantum
Yang-Baxter equation (QYBE):

R12 R13 R23 = R23 R13 RIQ . (48)
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Action and co-action

There exists a notion of action and co-action between Hopf algebras. A left action of A on H is
amap>: A® H — H, denoted a>h € H and defined by the axioms

(ab)>h=av>(brh), 1>h=h, (4.9)

similar for the right action. If the (left) action is an algebra homomorphism

av(hg) =Y (agqy>h)(ag>g), avl=cla)l, (4.10)

or a co-algebra homomorphism

A(a > h) = Z (a(l) > h(l)) & <a(2) > h(2)) , s(a > h) = 6(&) E(h) , (4.11)

one resp. says that H is a left A module algebra or co-algebra, and similar for the right action.
A left co-action of H on Aisamap 3: A — H® A, denoted 3(a) =Y aV ®a® € H® A and
defined by the axioms

([d®p)of=(A®id)of, (e®id)opf =id, (4.12)
similar for the right co-action. If the (left) co-action is an algebra homomorphism
plab) = (a) B(b) , B(1) =11, (4.13)
or a co-algebra homomorphism
(d@A)oha@) =Y anP ey @an® ®an®, (®id)op(a)=1¢cla),  (4.14)

one resp. says that A is a left H co-module algebra or co-algebra, and similar for the right
co-action. If H and A are both bi-algebras, then one can build a number of bi-algebras on their
tensor product A ® H. Given the left or right actions between A and H, one has the spaces

Left cross product: A x H
Right cross product: A x H

Double cross product: A<t H

The left or right cross products are bi-algebras with a trivial co-product (that of a tensor product
of co-algebras), and a left or right action that induce the respective multiplications

(a®@h) - (b®g)=alh>b) ® hg,

(a@h)-(b®g)=abx (hab)g. (4.15)

The double cross product is a bi-algebra with both a left and right actions that induce the
multiplication
(a®@h)-(b®g)=alh>b)® (hab)g, (4.16)

while the co-product is again trivial. Given the left or right co-actions between A and H, one
has the spaces
Left cross co-product: A >« H

Right cross co-product: A w»< H

Double cross co-product: A »<« H
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The left or right cross co-products are bi-algebras with a trivial multiplication (that of a tensor
product of algebras), and left or right co-actions (resp. [ and «) that induce the respective
co-products
Ala® h) = (a(1) ® ﬁ(a(z)) ®id) - (id® hay ®id ® h(g)) )
Ala®h) = (a(l) ®id® a2y & id) - (id ® oz(h(l)) ® h(g)) .

The double cross co-product is a bi-algebra with both a left and right co-actions that induce the
co-product

(4.17)

Ala® h) = (aq) ® Blap) ®@id) - (id @ ahq)) @ he) , (4.18)

while the multiplication is again trivial. Given the left or right actions and co-actions between
A and H, one has the mixed spaces

Left bicrossproduct: A w H
Right bicrossproduct: Ave H

The left bicrossproduct is a bi-algebra with multiplication of a left cross product and co-product
of a right cross co-product. The right bicrossproduct is a bi-algebra with multiplication of a
right cross product and co-product of a left cross co-product.

Duality

Given two Hopf algebras H, A, they are dual each other if there exist a bi-linear map (, ) :
H ® A — K which implements the notion of duality between the two Hopf algebra structures,
as
(h-g,a)=(h®g,Aa), (h,a-b)=(Ah,a®Db),
(h,1y=¢e(h), (1,a)=¢e(a), (Sh,a)=(h, Sa),

for all h,g € H and a,b € A. The same duality can be defined between a left or right actions
and a right or left co-actions (resp. «, o’ and S, 5):

(4.19)

<hagba>:<a(h)>g®a>7 <h<]avb>:<h®ava/(b)>7

(h, aag)=(B(h), a®g), lavh,b)=(awh, F(). (4:20)

Doubles

As the notion of duality (4.19) yields to dual Hopf algebras, the duality between action and
co-action (4.20) extends this concept to the Hopf algebras built on the tensor product A ® H.
The Hopf algebra dual to a left or right cross product is resp. a right or left cross co-product,
the Hopf algebra dual to a double cross product is a double cross co-product, while the left and
right bicrossproduct Hopf algebras are dual other.

This leads to the generalization to the Hopf algebras context, of the double of a group, which
is used to construct the space of symmetries (Drinfeld double) or its phase space (Heisenberg
double). The quantum double of an Hopf algebra H, denoted D(H, H*,( )), is the double cross
product Hopf algebra defined on the tensor product® H*° 1 H, where the angle brackets are
the bi-linear map that encode the duality between H and H*.

For the purpose of the Hopf algebra field theory construction, in the next section I will further
generalize the concept of quantum double and its dual Hopf algebra, introducing the notion of
skew-pairing and co-pairing, see [106, 119].

3The Hopf algebras A°P and AP are the Hopf algebras obtained by taking A with resp. an inverse product
or an inverse co-product.
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4.2 Hopf algebra field theory

In this part, based on a project in collaboration with F. Girelli [45], T discuss the new model
called Hopf algebra field theory (HAFT).

After introducing the main notations and conventions that will be used in the rest of the chap-
ter, I provide some relevant definitions such as the notion of generalized Fourier transform for
Hopf algebras and hence the notion of plane-wave that plays a central role in Hopf algebra field
theory. Then I introduce the main ingredients of HAFT, as the action that governs the model
and the Feynman diagram amplitudes associated to homogeneously curved discrete geometries.
I also show the topological invariance of the new model. In the last part, I consider the main
example of Hopf algebra field theory, which consists in the specific choice of the quantum group
SU,(2), with ¢ real. In this case, Hopf algebra field theory will be interpreted as the path inte-
gral formulation related to TV model. Finally, I discuss how the generalized plane-wave can be
related to the discretization of the BF' amplitude with a negative cosmological constant.

For the sake of simplicity, I will not go through the details of the the long and tedious compu-
tations. I refer to the original work [45] for the interested reader. In [45] we also show how to
recover ordinary group field theories based either on finite groups or on the SU(2) Lie group,
as sub-cases of Hopf algebra field theory. Since this point is particularly crucial, in App. B.1 1
propose a new prescription to construct dual Hopf algebras and the associated quantum double
Hopf algebras, which is an highly non-trivial job.

Hopf algebra ingredients

Let me first summarize the most relevant Hopf algebra ingredients that will be needed for the
construction of the new model. The expert reader can skip this part, even though I still suggest
to check the conventions and the notations, as well as the definition of Fourier transform.

Given the Hopf algebra A, denote A" = Q) A; with n > 2 its associated tensor product and
consider the following maps.

Co-product: A": A — A" with A"=(id®...®1d®A)o---0A (4.21)
Product: m": A" — A with m"=mo--0(id®...®id®m) (4.22)
Permutation: 7" : A" — A" with 701 ®...®a,) =0, ®...Q0 a (4.23)
Co-unit: &": A" - K (4.24)
Unit: 7" :K— A" (4.25)

The tensor product A™ is in turn an Hopf algebra with associated maps

AW A" 5 AT @ A"

with A (a; ®...®a,) = (A1) ® ... an1)) @ (A1) ® ... ® An(2)) (4.26)
m™ ;A" @ A" — A"

with m™ (01 ®...0a,)@ b ®...0b,)) =m(a @b)®...@mla, ®b,)  (4.27)
T AT @ A" 5 A" @ A™

with 7 (01 ®...0a6,) 00 ®...00,))=b01®...0b0,) @ (1 ®...®a,) (4.28)
SM) A — A"

with S™(, ®...®a,) = (Sa; @ ... ® Say,) (4.29)
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Given a tensor product of Hopf-algebras, I will later use the notation

mii(l®..0a®..0ew®..01)=10...0mn®a)®...01, (4.30)
Ajae=1®..0a1)®...0a®...01, (4.31)

for @ € A. The map m;; stands for a product of two elements resp. living in the i and ;%
positions of the tensor product, and the result, m(a; ® as) = ay - as, is in the i’ space, for i < j.
The map A;; stands for usual co-product embedded in a tensor product of Hopf algebras, with
the two components resp. placed in the 7*" and j** positions. I use a minus sign as notation for
the antipode, for instance

Afija:1®...®Sa(1)®..-®a(2)®---®1- (4-32)
4.21

These notations can be generalized for the n-dimensional product (4.22) and co-product 1),
which I denote mj ; and A} , . Similarly, they can be generalized to the product (4.27) and

In 1.0

co-product (1.26) of the tensor space Hopf algebra, denoted m™ ~and AW

11...0n jl---]n 11...0n ]1]n
Definition 1 (Simplex maps). Consider the maps
m:A% - A% A A5 A2 A, A A (4.33)

that stand for a combination of products or co-products that have the same pattern of a tetrahe-
dron. The maps are defined as

m(a; ® - ®arz) = (a; - ag) ® (ag - a12) @ (a3 - as) @ (a5 - an) @ (a6 - ar) @ (ag - ar), (4.34)

Ala ® -+ ®ag) = Argar ® Ag1aay ® Azgaz ® As11a4 @ Agras @ Agioas (4.35)
Ay(a; ® -+ ®ag) = A§164—16a1 ) ALi15429 ag - AA1144—312 as - Azi113210 2z
: A4i133715 as - Afs —2-17@6, (4.36)

4

where Ay, and similarly its generalization Aj ,, ;... are given in (4.31).

Quantum double

Definition 2 (Matched pair bi-algebras). [106,119] Two bi-algebras H and A form a matched
pair if there exist a pair of actions

p:ARH - H, <:A®H — A (4.37)
that satisfy the compatibility relations
(ab) a4h= (CL<1 (b(l) > h(l))) (b(g) < h(g)) R lah= E(h) R
at (hg) = (aq) > hay) ((a@) Sh@)>g),  arl=e(a), (4.38)

ay Qhy ® ag) > hizy = ap) <he) @ an) > hay -

Definition 3 (Skew paired bi-algebras.). [119] Two bi-algebras H and A are skew paired if
there exists a map called skew pairing o : A ® H — K, such that

a(a-b@h):a(a®h(1))o(b®h(2)), (439)
ola®h-g)=o(an) ®g)olae @h), '

and
c(l@h)=¢ch), ola®l)=c(a), (4.40)

for alla,b € A and h,g € H. I used the symbol 1 as a shorthand to address to the unit in both
the bi-algebras H and A. If either A admits an antipode or H admits an inverse-antipode, then
there exist a convolution inverse o~ that obeys

o (a®h)=0c(Sa®h)=0c(a® S'h). (4.41)

44



Definition 4 (Generalized quantum double). [119] Let H and A be skew paired bi-algebras with
skew pairing o which is convolution-invertible. They form a matched pair with mutual actions

a<ah=a@) o (agy @ hay) o(as @ he)

4.42
ad>h= h(g) 0_1(CL(1) &® h(l)) a(a(g) & h(g)) . ( )

The generalized quantum double is the double cross product bi-algebra D(H, A, o) = H <1 A built
on H® A, with product

(h®a)'(9®b)=h(a(1>9(>)®(a( (2))b=
hg) ® a@bo (aq) ® ga )) ola@) ®9@) (4.43)
trivial co-product, A = (Ag ® A4), tensor product, unit and co-unit.

Definition 5 (Matched co-pair bi-algebras). [100,119] Two bi-algebras H and A form a matched
co-pair if there exist a pair of co-actions

a:H—-H®A, f:A->H®KA (4.44)
that satisfy the compatibility relations

(A®id) oa(h) = ((id® B) o a(hy)) (1@ alhw)),
(id® A) o B(a) = (Blag) @ 1) (o @ id) © Bla)) , (4.45)
a(h) fa) = B(a) a(h) .

Definition 6 (Skew co-paired bi-algebras.). [119] Two bi-algebras H and A are skew co-paired
if there exists an element called skew co-pairing o € H @ A, such that'
(’ld ® AA) 0 = 013012, (446)
(AH X Zd) 0O — 013023 . (447)

If either A admits an antipode or H admits an inverse-antipode, then the skew co-pairing is
tvertible, with inverse

cl'=(ide S)o=(S"'®id)o (4.48)

that satisfies the axioms
(id® A)) ot =0 003, (4.49)
(Ag®id)o =05 005 . (4.50)

Using the co-unit axiom and the co-pairing properties (41.46) and (4.47), one derives the identities

(e®id)o=(ld®e)o =1, (4.51)
that I will call co-unit properties of the skew co-pairing element.

Definition 7 (Dual of the generalized quantum double). [1719] Let H and A be skew co-paired
bi-algebras with invertible skew co-pairing. They form a matched co-pair with mutual co-actions
a:H—>H®Aandp:A— HR A given by

ah)=c'(h®1)o
Bla)=0"'(1®a)o

i eq. (1.46), (4.47) and (4.49), (1.50), for clarity, I used the notation Ay and A4 to address to the
co-products on H and A. In the following, for simplicity, we will drop the indices H and A.

(4.52)
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The dual of the generalized quantum double is the double cross co-product bi-algebra D*(A, H, o) =
A w< H built on A ® H, with co-product

Ala®h) = ((id® a @ id) o (Agph® 1)) - ((id® B ® id) o (1 ® Asa))
= 0453 (Apaa @ Aph) 093, (4.53)

trivial product, (a @ h) - (b ® g) = ab ® hg, tensor product, unit and co-unit.

I will later need to extend this construction in the context of tensor product of bi-algebras.
Consider two tensor product bi-algebras H" = @) H; and A" = Q)." A; such that each pair of
sub bi-algebras H; and A; are skew paired (resp. skew co-paired); that is, for each pair H;, A;
there exists a map o; : A; ® H; — K (resp. an element o; € H; ® A;). Then the tensor product
bi-algebras H", A" are skew paired by the map

S AT HY - K (4.54)

or skew co-paired by the element
Yre H"® A™. (4.55)

In particular, since the bi-algebras H™ and A™ are tensor products of independent bi-algebras,
the n dimensional skew co-pairing can be written in the tensor notation as

Y = 014102042 *  Opop - (4-56)

Integral and Fourier transform
Definition 8 (Integral and co-integral). [106, 117 A left (resp. right) integral in A is an
element {r, (resp. {r) in A such that
a-lp=¢(a)ly,, lr-a=c¢e(a)lg, Vae A. (4.57)

The integral ¢ is normalized if e(€) = 1. A left (resp. right) co-integral on A is a map fAL A=K
(resp. ff : A — K) that satisfies the left (resp. right) invariance condition

L L R R
(id@/)Aazl@/ a, (/ ®z’d> Aa:/ a®1, Va e A. (4.58)
A A A A

The co-integral fA is normalized if fA 1=1.

In order to keep track of divergencies, in the following I will consider non-normalized co-integrals

on H and A obeying the relations
/1:VH, /1:vA. (4.59)
H A

Definition 9 (Fourier transform). Let H and A be skew co-paired bi-algebras. The Fourier
transform from H to A is a map F : H — A defined as’

°T used left co-integrals for both the Fourier transform (4.60) and its inverse (4.61). One could alternatively
use right co-integrals. In this case the inverse skew co-pairing element o~! would appear in the definition (4.60)
and the skew co-pairing element o in (4.61).

/L®z’d) (0-(h®1)), (4.60)

H
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with inverse map F1: A — H

Fld) = % (zd® /AL) (e (1®a), (4.61)

with h € H, a € A, and normalization factor

([ )= ([ L)

Proposition 1. The Fourier transform (1.60) and the inverse Fourier transform (1.61) are
mverse maps, in the sense that

(FoF ) =(F'oF)=id. (4.63)

Definition 10 (Delta function). Let H and A be skew co-paired bi-algebras. The delta functions
of H (denoted 6y ) and that of A (denoted 04), are respectively defined as the Fourier transform
and the inverse Fourier transform of the unit:

5= F[1] = % (/}jmd) o Gw=F1] = % <¢d®/AL> ol (464)

Similarly, I call opposite delta functions the elements

5/41—# (/HL@md) ot M—% <id®/AL> 0. (4.65)

Proposition 2 (Properties of the delta function). Let H and A be skew co-paired Hopf algebras.
The delta functions on them satisfy the identities below.

(a®1)-Ads=(1®Sa)-Ady, AdT  (a®1)=Ad;" (1® Sa),
(h®1)-Ady = (1® S 'h)- Ady, Ad - (h@1) =Adz - (1®Sh).

Moreover, the delta functions are normalized in the sense that

1 LA 1 LA1 1 L 1 L L
— 5:—/ ot=1, —/5 :—/ o t=1. 4.67
ﬁ/AA\/ﬂAA ity T )y ! (4.67)

Proposition 3 (Delta function as integral in the Hopf algebra). Consider the skew co-paired
Hopf algebras H,A. The delta functions (1.61) of the Hopf algebras H and A are resp. left
integrals in A and H:

(4.66)

a-04=04e(a), h-0g=20dge(h). (4.68)
The opposite delta functions (1.65) are resp. right integrals in A and H :
o7t ra=07te(a), O5t-h=05"¢(h). (4.69)

The proofs of the above propositions can be found in [45], where I also provide some further
propositions useful to construct the new model. For the sake of clarity, here I have always
specified whether the co-integrals are left or right by using the indices L, R. In the following I
will omit such index, implying that all the co-integrals are always left invariant ones.

As announced at the beginning of this chapter, the canonical element ¢ of the dual of the
generalized Drinfeld double (in Def. 7) is used in (4.60) to construct the general notion of
Fourier transform (4.60) between dual Hopf algebras. Therefore, it will often be called plane
wave and will be the central element to construct the Feynman amplitudes of HAFT, related to
the discretization of a BF model with cosmological constant.

We are now ready to provide the main ingredients of Hopf algebra field theory. I will focus on
the three dimensional model, where the Feynman diagrams are interpreted as three dimensional
(homogeneously curved) geometries. I use the same nomenclature adopted in Ch. 3, where
nodes and links are Od and 1d objects living in the dual complex, while vertices and edges are

0d and 1d objects in the triangulation.
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Invariant field and closure constraint

Let the fundamental degrees of freedom of three dimensional Hopf algebra field theory be the
elements of the tensor product bi-algebras, ® € H® and ® € A3%. The fields® ® and ® are related
by the Fourier transform (4.60) and its inverse (41.61), with kernel” 3.

Geometrically, the dual field d € A3 is associated to a triangle, where each of its sub-components
(elements of A, which cover the role of the variables x; € G* in ordinary GFT) decorates one of
the edges that compose its boundary. Dually, the field ® € H? is associated to the graph dual
to such triangle and its sub-components (elements of H, which cover the role of the variables
g; € G in ordinary GFT) are the links outgoing from a single common node, and are orthogonal
to the three edges.

The fields ® and ® have the same graphical interpretation of those of ordinary GFT, and are
represented in Fig. 3.1a. In this context, the skew co-pairing o encodes the information on both
the triangulation and the dual complex: in three dimensions, each element o can be seen as the
decoration of an edge and a dual link.

Let the field ® be invariant under a gauge symmetry, which is enforced through a projector.

Definition 11 (Gauge projector). Consider the (left) projector Pr, : H®> — H?® whose action on
the field, called gauge averaging, is

1
(PL®) = — < / ®id®3> ((m® @ id®*) o A®D). (4.70)
Vi \Un
I recall that fH is the left co-integral on H, while m® and A®) are the maps resp. defined in
(1.22) and (1.26).

I demand the field ® to be invariant under the gauge averaging
(PL®) =9. (4.71)

The element (m3®id®*)o A®) & in (4.70) belongs to the Hopf algebra H*: this can be understood
as the graph dual to the triangle (represented by the field) plus an extra link. Such extra link
is interpreted as a parallel transport in the dual complex, and (1.71) enforces the invariance
of the field under any possible translation of this type. Such transformation inherit the name
gauge symmetry by the direct analogy with ordinary group field theory, and has a graphical
representation analogous to the one in Fig. 3.1b. Dually (upon Fourier transform), the gauge
symmetry translates into the closure constraint.

Proposition 4 (Closure constraint). The Fourier transform of the gauged projected field (1.70)

gives o
Fl(PL@)]=C-, (4.72)
where the element C € A is called closure constraint and it is given by
6= Y A3 (4.73)
Vi

The Fourier transformation of the gauge invariance condition (1.71) gives the identity
C-d)=9. (4.74)

As an element of the tensor product algebra A3, the closure constraint is interpreted as the
combination of three edges in the triangulation. Being given as the co-product of the delta
function, these edges are naturally interpreted as part of a discrete closed path. Therefore,
(1.72) implements the closure of the boundary of the (triangle) dual field ®.

SFor clarity, I call ® the field and & the dual field.
"When there is no risk of confusion I will use the symbol ¥ at the place of 33
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Action

In analogy with ordinary group field theories, the action of Hopf algebra field theory is composed
by a kinetic plus an interaction term (with coupling constant set to 1 for simplicity)

S=38c+Sy. (4.75)

The interaction term is defined as the proper product of fields respecting the combinatorics of
the tetrahedron.

Definition 12 (Interaction term). The interaction term of three dimensional Hopf algebra field
theory is

SV:/ (m(PLe@PLOPQ@PLPQPLP)). (4.76)
HS6
The map m is given in /J.5/.

Proposition 5 (Tetrahedron). The interaction term (1.70) can be expressed as an integral
operator in the two forms below

Sv:/ (V~(<I>®<I>®<I>®<I>>)=/ (V-(@odeen ), (4.77)
H12 Al2
where 1
V:ﬁ(/ ®id®12) Avéfll,
MlvH ™ (4.78)
V=—As' (CaCrCxC),

1
are the kernels of the tetrahedron amplitudes, resp. in the H and A representations. The co-
product Ay, was introduced in Def. 1, moreover the opposite delta functions 55" and §," in both
the amplitudes (1.78) are sixz dimensional delta functions.

Since each dual field is associated to a triangle, by construction, the interaction term represents
the composition of four triangles, with the combinatorics of a tetrahedron specified by the
product (4.34). The associated amplitude is thus interpreted as the boundary of a tetrahedron
in the triangulation picture, or as the bulk and boundary of its dual graph in the dual complex
picture, as in ordinary GFT. It is illustrated in Fig. 3.3a, and each of the delta functions in
(1.36) enforces one of the six loops of links, similar to Fig. 3.3b.

The kinetic term of Hopf algebra field theory is defined as the product of fields ®.

Definition 13 (Kinetic term). The kinetic term of three dimensional Hopf algebra field theory
18

S = /H - (70). (4.79)

Proposition 6 (Propagator). The kinetic term (1.79) can be expressed as an integral operator
i two different ways,

S = (/H@@/H) (K- (@) = (/A®/A> (K- (@), (4.80)

1 1
Vi Vi

are the kernels of the propagator amplitudes, resp. in the H and A representations.

where

IC:

(SP @7 oABs,, K= (id®* @ 1) 0 ABSL (4.81)
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As a product of two fields or dual fields, the propagator represents the identification of two
triangles or the identification or their dual graphs, and it has the same graphical representation
of the propagator amplitude of ordinary GFT, illustrated in Fig. 3.2.

In analogy with group field theory, the tetrahedron amplitude (4.78) encodes the smallest in-
formation (let me call it building block) of any Feynman diagram of Hopf algebra field theory
and the propagator amplitude (1.81) is used to merge several tetrahedra to construct arbitrary
Feynman diagrams.

The proof of propositions 5 and 6 can be found in [45].

Feynman amplitudes and partition function

Similar to standard topological quantum field theories, also Hopf algebra field theory can be
formulated as a state sum model, with partition that can be expanded as the sum over all the
possible discrete geometries weighted by the associated Feynman amplitude. The amplitude of
a given discrete geometry can be expressed either as a triangulation I' or as its dual complex I'*.

In particular, the Feynman amplitude of a triangulation I' in the A representation is simply
expressed as a combination of tetrahedron amplitudes (4.78) glued by the proper propagator
amplitudes (1.81).

Proposition 7 (Amplitude of a triangulation). Let I be the triangulation of a manifold (with no
boundary) built as the combination of M tetrahedra 7. The Feynman amplitude of Hopf algebra
field theory associated to T' is

/ I] (a¥5;! - Cecaclad). (4.82)
Al2M T

On the other hand, the Feynman amplitude associated to a general dual complex I'*, can be
expressed as a combination of loops made of an arbitrary number of bulk links (part of the bulk
graph of a tetrahedron). Each of such loops is the closed path spanning the face dual to an
edge (shared by a number, say N, of tetrahedra) in the triangulation. In line with the usual
interpretation of models of discrete geometries, each of these loops can be interpreted as probing
the local curvature around the respective edge, and hence, the Feynman amplitude associated
to a general dual complex is expressed as the sum over all such local curvatures.

Proposition 8 (Amplitude of a dual complex). Consider N tetrahedra of a triangulation T
sharing a single edge and let Ly be the closed loop, made of 2N half bulk links, that spans the
face dual to the edge. Let I'* be the complex dual to the three dimensional triangulation I", buult
as the combination of such loops Ly, with some given N for each loop. The Feynman amplitude
of Hopf algebra field theory associated to I is

Ap. =
{Ln}

NVN/ A5y, (2N71)—2N5[}1- (4.83)

A similar expansion of the Feynman amplitude can be realized in terms of the plane wave o, the
canonical element of the dual of the generalized quantum double D*(A, H, o). This explicitly
encodes the degrees of freedom of a given edge and the loop of links around it. As I will show
in Sec. 4.3.1, this expression is associated to the discretization of a BF' theory.
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Proposition 9 (Amplitude of a dual complex in terms of the plane-wave). Given the same set-
ting of the previous proposition, the Feynman amplitude of the dual complex I'* can be represented
in terms of the plane wave o, as

1
JR R N P Y
T H \/WVI_]IV 1N n ( 1-23—-4...(2N—-1) —2N ) ( )

{LnN}

Therefore, the Hopf algebra partition function can be expressed as

Z=) Ar=> A (4.85)
T I*

The proof of propositions 7, 8, 9 can be found in [45].

4.2.1 Topological invariance

Given two simplicial decompositions of a manifold M, there exists a finite set of transformations,
called Pachner moves, that map one simplicial decomposition into the other [120,121]. If the
Feynman amplitudes of a model of discrete geometries are invariant under the action of these
transformations, then the model does not depend on the specific simplicial decomposition chosen
and we say that it is topological invariant.

Proposition 10. The Feynman amplitudes of three dimensional Hopf algebra field theory is
topological invariant.

For a three dimensional simplicial triangulation, there exist two Pachner moves, denoted P 4
and P(y3). I provide below the resulting relation between the relevant amplitudes, and I refer
to [45] for more details about the proofs.

Pachner move F; 4. The Pachner move P 4 takes the amplitude of one tetrahedron (de-
noted Ay) into the amplitude of four tetrahedra (denoted Ay4). The (reduced) amplitudes of
one and four tetrahedra are

1 R n ~ N
AV:_3 / (676,472’6'75671‘67345'6123)7

Nl A6 (4.86)
Av4 =0 (C_1_3_2'C—51—4'C—642'C356)‘

H A6

The relation between the two amplitudes, encoded by the Pachner move P 4, is
1
(P Ay) = Aps = " Ay . (4.87)

Pachner move P33). The Pachner move Py, 3) takes the amplitude of two tetrahedra (denoted
Ay2) into the one of three (denoted Ays). The (reduced) amplitudes of two and three tetrahedra
are

1 A A A R A o
AV2 = % / (6—6—4—2 : C—56—1 ) C—345 'C—92—7 : C—819 : C387) )
“1 40 (4.88)
AV3 = E / (C—5—3—2 : C—45—1 : C—82—6 ) C—718 . C—963 . C479) .
A9
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Figure 4.1: The Pachner move F; 4y takes one tetrahedron in the combination of four. In the
triangulation it is realized by connecting the center of the tetrahedron with its four vertices.
The surfaces ranging between the center of the tetrahedron and any pair of vertices are internal
triangles. The four external faces of the initial tetrahedron thus become the external faces of
the four different tetrahedra that share the six internal triangles. In the dual complex, the move
is realized by taking four nodes (the colored ones on the right) at the place of the central node
(in blue on the left). Each node is connected to one of the four external links and to each of the
other nodes.

The relation between the two amplitudes, encoded by the Pachner move Fy 3, is

1
(Pzg) Av2) = Ays = 3 Ayz . (4.89)

In Fig. 4.1 and 4.2 I represent the Pachner moves P(; 4y and P2 3) in the triangulation picture
together with the transformations of the respective bulk graphs. The amplitudes associated to
the building blocks of any Feynman diagram of Hopf algebra field theory are invariant (up to
some constant factors) under the action of the Pachner moves. Hence, the HAFT proposed in
this chapter is a topological invariant model.

Note that, in the standard analysis of the three dimensional Pachner moves, the proportionality
constant for the move Py 4y amounts to the cube of the volume of the group (or Hopf algebra in
our case) that decorates the dual complex. Whereas, the proportionality constant for the Pachner
move s 3 is a single volume term. Geometrically, these terms amount to the difference between
the number of (independent) internal edges from the initial and to the final amplitudes of a given
move. In (1.87) and (4.89) we do not encounter the (usually) expected proportionality constants.
One can retrieve them by setting the normalization factor (1.62) to the identity, u = 1 (as in
the standard case), and by removing the volume term Vy in the definition of gauge projector
(1.70). This would prevent the operator Py, in (1.70) to be a projector, as it would satisfy the
identity P? = Vg Py, at the place of P? = Pr; but this choice would also lead to the standard
proportionality constants in the moves (4.87) and (4.89),

(P(1’4) Av) = Av4 = VI?)I AV 5 (P(Q’g) Av2) = AVB = VH Av2 . (490)

4.3 g-Deformed group field theory

In this part I consider a specific example of Hopf algebra field theory to construct the standard ¢-
deformation of a group field theory based on the SU,(2) group, with a real deformation parameter
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P(273) %
D

Figure 4.2: The Pachner move Py 3) takes two tetrahedra in the combination of three. In the
triangulation it is realized by connecting the vertices above and below through an internal edge.
The surfaces ranging between the internal edge and one of the three vertices shared by the two
initial tetrahedra become internal triangles. The three faces above, that initially belonged to a
single tetrahedron, now belong to three different tetrahedra. The same for the faces below. In
the dual complex, the move is realized by taking three nodes (the colored ones on the right) at
the place of the two initial ones (in blue on the left). Each node is thus connected to each other
by two of its links, plus to one external link above and one below.

q. After a quick overview of the underlying Hopf algebra ingredients, I show that this example
is equivalent to the original Boulatov construction [32]|, and it thus provides the Turaev-Viro
amplitude [46]. Moreover, I show how the plane-wave o allows to recover the discretization of
(Euclidian) BF theory in the presence of a (negative) cosmological constant.

Let the Hopf algebras H and A be the g-deformation of F'(SU(2)) and U (su(2)) respectively. Such
standard deformations [106] are the non commutative and non co-commutative Hopf algebras
denoted U, (an(2)) = F(SU,(2)) and U,(su(2)) = F(AN(2)). I consider the a real deformation
parameter ¢ = ¢, where £ has the dimension of a length and is the characteristic scale of SU(2),
while A has the dimension of an inverse length and is the characteristic scale of AN(2).

Let H, Xy be the generators of U, (su(2)) with the dimension of a length and obeying Hopf
algebra structure

Product: [H,Xy|=+20(X, - MXy =g XM
_ysinh(AH)
sinh((A) °
Co-product: AH=H®1+1®H
AX, =X, @1+e Mo X,
AX =X @M +10X_,
Co-unit: e(H)=¢(X4) =0,
Antipode: S(H)=—-H,

X, X ] = £

(4.91)
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Let ¢, ¢+ be the generators of F'(SU,(2)) with the dimension of an inverse length and with Hopf
algebra structure specified by

Product: [¢, 1] = —idpy = €Y. =qpie®?,

[or, 0] =

Co-product: A¢ = %10g <A_
%0

Apy =0y ® poe™™ + ey @ 0y, (4.92)
Ap_=p_ @)+ e @,
Co-unit: £(¢) =¢e(p+) =0,
Antipode: S(¢) = —¢,

(o™ ® poe ™ — LPp_ @ 90+)) :

with o = /1 — ¢ 102p_¢,. I use the PBW basis [117] for the two Hopf algebras, where the
elements are expressed as a linear combination of monomials in the generators:

{XYH X} mo € Up(su(2)) , {90! 0" Jatemo € Ug(an(2)). (4.93)

Note that the U, (su(2)) basis above is obtained by the standard symmetric deformation (with
generators {Ju, J3}) presented in [106], with the re-scaling

FirH
+ ) . .
Jr — et X, Js — H (4.94)

The F(SU,(2)) basis given above is instead obtained by the following change of coordinates on
the standard SU,(2) matrix element [106]

b —ilep il — —ilop
g= ¢ — g= woe Z, 4 = . ?006 ’ (4.95)
—qb* a” ilp,  e¥Ppy b=ilp_.
The Haar measures on F'(SU,(2)) and F'(AN,(2)) are resp. given by the standard ¢-deformation

of the Haar measure on SU(2) [106] and by the g-deformation of the Haar measure on AN(2),
in the coordinate basis used above.

Let me give here the relevant ingredients to construct the generalized quantum double and its
dual, and therefore the plane wave. The standard g-deformation of group field theory is given
by the choices H = F,(SU(2)) = U,(an(2)) and A = U, (su(2)) = F,(AN(2)).

Proposition 11 (g-Deformed group field theory: generalized quantum double). The generalized
quantum double (Def. /) associated to the q-deformation of group field theory is the Drinfeld
double of U,(su(2)):

D(Uy(su(2)), Uy (an(2)), o) = D(Uy(su(2)) = Uy (su(2)) > Uy (an(2)) (4.96)
with (or canonical) skew pairing
o (XLH' XY, P ¢%p5) = i€ 6,600k al[b]2!c] 2!, (4.97)

were

f—zfz 1_fn+7 gt =TTl (4.98)

i=1

are the q-number and the q-factorial. In [}5] also the mutual actions (1.12) are given.
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Proposition 12 (¢-Deformed group field theory: dual of the generalized quantum double). The
dual of generalized quantum double (Def. 7) associated to the q-deformation of group field theory
18

D(Uy(an(2)), Uy (su(2)), 0) = Uy (an(2)) 5 Uy(su(2)) , (4.99)
with skew co-pairing element given by the q-star exponential
o = €PN ool e (4.100)
* *q 2 ) .

where the q-exponential is defined as

n=1

0
In [45] also the mutual co-actions (1.52) are given.

Note that the plane wave (4.97) is similar to the exponential map obtained in [122].

Closure constraint and Feynman amplitude

As a concrete example, I derive here the closure constraint (4.73) and the Feynman amplitude
associated to a dual complex I'* (1.84) of Hopf algebra field theory, using the generalized quantum
double of U, (su(2)) above.

The closure constraint (4.73) is given by the delta function on U,(su(2)), which enforces the
following co-products to vanish
HRIQ1I+10H®1+1919H =0,
X oleol+eMeaX, @l+eMMee MM X, =0, (4.102)
X MM+l X @M+1010 X =0.

Such closure condition can be re-packaged as a product of three AN,(2) group elements [105].
The Feynman amplitude (1.81) is

1
Ar-= [ ¥ / [dodps ] V[AHAX ] el o aM ot 8T p-eXs (4.103)
{cy} SUa(2)

where I noted Vgy,(2) the volume of F'(SU,(2)), and for simplicity, I assumed p = 1.

Relation with Turaev-Viro model (with ¢ real)

In this part T will show how one can relate the amplitude (4.103) to the Turaev-Viro invariant [46].
To this scope, it is enough to explain how to recover the original Boulatov model [32]. In his
work, Boulatov defines a field theory based on the representations of a given group G, where the
fundamental field is expanded in the Fourier decomposition

m1 moms;k1 ko k 1
ZL‘ Y,z Z Z (I)J1J2J23 e 31)7]711711< )DZ‘S27L2( )Dg?%na( )
92,33 {mom.k} (4.104)
[ Dl @) Dl @)D ),

where z,y, z,w € G and Dﬁnn(x) are matrix elements obeying the orthogonality condition

1
/dx Dirlzl n1< ) ‘D‘?]?f,g 7L2( ) = d_ 5j1,j25m1,m25n1,n2 ) (4105)

J
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with d; being the dimension of the irreducible representation associated to j. Taking G =
SU(2), the matrix elements D, , () are the standard Wigner D-matrices, whereas — as Boulatov
explains — for G = SU,(2) the matrix elements D},  (x) become the g-deformed Wigner matrices
[106]. In Hopf algebra field theory, the fundamental field ¢ is an element of the tensor product
Hopf algebra H3. 1 defined the g-deformed group field theory as the Hopf algebra field theory
with the specific choice H = F(SU,(2)), for which we used the parametrization in terms of
the coordinates {¢4, ¢, p_} of the SU,(2) group element (4.95). Each field ® in Hopf algebra
field theory is thus given by the tensor product of three copies of the linear combination of
monomials gpi ¢ o . Therefore, to make contact between Hopf algebra field theory and the
original Boulatov model, T define the Fourier expansion for the fields ® € F(SU,(2)*3)

O= 30 DT @R DL L (s 0h) Dl ({9 0)2) DR, ({02, 0)a)
i1,32,J3 {m,n,k} (4106)
[ 46600 Dl (16 ) Dl (161 ) Dl (16 6D

where I used the symbol {¢., ¢}; for the monomial in the coordinates {¢, , ¢, p_} in the i** tensor
space. Once again the D{nm are matrix elements obeying the same orthogonality condition. Note
that the above Fourier expansion holds for any Hopf algebra of functions on a Lie group G or
its deformation F(G,). However, for what concern us, it is enough to focus on the case of
H = F(SU4(2)). In this case, the partition function of the Boulatov model, and thus the one
of Hopf algebra field theory (1.82) as well, is given in terms of the ¢-deformed 6-5 symbols and
allows to recover the Turaev-Viro invariant [46] with ¢ real.

4.3.1 Plane-wave and discretization of the BF' action

The amplitudes of Hopf algebra field theory, expressed in terms of the plane-wave. Since Hopf
algebra field theory is a topological model, one would expect that it should be related to the
BF-action. More concretely, I am going to show that the Feynman amplitude (4.103) provides
a regularization or discretization of the BF amplitude e*5r where S is the BE action with
cosmological constant.

BF action

Let us focus on the Euclidian case with a negative or null cosmological constant A < 0, which
corresponds to the the deformation with a real ¢ deformation parameter [123|. The fundamental
fields are the frame field e and the connection A, which are respectively 1-forms with values in
the boosts K and in the Lie algebra su(2). Noting (, ) the Killing form of s((2,C), the BF
model is governed by the action

Shrld. = [

A
e <F+—(e><e)>). (4.107)

6

The frame field variables are difficult to quantize since they are valued in the boosts. It was
shown in [105] that it is convenient to do a canonical transformation

Wy = A[ + E[JKnJeK s nI = (0,0,)\) s TL2 = )\2 = —A, (4108)

which makes the frame field discretizable with values in the Lie algebra an(2). With this new
connection the action becomes, up to a boundary term,

Shplw,e] = / (" NFr+XegA(wy Aem +w_Aey)). (4.109)
M
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Let me emphasize that this action depends on two constants: the Newton’s constant G (relate to
the length ¢) and the cosmological constant (related to A). As mentioned earlier, the constant ¢
typically encodes curvature of SU(2), while A encodes the curvature of the group AN(2). Hence,
when looking at the action (4.109), one can take two limits, the first is A — 0 which leads to the
ordinary BF theory with zero cosmological constant, and second one, less common, is ¢ — 0,
which can be related to a model with zero gravity but a non-commutative space-time [116,124].
In [105] it was pointed that the underlying symmetry structure of the action (4.109) is the
classical Drinfeld double s[(2,C') = su(2) > an(2), which in the two limits above become

@) @ su(2) x R®  for A=0, (4.110)
su(2) > an — .
R® xan(2) for £=0.
In order to highlight the different symmetries, one can re-write the action (4.109) to
A 1 1
Shrlwrel = [ ((e, dwh+ 3o, [, wla) + 5{le, clanc s ) (4.111)
M
which thus reduces as
u 1
S;}(,Z) :/ (e, dw + é[w, Weu2)) , for A =0,
Sprlw.e]  — M (4.112)

1
Spy —/ (de +5le elan), w), for £=0,
M

where a boundary term was omitted in the second expression.

Deiscretization of the BF amplitude

Let me recall the main aspects of the standard discretization procedure of a BF theory with no
cosmological constant based on a general symmetry group G, with action Sgp = [ wm (BAF[A]).
The field B is a g* valued one form and A is a g-valued connection. The 3d manifold M is
discretized on a cellular decomposition I', noting I'* its dual complex. According to the Poincaré
duality, the fields B and F' are discretized on the dual structures. The standard choice is to
discretize B on the triangulation T', and the curvature F[A] along an holonomy g. € G forming
a closed loop in I'*. In this construction, one can typically attribute to each link /; an holonomy
gi € G, such that g. = [[} ¢;- Upon quantization, such product is actually characterized by the
co-product

ge=o — A", (4.113)

where the discrete variables of each tensor space of the co-product A™ are associated to one of
the links of the loop g¢. that defines the boundary of a surface dual to an edge. The B field is
discretized on such edge as a d dimensional vector x, € R%, where d is the dimension of G. The
natural discretization of the three dimensional BF' action is thus

iSBrIAB]  gloeX)  _y pATIEXe — (AT @ id) 9% (4.114)

where A"g®x, is the quantization of (g., x). The same discretization procedure can be realized
using the coordinates on the groups G and RY, p®(g.) € F(G) and z,(x.) € F(RY):

¢SBFIAB] oy l9eX) — b iz (AT B5a _ (AP @ id) P ETa (4.115)

o7



This time A"p* ® x, is the quantization of p® - x,. As alluded earlier, I would like to identify
the plane wave o as a generalized notion of the exponential e?*®%  associated to a single link
of I'" and to a single edge of I". Taking the plane wave (1.100) as an example, the main
difference is that this is expressed as a product of three (x-q) exponentials, while e?*®% is a
single exponential. However, one can always use the BCH formula and a change of coordinates
to re-package any plane wave, expressed in an arbitrary parametrization, as a single exponential.
We do not expect that the discretization of a BF amplitude is affected by such choice. Note
that a similar argument for the parametrization of the Lorentz group was already raised in [94].
Therefore, since the Hopf algebras associated to SU(2) and AN(2) can be derived as the limiting
cases A = 0 or £ = 0 from the ¢ deformed case (as it is shown in [45]), and since the BF' actions
(4.112) can be obtained from the BF action (4.109) in the same limiting cases, their associated
amplitudes are discretized on the g-deformed plane wave (4.100) in such limits:

. 2) su(2) . . .
618153“12 — zS u( _ (An ® ld) (6190+®X— ezd)@H QX4

2 * -2 },\:0’
iSan(2) ZSan(?) n . :QZ+®X7 i H 7::017 X (4 1 16)
e®rr = (A" ®id) (e*q2 ey €2 )‘z:a'

I recall that for ¢ # 0 and X # 0, the underlying symmetry structure of the BF model governed
by the action (4.109) is the double su(2) b« an(2). Hence, the plane wave (4.100), which is
the canonical element of the generalized quantum double D*(U,(su(2)),U,(an(2)), o), provides
a discretization for the amplitude of a BF model with negative cosmological constant governed
by the action (4.109):

eiSEF[“%e] - (An ® ld) ( I<P+®X7 ez¢>®H €Z<P ®X+) ) (4117)

* *q~

Discretization of the BF' action

The formula above provides the discretization of a BF amplitude. In order to make contact
between the classical fields and the discrete variables, one would need the explicit discretization
of the BF action as well. To this scope, one would need to use the BCH formula for the g¢-
deformed plane wave (4.100) and then a (simultaneous) change of coordinate that involves the
generators of both the Hopf algebras U, (su(2)) and U,(an(2)). As the complexity of the BCH
formula prevents us to derive the full expression, we truncate the formula at the first order in ¢,
A and /A

i+ RX ip_RX _
U_G@Jr €i¢®H ):P; X+ €w+®X ld)@H w X+

'L<p+®X,+z¢®H+up,®X++§[¢®H,¢+®X,]7§[¢®H,@7®X+}+%[g07®X+ P ®X_]

~ *
~ €i<p+(1+i€¢)®X_+i(1+i£¢)ga_®X++i(¢f%£go+cp_)®H+% (p-@HX 4 —p 1 @X_H) ‘ (4.118)

The discretization of the BF action Spplw,e] — &7 is then realized by taking n'* the co-
product of such expression. According to the discussion above, for / = 0 or A = 0, one obtains
the discretization of the actions (1.112) associated to a BF model based on the Lie groups AN(2)
or SU(2) respectively

S e] - 8§70 = (A”®1®(¢+U:+M¢N®X;+—u+¢&w¢_@mx++(¢—§%¢+¢_)®fﬂ—%OM%.

SEPw,e] = S0 =(A"@id) (py ® X_(1— 5H) to_ @1+ )\H)X+ +o® H)+ 00\,

(4.119)
In the general case, for £ # 0 and A # 0, since we discarded all the terms of the order ¢\, the
deformation parameter ¢ is automatically set to 1 and thus, according to (4.92), the F/(SU,(2))
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co-product reduces to the F(SU(2)) co-product. Therefore, noting that the first three terms of
(4.118) coincide with the discrete action §}=°, the BF action (1.109) with negative cosmological
constant is discretized, with the precision fixed at the first order in ¢ and A, as

Spplw,e] = Spp'lw, €] + A (w_AesAey —wy Ae_ Aes)

o 1
- S =87+ §>\ (A"®id) (- @ HX, —p, @ X_H). (4.120)

4.4 Remarks and perspectives

In this chapter I discussed a model based on Hopf algebras that provides the description of
three dimensional discrete geometries. The formulation of the model is inspired by the notion
group field theories in Ch. 3, where the fundamental degrees of freedom are encoded in a gauge
invariant field and the partition function is expressed as a sum over the amplitudes associated
to cellular decomposition of a three dimensional manifold.

The field theory is discussed both in the configuration and momentum spaces, and a map (gen-
eralized Fourier transform) between the two is provided. The object used as the kernel of such
transformation is a generalized notion of plane-wave, used as the central object to construct the
amplitudes of the model.

The main scope of this work was to provide a field theory generating curved discrete geometries
as Feynman diagrams, in such a way that the amplitudes would provide a discretization of the
BF amplitude with non-vanishing cosmological constant, which is interpreted as the insertion
of an homogeneous curvature of the three dimensional manifold.

Let me now mention several directions that I would find interesting to explore.

Relation with integrable systems. The canonical element associated to the dual Hopf
algebras also appeared in the context of integrable systems under the shape of the transfer/-
transport matrix, or T-matrix [122,125,126]. In this context, one considers a lattice whose sites
are associated with a T-matrix o. It can be written as

o=e"", (4.121)

where L = z - k originates from a Lax pair and the 2% are the dynamical variables, which can be
seen as generating a Lie algebra g,, while the k; are the generators of the Lie algebra g,. One
can multiply the T-matrices sitting at different sites, with dynamical variables = and z’ to obtain
a new one " = x @ 2’. This is precisely the structure that one would expect from a plane-wave.
The dynamical variables are equipped with a Poisson bracket which induces a Poisson structure
for the T-matrix. Such Poisson brackets are expected to be compatible with the product of the
T-matrices. The main features of the T-matrix are thus captured by the expected plane-wave
properties

ix-k1

Oz k10zky = € em'k2 — ew'(’ﬁ@kz)

= Oulln@ha) (4.122)

_ dxi-k _txok (1 ®xo)k
Ux17k0x27k—€ Thettz —6( 1822) :U(x1@x2)-k'

Note that, at the quantum level, by performing some projection in terms of representations,
we can recover from the T-matrix the notion of R-matrix [106] which also play a fundamental
role in the study of integrable systems. It would be interesting to explore whether the fact that
this common structure appears both for integrable systems and 3d gravity could clarify some
interesting questions, such as holography for example.
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Generalization to quasi Hopf algebras. Hopf algebra field theory relies on associative and
co-associative Hopf algebras. The original TV model is defined for quasi Hopf algebras — in which
the associativity condition is released — obtained by a deformation of SU(2) with ¢ being the
root of unity. These class of Hopf algebras are particularly relevant in physics as they provide a
natural regularization in the UV. It would be interesting to explore how the framework proposed
in this chapter extends to this case.

Introducing matter. To include matter degrees of freedom (as topological defects) in a 3d
group field theory, Krasnov pointed that one can use the Drinfeld double of a group G, D = Gx g*
as the gauge symmetry group of the model [127]. Hopf algebra field theory encodes this case as
an example, and sets the ground to describe its g-deformation:

e H=F(SU(2)) and A = U(su(2)): standard group field theory, with no matter degrees of
freedom and A = 0;

o H=F(SU,(2)) and A =U,(su(2)): g-deformed group field theory, with no matter degrees
of freedom and A # 0;

e H = D*(U(su(2))) and A = D(U(su(2))): Krasnov group field theory, with matter degrees
of freedom and \ = 0;

e H = D*(U,(su(2))) and A = D(U,(su(2))): g-deformed Krasnov group field theory, with
matter degrees of freedom and A\ # 0.

Moreover, as I will discuss in details in the next chapter, in some cases, the Drinfeld double is
a semi direct product of groups and thus can be re-phrased in an higher categorical language.
I refer to the next chapter for more details, and for now I would like to emphasize that, under
this perspective, Krasnov’s model [127] is likely to be an example of a three dimensional group
field theory based on 2-groups.

Kitaev model. In [128] it was shown that the Kitaev models are equivalent to the combina-
torial quantization of a Chern-Simons theory [108,109,129]. The latter is a topological theory
of three dimensional lattices whose underlying symmetry is given by quantum groups. The Ki-
taev model [130] is a topological model that describes two dimensional quadrangulations of a
manifold with topological defects [131]. The quadrangulation is normally decorated by elements
of a finite group, and was later extended to the case of finite dimensional semi-simple Hopf
algebras [132]. The model was then rephrased in a language very similar to Hopf algebra field
theory in [128,133], as a gauge theory based on finite dimensional semi-simple Hopf algebras.
In [128] it is also pointed that the Turaev-Viro amplitude [46] is associated to the protected
space of the Kitaev model, in the sense that the ground state of the Kitaev model can be seen
as the Hamiltonian analogue of the TV model. The fact that also Hopf algebra field theory was
shown to be related to the TV model (with ¢ real) suggests a relation between Hopf algebra field
theory and the Kitaev model, and I would find interesting to explore this analogy in detail.

Four dimensional model: quantum 2-groups. Despite the HAFT can be easily general-
ized to the d dimensional case, I discussed the three dimensional version of the model for two
reasons. First, in 3d it is easier to visualize the underlying geometric objects. Second, in the
four dimensional case, instead of using Hopf algebras one should have used a categorified version
of Hopf algebras. I will extensively discuss this point in the next chapter, to which I refer for
this outlook.
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Chapter 5
2-Groups 1In quantum gravity

Despite the success of (quantum) groups as a tool for three dimensional quantum gravity, it has
been argued that they do not encode the correct amount of degrees of freedom to describe the
quantum states of four dimensional geometries. I would like to mention two arguments in this
regard:

i. the need of edge degrees of freedom

x state sum models of four dimensional discrete geometries with no edge decorations
contain degenerate discrete geometries [110];

* according to the Eckmann-Hilton argument [134], edge degrees of freedom are needed
to describe curved discrete geometries characterized by non-abelian face decorations;

ii. the use of I-holonomies and 2-holonomies [135] is necessary to encode all the topological
degrees of freedom of a four dimensional geometry.

Let me explain in more details these arguments.

Edges degrees of freedom. In most of the approaches to four dimensional quantum gravity
— especially the quantization procedures associated to LQG, spin foam models or group field
theories — there is no edge degrees of freedom. From a discrete geometry perspective indeed, the
standard approach is to use group elements as the holonomies attached to the links (1d) of the
graph dual to a simplicial decomposition. These are needed as they encode the information about
the parallel transport on the manifold. Due to the Poincaré duality, the conjugate momentum
of such holonomies is encoded in the dual face (2d) of the triangulation. The one dimensional
information of the triangulation in this picture is clearly lacking.

More explicitly, when formulating gravity as a constrained four dimensional BF model, the
fundamental variables are the connection A, a one-form, and the B-field, a two-form. The latter
is related to the frame field e through the simplicity constraint, which re-writes the B-field as
a (dual) bi-vector B = xe A e. Nevertheless, from the Hamiltonian analysis, the frame field
does not appear as a phase space variable, and the bi-vector remains the fundamental degree of
freedom both in the classical and in the quantum theory. Despite some attempts to formulate
a quantum gravity model based on the quantization of the frame field [136, 137], the lack of
edge degrees of freedom was never considered as a real issue, and most of the times it has been
disregarded. Hence, one can reasonably wonder why the lack of edge degrees of freedom should
be a major issue and why it is a fundamental argument to believe that (quantum) groups do
not encode the necessary information to describe quantum gravity in four dimensions.
According to [110], a state sum model based on just face or bi-vectors decorations contains
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Figure 5.1: The four squares are decorated by the elements h; € H, for « = 1,2, 3,4. We merge
them in two different ways and demand that the decoration of the resulting surface is the same
in the two cases. This implies hohs = hshs, and thus the group H has to be abelian.

degenerate geometries. One can construct the Hilbert space of a four dimensional geometry
using the algebraic data of an abelian group (or a commutative quantum group) to label the
surfaces of such discrete geometry. In this way, there is no information about the boundaries of
these surfaces. It turns out that the quantum states associated to such discrete geometries are
degenerated: different geometries will be associated to the same quantum state. In [110] it is
argued that, in order to fix this issue, and thus to properly distinguish different geometries, one
needs to be able to differentiate their boundaries. Therefore, having access to edge degrees of
freedom would lead to a non-degenerate state sum model.

Moreover, it is now widely accepted that in three dimensions the proper symmetries of a quantum
gravity model are governed by quantum groups (see [105] for a recent derivation). As I explained
in the previous chapter, the main reason for the appearance of quantum groups is that they allow
to describe quantum states of curved configuration spaces and curved momentum spaces at the
same time. In four dimensions, even using quantum groups this would not be possible due to
the Eckmann-Hilton argument.

Proposition 13 (Eckmann-Hilton argument). [134] Consider a cellular decomposition with
two dimensional surfaces decorated by the elements of a group H. If there is no decoration on
the one-cells, then the group H must be abelian.

A simple representation to explain the Eckmann-Hilton argument is given in Fig. 5.1. By
decorating the faces of a cellular decomposition and the links of the dual complex with elements
of a (quantum) group, due to the Eckmann-Hilton argument, the face decorations are elements
of an abelian group (or commutative quantum group). Therefore the four dimensional geometry
under consideration can not be curved.

There is a further detail: using (quantum) groups to describe these geometries, we can only
decorate either the one dimensional or the two dimensional objects of a given decomposition.
Since we have no control (no decoration) on both the one and two dimensional pieces, it is not
clear whether the geometry can actually be curved. This issue has been taken in consideration
only a few times in quantum gravity, in particular in the models of twisted geometries [138-141].
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(a) The one dimensional (b) The one dimensional (¢) The two dimensional holonomy
holonomy encodes the holonomy encodes the curva- (closed polyhedron decorated by the
curvature  around  a ture around a string-like de- 2-connection) encodes the curvature
point-like defect in 241 fect (1d object) in 3+1 di- around a point-like defect in 341 di-
dimensions. mensions. mensions.

Topological degrees of freedom. As I emphasized a few times now, one way to construct a
model of four dimensional quantum gravity is to describe first a four dimensional geometry, and
then implementing the gravitational degrees of freedom by constraining the topological model.
With this in mind, one would expect to be able to encode all the topological degrees of freedom,
such as the topological defects of a cellular decomposition (I suggest to read [142] for a more
detailed explanation). These defects can assume different interpretations in different approaches,
see for instance [131,143]. It is reasonable to assume that their description is necessary to provide
a proper model of quantum gravity. In a 241 dimensional model, one example is the point-like
topological defect, used to introduce matter degrees of freedom. Here the quantum states are
parameterized by the two dimensional triangulations or their dual graphs. In order to capture
such defect, one has to be able to compute the curvature around it. Usually, one would use the
elements of a (quantum) group to define the holonomy associated to the loop of links around the
point-like defect (as I did for GFT in Ch. 3, or in in Hopf algebra field theory in Ch. 4). This
holonomy encodes the local curvature around this point, as in Fig. 5.2a. In four dimensions
the analogous example is slightly more complicated. Here one expects to encode, not only the
zero dimensional defects, but also the one dimensional ones, as represented in Fig. 5.2b and
5.2c. In this case, the connection associated to one dimensional links are used to encode the
curvature around a one dimensional defect, Fig. 5.2b; to encode the curvature around a single
vertex (point-like defect) of the discrete geometry, one needs the information on the surfaces of
the dual complex, Fig. 5.2c. By analogy, this suggests the need of one and two dimensional
connections, which resp. leads to the notion of 1- and 2-holonomies, see [135].

In particular, 2-groups have been identified as a natural tool to describe topological features
of four dimensional manifolds. They can be seen as the natural generalization of groups: they
would automatically provide a notion of 1- and 2-holonomies, as well as decoration on both the
one and two dimensional objects of a discrete geometry. However, due to their high complexity,
a complete theory of (quantum) 2-groups and their representation is still lacking. Indeed so far,
the application of 2-categories in quantum gravity has been restricted to a few simplified cases.
Nevertheless, the Euclidian and Poincaré 2-groups [144] and their representations [145-147]
have successfully been used to construct a state sum in the KBF model [148-151]. A more
general state sum model based on 2-groups was proposed by Yetter [152] in three dimensions
and generalized by Mackaay in four dimensions [153, 154]; however, due to the lack of a Fourier
expansion, the analogue of the Peter-Weyl theorem for 2-categories, it is not possible to express
the Yetter amplitude in terms of representations for a general 2-group. As the Yetter model
is constructed in the triangulation picture, its dual model has been recently proposed in [140],
where the graphs dual to the triangulations are called G-networks and decorated by elements of
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the Poincaré 2-group. It was shown that such model is related to the KBF amplitude and to
the work [155], where the BFCG theory was shown to provide the proper classical action that
gives the Yetter model upon discretization.

In this chapter, I will first provide a brief summary of the main aspects of 2-group theory. Then,
I will discuss how to construct the phase space of a triangulation of a three dimensional manifold
using (a specific class of) 2-groups. The importance of this preliminary step is twofold:

e to provide a more refined description of the phase space of three dimensional triangulations,
that can be used to define the states (Hilbert space) of an eventual 3+1 dimensional model
of discrete geometry;

e to derive some insights on the combinatorics and on the proper construction of cellular
decompositions with decorations on 1- and 2-holonomies'.

This part is based on [47], a work in collaboration with F. Girelli and P. Tsimiklis. In the
last part of the chapter, I will then move on to the definition of a group field theory based on
2-groups. This part is taken from [48|, which is a project in collaboration with F. Girelli, A.
Tanasa and P. Tsimiklis. We provide the partition function of the new model as a state sum,
proving its topological invariance. These new results agree with the other works, such as the
construction of G-netowrks in [140] and thus the KBF model.

For the sake of clarity, it is worth to fix some conventions here. I will call 2-graph the graph
with decorations on both one and two dimensional objects. Similarly, the nomenclature 2-
triangulation and dual 2-complex are used to recall that both 1- and 2-holonomies are decorated.
Moreover, 1 call vertex, edge and face respectively the 0d, 1d and 2d dimensional objects of a
2-triangulation. While the 0d, 1d and 2d dimensional objects of a dual 2-complex are called
node, link and wedge.

5.1 2-Groups

In this section I will give a short overview of the 2-group theory. For the interested reader, I
strongly suggest [135] for a deeper review of the main aspects of the theory, specially the proper
formulation of 1- and 2-holonomies. See also [156-158] for more details on 2-group theory.

Definition 14 (Strict 2-group). A strict 2-group, also known as crossed module, is given as the
set of

e a pair of groups G and H of 1-morphisms and 2-morphisms;
e a group homomorphism t : H — G that sends each surface decoration h;

e q left action>: G x H — H,

such that
t is G-equivariant: t(g>h) = gt(h)g™ ", (5.1)
the Peiffer identity holds: t(h)>h = hh'h™ . '
Let the element of the 2-group G = (G.H, t,>>) be the pair (h, g), with h € H and g € G. The
l-morphism g is the source of the 2-morphism h, while its target is (h)g. Group elements can
be interpreted as holonomies that carry the parallel transport between two points (states) of a

!These insights will be fundamental for the construction of the 2-group field theory in Sec. 5.3
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Figure 5.4: Horizontal composition of the 2-group elements (hy, g1) and (hs, g2).

(

manifold, Fig. 5.3a; similarly, 2-group elements, represented as digons in Fig. 5.3b, are naturally
interpreted as the pair of 1-holonomies encoding the parallel transport between points (states)
of a manifold, and the 2-holonomies that carry the parallel transport between 1-holonomies. A
pair of 2-group elements (h,g;) and (hs, g2) can be composed horizontally or vertically. They
are vertically composable only if the target of the first 2-holonomy coincides with the source of
the second 2-holonomy: ¢(hi)g; = g2. The compositions for the 2-group elements, illustrated in
Fig. 5.4 and 5.5, are

horizontal composition: (hy, g1) o (he, g2) = (h1(g1 > h2), g192) , (5.2)
vertical composition: (1, g1) - (he, g2) = (hiho, 1), t(h1)g1 = g2 (5.3)
The horizontal and vertical compositions are compatible, in the sense that they obey to the

interchange law
(0 - ) o (g - a2) = (@) 0 @) - (1 0 ). (5.4)

A 2-group is a group under the horizontal composition, namely there are a unit and an inverse
elements:

Horizontal identity: (1,1),

5.5
Horizontal inverse: (h,g) """ = ((g'>h) g ) =(g'ohtgh). (55)

The 2-group is instead a groupoid under the vertical composition, which implies that the unit
and the inverse are not unique elements. One can indeed identify a pair of left and right vertical

|

h
o = h2h1 o
ha

S

Figure 5.5: Vertical composition of the 2-group elements (hq, g1) and (he, g2), with go = t(h1)g;.
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identities with a single inverse element:

Left vertical identity: (1,g),
Right vertical identity: (1,t(h)g), (5.6)
Vertical inverse: (h,g)™" = (h™',t(h)g).

The left and right unit elements of (h, g) satisfy the identities (1,¢) - (h,g) = (h,g) and (h, g) -
(1,t(h)g) = (h,g), for all (h,g) € G. Similarly, the vertical inverse satisfies the left or right
identities (h,g)~ ' - (h,g) = (1,t(h)g) and (h,g) - (h,g)"'V = (1, 9).

Strict 2-groups are thus specified by a pair of groups, an action and the ¢-map, together with
the compatibility relations (5.1). In the definition above, I used a left action of G on H, but one
could use equivalently a right action. In this case the G-equivariance and Peiffer identity are

G-equivariance: t(h<g) =g 't(h)g,

5.7
Peiffer identity: h'<t(h) =h 'Wh, (5.7)
while the horizontal and vertical compositions for a pair of 2-group elements are
horizontal composition: (g, k1) o (g2, ha) = (9192, (h1 < g2)ha) (5.8)
vertical composition: (g1, h1) - (92, h2) = (g2, hal1), g1 = gat(ha) . (5.9)

Note that also the expression of the target of the 2-holonomy h is different: in the convention
with the left action the target of h is the 1-holonomy #(h)g, while in the convention with the
right action the target is instead gt(h). This is related with the main difference between the
two conventions: the root of the 2-holonomy. The root can be seen as the point in the digon
where the 2-holonomy is attached. In the first convention the 2-holonomy A is rooted at the
source of the 1-holonomy g, while in the second convention it is rooted at its target. I refer to
the reference frame part of the next section for a deeper understanding of the rooting and its
relation with left or right action.

5.2 Phase space of a three dimensional triangulation

This section is based on [47], a project in collaboration with F. Girelli and P. Tsimiklis. I will
introduce the concept of phase space for a simplicial three dimensional 2-triangulation, even if
the construction that I will introduce holds for a general cellular decomposition. The symplectic
reduction is the mathematical tool used for this construction, and it will be discussed in the
first part of the section. As I already mentioned, the use 2-groups in place of ordinary groups
allows to describe curved geometries. However, we did not consider the most general problem
of a fully curved geometry. Instead, we focused on a specific class of strict 2-groups, called
skeletal 2-group [135]. As T will show in a moment, skeletal 2-groups are naturally interpreted
as decorations of cellular decompositions with (possibly) non-abelian (curved) 1-holonomies and
abelian (flat) 2-holonomies. Despite this choice precludes the description of a completely curved
geometry, which is the main argument to use 2-groups at the place of groups, skeletal 2-groups
encompass the Poincaré 2-group [144] as a key example, and its natural generalization, known
as k-Poincaré 2-group, see [159].

Moreover, this construction will still bring several interesting intuitions on how to deal with the
combinatorics of a 2-triangulation and a phase space with decorations on links, edges, wedges
and faces. These insights will be used in the next section to build a 341 dimensional field theory
based on more general 2-groups. The states (three dimensional geometries) of such field theory
will be the 2-triangulations or the dual 2-complexes.
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Skeletal 2-groups and semi-dualized Lie (bi-)algebras

AsT already mentioned, this work provides the construction of the phase space of a 2-triangulation
decorated by a skeletal 2-group.

Definition 15 (Skeletal 2-group). [135] A skeletal 2-group G = (G,H,t = id,>) is a special
class of crossed modules with a trivial t map, namely t(h) = 1, for all h € H.

The triviality of the ¢ map for skeletal 2-groups has three main implications:

« due to the Peiffer identity (5.1), the group H is abelian;

* the holonomy around a single 2-group element (boundary of a digon) is flat, ¢'g~ = 1,
where ¢ and ¢’ are resp. the source and target of a given 2-holonomy h;

% the vertical composition reduces to the (opposite) multiplication of the group H.

According to the above points, the notion of skeletal 2-group does not stray too far from the
concept of group. Indeed, besides the second point, according to which the parallel transport
along the closed holonomy ¢'g~! around any surface is flat, the algebraic structure of a skeletal
2-group G = (G, H,t = id, ) is similar to that of a semi-direct product of groups G = H x G,
with H abelian. In the following, I will extensively make use of this similarity to deal with

skeletal 2-groups.

According to this perspective, we will discuss the construction of phase spaces of skeletal 2-
groups bearing in mind they behave as semi-direct product of groups. There exists a natural
notion of phase space when dealing with groups, which is the associated cotangent bundle. As
already mentioned in Ch. 3 and 4, the cotangent bundle of a group does not allows to include
curvature on both the configuration and momentum spaces. To have curvature everywhere,
one has to use quantum groups (as we did in the previous chapter) or eventually Poisson Lie
groups, which I review in App. A. The natural generalization of cotangent bundle in the case of
Poisson Lie groups is known as Heisenberg double [160,161]. It is closely related to the notion
of symmetries on the phase space, provided by the Drinfeld double. T discuss their definitions in
App. A as well. For the reader who is not familiar with these concepts, I suggest to go through
this appendix to have a complete understanding of this section.

The core idea behind the notion of Heisenberg and Drinfeld double is that, given a Lie group G
and its Lie algebra g, there exists a natural notion of dual Lie algebra g*; this notion is associated
to the concept of Lie bi-algebra. The integration (exponentiation) of the dual Lie algebra leads
to the dual Lie group G*. The external (Cartesian) product of a Lie group G and its dual group
G* in general is equipped with a pair of mutual actions; moreover, it can be further endowed
with a bi-linear map, known as Poisson bracket. There are two standard choices for such Poisson
structures [162]:

> symplectic Poisson structure: the group H = G <1 G* =2 G* 1 G is called Heisenberg
double and has a natural interpretation as the (curved) phase space of G. It is equipped
with a ribbon equation

d=th=hl{  with deH, hheG, (lecG". (5.10)
The ribbon relation, allows to define the mutual left and right actions between G and G*

(bh=h, (<h=10, hol={(, hal=h. (5.11)
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> Poisson structure compatible with the group product: the group D = G < G* =2 G* <1 G
turns into a Poisson Lie group, it is called Drinfeld double and has a natural interpretation
as the group of symmetries on the phase space.

One can read [161, 163] for more details. In the case of 2-groups, these concepts should be
extended to include the compatibility relations with both the horizontal and vertical products.
For what concern us, by viewing skeletal 2-groups as semi-direct product of groups, the notions
of Heisenberg and Drinfeld doubles are trivially generalized. In order to fix the notation, let me
summarize how to construct the tangent space associated to a semi-direct product of groups and
its dual Lie algebra. The full details of this construction are given in [47|, and the main steps
are summarized in App. A.

Consider a pair of Lie bi-algebras g; and g, with generators e’ € g; and f* € go. Let both
these Lie bi-algebras have non-trivial Lie brackets with resp. structure constant ¢/, and d,
and trivial Lie co-algebra structures. As a consequence, their dual Lie bi-algebras g} and g5 have
trivial algebra sector (trivial Lie brackets) and non-trivial Lie co-cycles. One can further define
a pair of mutual actions between the Lie bi-algebras g; and g, defined in terms of the structure
constants a¥/;, and S, such that they form a matched pair of Lie bi-algebras. Dually, the Lie
bi-algebras g and g; are equipped with a pair of mutual co-actions that make them a matched
co-pair of Lie bi-algebras. By construction, the double cross sum g; < go and its dual double
cross co-sum g; »« g5 are Lie bi-algebras. Putting the two Lie bi-algebras together one gets the
classical double

0 = (g1 > 92)°" X (g7 »=93), (5.12)
where cop stands for an opposite Lie co-cycle. However, this is not yet the structure of interest.
We consider the semi-dualization that takes the double cross sum g; > g, into the bicross sum
g2 v« g;. The semi-dualization amounts to exchange some of the configuration variables with
the associated momentum variables. Denote b the resulting classical double

b = (g2 04 91)" > (g2 > 01).- (5.13)
The Lie brackets and co-cycles of the Lie bi-algebras (go >« g})®? and (g5 » g1) are
£ P =g g0, = (=0,
[6: ) fj] = 6jkiezv [617 f;] = amjfl: )
Ogaragt (1) = —0¥iej A S*, Oggras (€) = B 67 A i, -
. 1 . . Lo . . 5.15
592><BT (62) - _éc]kiej N ey, 593»«91 (fz) = §djkifj A fk :

Since the Lie bi-algebras g, »« g7 and g} » g; are dual each other, their natural mutual actions
are encoded in the respective co-adjoint actions, that induce the cross Lie brackets

[fi*’ f]] — djkif: + ajkiez 7 [ei’ e;] _ Ckijez + 5kijf;,
[ei ) f]] = _Oéjikfk - ﬂjikek ) [e;k ) f;] =0.
An explicit realization of this construction are the Poincaré and k-Poincaré bi-algebras, presented
in App. A. Note that there exist a notion of Lie 2-bi-algebra [164,165] (and skeletal Lie 2-bi-
algebra), and in [47] we show that it coincides with the above construction. The classical double

b is thus equivalent to the one defined in [166] for skeletal Lie 2-bi-algebras. Upon exponentiation
of such Lie bi-algebras, one recovers a pair of skeletal crossed modules

(5.16)

Gxg — G=GixGCG, goxg — G =GCyxGl. (5.17)

Accordingly, the classical double b becomes the double cross product B = (G x G}) > (Ga x GY),
which can be equipped with a symplectic Poisson bracket (that turns it into an Heisenberg
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double) or with a Poisson bracket compatible with the group multiplication (that turns B into
a Drinfeld double). Since both Gj and G are abelian groups, both (G5 x G1) and (Gs x G¥)
can be viewed as skeletal 2-groups (more precisely, as skeletal Poisson crossed modules [165]).
Therefore, the double cross product B, equipped with a symplectic Poisson structure, becomes
the natural notion of phase space for the skeletal 2-group G. This will be the fundamental object
(the building block) to construct the phase space for our three dimensional 2-triangulation.

5.2.1 Symplectic reduction

In this section I shortly review the main concepts of momentum maps and symplectic reduction,
see [167] for the general set up. The symplectic reduction is the essential tool to build phase
spaces by fusing together smaller ones. In this section, the Heisenberg double will thus be
considered the smallest phase space possible, the brick, and the symplectic reduction can be
interpreted as the cement that glues the bricks.

Momentum maps

Momentum maps can be seen as functions on phase space that generate the infinitesimal symme-
try transformations. The Heisenberg double H is taken to be the phase space, and the Drinfeld
double is the group that acts on it”, generating such infinitesimal symmetry transformations.
The simplest example is the phase space T*R = R x R with coordinates (x, p); the momentum
p generates the infinitesimal translations in z, while x generates the infinitesimal translations in
p. Hence these coordinates themselves can be seen as momentum maps. More explicitly, let the
infinitesimal transformations be of the type

dex=€, 6p=0, 6,x=0, op=n, (5.18)

where 0., is the vector field generating the transformation, with e € R and n € R*. The
symplectic form associated to T*R is 2 = dx A dp. Plugging the infinitesimal symmetries in it,
one gets

deaQ =e€dp = (e, 0p) , 0,20 = —ndx=—(n, dx), (5.19)

where the angle brackets stands for the canonical pairing between R and R* = R. Here the
coordinates p and x are those momentum maps just given by the projection of the phase space
coordinates either on configuration or momentum spaces. Let us expend this concept to the
more general Heisenberg double. Let o be the left action of the Poisson Lie group G on a phase
space P, X be the left invariant 1-form on G* which takes the value « at the identity, and dx
be the associated vector field generating the infinitesimal version of o.

Definition 16 (Momentum map). [167] The momentum map of the action o is the C™ map
J P — G* with
Sx1Q =T (X"). (5.20)

The momentum map is said equivariant if it commutes with the symmetry action.

Proposition 14. Consider the Heisenberg double H of the group G, with associated ribbon
equation d = th = hl € H. The G* (resp. G) group element ¢ (resp. h) generates the
infinitesimal left G transformation (A.24) (resp. the infinitesimal left G* transformation (A.206))

SEaQ=(a, Al , SL.Q=—(¢, Ah), (5.21)

2T will restrict the action to the left or right multiplication by the groups G or G*, and of their sub-groups.
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with o € g and ¢ € g*. The associated momentum maps are therefore { := J&(d) and h =

JE(d). Similarly, h and ¢ are resp. the momentum maps for the right transformations of G*
and G.

The proof of this proposition is given in [105]. The momentum maps associated to the right
of left multiplication of the Drinfeld double on the Heisenberg double are thus given by the
projections

JEH=G=xG—-G, J& H=CxG — G,

i i (5.22)
T H=0GxG -G, Jh: H=0"xG>G".

One can check that these momentum maps are equivariant. For example, consider the map JZ
and use its definition given in Prop. 14:

J&(Wd) = JE (W eh) = F& (W o 0) (W <0)h)) = h'> 0= h'> JE(d), (5.23)

for d € H, h',;h € G and ¢ € G*. Let me summarize here some properties of momentum maps
that will be relevant for the construction (all these properties are discussed in [167]).

e If the (Poisson Lie) group G (resp. its dual G*) can be decomposed into subgroups G =
Gy > Gy = Gg a1 Gy (resp. G* = G} 1 G = G < GY), then the projection of H into
the subgroups G; also defines a momentum map and generates the infinitesimal right G}
transformations.

e If the momentum map given by the coordinate ¢ € G* generates the infinitesimal right
G translations through the symplectic form € (as above), then £~! is a momentum map
for the infinitesimal left G translations through the symplectic form —€2. Similarly for the
other momentum maps (,h,h.

e Consider the phase space H(™ made of n (independent) copies of H, H™ =H x --- x H
with symplectic form QM = >-; €. Then the global right infinitesimal G translation is
generated by the momentum map ¢;...¢,,. Similarly for the other coordinates ¢, h, h.

Symplectic reduction

Consider a symplectic space with a set of symmetries; the symplectic reduction is the process
of reducing the space by implementing the symmetries, such that the resulting space is still
symplectic. For reducing the symmetries, I mean to restrict the set of functions of the initial
symplectic space, to those that are invariant under the symmetries. The invariant functions are
those that commute with the momentum map associated to the symmetry in consideration’.

Theorem 2 (Symplectic reduction). [163,167] Let 0 : G x H — H be a Poisson action of a
Poisson Lie group G on its phase space H. The equivariant momentum map associated to o is
Ja+. Consider an element by € G* and Gy, its isotropy subgroup under the action' of G on G*.
If G acts freely and properly on J 1 ({y), then the symplectic form 2 of H is pulled back to the
quotient space J1(d)/Gy, for d € H, which is denoted’ H /|Gy, .

The general proof of this theorem can be found in [163]. In our case, the use of symplectic
reduction to fuse phase spaces is justified by the fact that the actions in consideration — left and
right translations — are free and proper and thus the associated momentum maps are equivariant.

3This is just a different language to discuss Dirac’s approach to constrained systems [3].
4Gy, is the set of elements of G whose action leaves £y € G* invariant.
SIf 4o is the unit, then I will simply write H//G.
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5.2.2 Polygon phase space

Before going through the construction of a three dimensional simplicial 2-triangulation, let me
summarize the simplest case of a two dimensional flat or curved simplicial triangulation with
groups as decorations. In both cases the construction extends naturally to a general cellular
decomposition. Let me start with the seminal work by Kapovich and Millson [168|, dealing with
the Euclidian case. Discussion of a Lorentzian picture can be found in [169]. Note that the
discussion below is probably well known by most of the readers, but it is still very instructive to
fully understand the more complicated case.

Consider three vector (edges) all lying on the same plane decorated by R? variables in the su(2)
basis: ¢ = (- &, where o;, [ = 1,2,3 are the Pauli matrices. The three vectors are the edges of
a triangle if they obey to the closure relation

C=li+0+03=0. (5.24)

The idea is to describe the phase space of such triangle using a Poisson structure invariant under
the constraint above, so that C would be considered as the momentum map that generates the
symmetry of the triangle. At a first level, Kapovich and Millson proposed the Poisson structure

{8, 0]y =05 "l (5.25)

This refers to a triangle whose edges all have fixed lengths, so that each vector ¢; is an element
of the sphere S%2. The above choice of Poisson bracket is symplectic on such sphere, hence, the
total phase space PXM for a triangle with fixed edge lengths would be given by the symplectic
reduction

PEM — (5% x §% x §2)//SO(3). (5.26)

A possible generalization of the Kapovich and Millson construction is accomplished by adding
some extra variables. The interest of doing so is twofold:

e an further geometric information would allow to extend the phase space to a full 2d cellular
decomposition;

e the constraint C only encodes the rotational symmetry of a triangle, and an extra variable
would allow the realization of the translational symmetry as well.

In order to generalize the phase space, one can thus add some holonomy information, and extend
R? for each edge to the cotangent bundle T*(SO(3)) = SO(3) x s0*(3) = SO(3) x R3. The
holonomy is thus an element of SO(3) and (its action on an edge) provides a way to transport
vectors along a path dual to the edge itself. In this sense, the holonomy contains some non-local
information, which allows to discuss about adjacent triangles sharing the edge dual to it”

Flat triangle

As before, we associate a vector ¢; € R? to the three edges of the triangle, with center denoted
by c. Then, consider holonomies h.; € SO(3) joining the center to a point on the edge i. Such
path is called half link. For each pair of half link and edge, we associate the phase space given
by the cotangent bundle 7*(SO(3)) given by

{EI é‘] = 5ij EIJK &K s {hcia hcj} =0 s {6217 hcj} = 5ij hiO'I . (527)

1 7

6 Alternatively to the introduction of the holonomy, one could have extended the phase space by taking R?
to R* ~ C?, with elements (z7,2%) called spinor variables. This is a more local picture at the root of the
spinor approach [170,171] and it is very convenient to describe the algebra of observables for a given polygon
[123,172,173].
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The rotational symmetry of the triangle is still given by the closure constraint (5.24). The
total angular momentum is thus given by three copies of the phase space constrained by the
momentum map’ (5.24):

P, = (T*(SO(3)) % //SO'(3) . (5.28)

This approach can naturally be extended to the case of curved triangles.

Clurved triangle

Let me focus here on the triangle with negative curvature, as discussed in [141,162]|. I refer
to [174] for the case of positive curvature. The edges of a triangle are given in terms of geodesics
in the hyperboloid, described as the quotient space SL(2,C)//SU(2) = AN(2). Such geodesics
can thus be characterized by elements (holonomies) ¢ of the (Poisson) Lie group AN(2). By
deforming R? into AN(2), the cotangent bundle 7*(SO(3)) is also deformed into the Heisenberg
double that includes curvature both in momentum and configuration spaces:

T*(SO(3)) 2 SO(3) x R* — H =SL(2,C) = SU(2) > AN(2). (5.29)

The momentum map (5.24) generating the global (left) rotations (SU*(2) transformations) that
describes the closure of the three edges of the triangle, is now modified in terms of non-abelian
group elements

llals = 1. (5.30)
The total phase space for the curved triangle is thus
P = SL(2,C)*3//SU(2) = H® //SUL(2) . (5.31)

One could further extend the construction to the case where the holonomies are elements of a
general Poisson Lie group G and the edges are decorated by elements of its dual G*; the phase
space for every pair of edge/link is thus the general Heisenberg double H = G <t G* = G* 1 G,
endowed with the ribbon factorization (5.10) that reflects the symplectic structure. Extending
the construction to a polygon with n edges, the phase space would be given by the symplectic
reduction

P=H"/G, (5.32)

where the constraint G* > /¢;..4, = 1 is the momentum map generating the global left G
transformations.

Reference frame for 2d geometries

A fundamental point of the symplectic reduction that has been veiled on purpose so far, is how
to choose the correct momentum maps. Indeed, to properly glue triangles or polygons together,
one has to make sure that the quantities associated to different triangles are identified in a
consistent way. To this scope, it is useful to introduce the concept of reference frame.

As mentioned earlier, elements of the (Poisson) Lie groups G and G* are resp. used to decorate
links and edges, so that the fundamental building block of the phase space, the Heisenberg
double H = G 1 G* =2 G* x G, is represented by the pair edge/link. Both of them are one
dimensional objects, depicted as arrows, in the sense that they both carry an orientation, with
an origin called source, and a final point called target. Consider here an edge e with source and
target resp. at the vertices v; and v, and a link [ with source and target resp. at the nodes
¢ and ¢y. One can use the Heisenberg double H and the associated ribbon equation (5.10) to
induce representations of the groups G and G*.

"Denote SO’(3) the group which encodes the momentum map that generates rigid rotations of the triangle t.
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e On the source ¢y of the link, consider a vector space V., which carries a representation p“
of the group G*, coming from the right decomposition H = G* < G.

e — pl) =1 (5.33)

e On the target ¢y of the link, consider a vector space V., which carries a representation p®
of the group G*, coming from the left decomposition H = G x G*.

e — p2(l) =0, (5.34)

e On the source v; of the edge, consider a vector space W,, which carries a representation
"t of the group G, coming from the right decomposition H = G > G*.

I — " (h)=h". (5.35)

e On the target vy of the edge, consider a vector space W,, which carries a representation
"2 of the group G, coming from the left decomposition H = G* =< G.

I — ¢2(h)=h". (5.36)

Hence, the idea is to associate the elements ¢, ¢, h, h to different representations of the edge e
and link [, placed at different vertices or nodes. According to the ribbon decomposition (5.10),
such group elements are related each other by the left and right mutual actions (5.11) between
G and G*. These actions, that relate different representations at different points, can thus be
interpreted as parallel transport between such points. For example, the relation

C=hol=hil"" o p2(0) =" (h)>p () (5.37)

encodes how the edge variable is transported from the representation at ¢y to the representation
at ¢y, through the representation h of the link placed at v;. According to this interpretation, we
deduces the following rules:

x the left action of G on G* transports the representation of the edge from the target ¢y to
the source c; of the link;

* the left action of G* on G transports the representation of the link from the target v, to
the source vy of the edge;

* the right action of G on G* transports the representation of the edge from the source c¢;
to the target co of the link;

x the right action of G* on G transports the representation of the link from the source v; to
the target vy of the edge.

Since this point is particularly important, let me summarize the role of left and right actions
also in Table 5.1. Moreover, note that the left action of i (resp. ¢) is the inverse of the right
action of h (resp. £):

h wwo h=h
> 0) < h=1¢

€

hot (5.38)
tah '

A

This interpretation of reference frame as representations and parallel transport is important to
understand how to implement the correct geometric identification to properly fuse the phase
spaces. Indeed one needs to identify objects living in the same representation.
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G on G*| G* on G

Left action > || ¢ — ¢; Vg — U1

Right action < || ¢ — ¢ V] — Us

Table 5.1: Geometric interpretation of the left and right mutual actions between G and G*.
Geometrically, the left action of a link (resp. edge) on the edge (resp. link) transports the
representation of the edge (resp. link) from the node ¢y to ¢; (resp. from the vertex vy to vy);
the right action of a link (resp. edge) on the edge (resp. link) transports the representation from
c1 to ¢ (resp. from vy to 112).

Phase space of a 2d triangulation

As a final part for the two dimensional case, I will explain how to recover the phase space for
a general triangulation 7, by fusing together what I will call atomic phase spaces, namely the
Heisenberg doubles of a general (Poisson) Lie group G. The setting is the following: consider
two triangles t; with centers ¢;, for ¢ = 1,2. In particular, focus on one edges ¢; of each triangle
with resp. sources and targets at the vertices v;,; and v;2. The idea is to glue the two triangles
by identifying these two edges. The result is the fusion of the associated phase spaces H;,
represented as the pairs of edge/half link (e;,;), where for simplicity, I denoted [; the half link
that has ¢; as source and a point on the edge e; as target. The ribbon equations of the two phase
space are

Now it is fundamental to have in mind where each of the eight variables that appear in the two
ribbon equations are represented. Since the two triangles have the same orientation convention,
the two edges e; are identified with opposite orientation, e; = —e5. In particular, this implies the
vertices are identified as v1,1 = v2.2 and vi.9 = v9,1. Most importantly, one has to demand that
the targets of the two half links [; coincide. This requirement is essential since the identification
of the edge decorations has to be enforced at this common point. According to the reference
frame interpretation, the proper identification is

0 =10t (5.40)

where the inverse was taken for the opposite orientation®. This constraint is the momentum
map that generates left global rotations with respect to G. Putting the two ribbon equations
together with such constraint, one obtains

0y = hy'enh - .
T TN = Rtk =0yt
03" = hy'0; " hy
Crhio = hioly". (5.41)

The fusion of phase spaces is represented in Fig. 5.6. In the last step of eq. (5.41), I introduced
the variables hy;y = hlﬁgl and Blg = leh;l. As one can see from Fig. 5.0, these are decorations
of the link with source at the center of triangle ¢1, node ¢;, and target at the center of triangle
to, node cy. Call this path a full link. The phase space obtained after the fusion is isomorphic to
an Heisenberg double with G decorations on the (full) link and G* decorations on the common

80ne can use a more self-explaining notation for the variables ¢;, such as gﬁi;wi;z; this emphasizes that each
variable decorates the edge with source and target resp. at the vertices v;;; and v;.2, represented at the node ¢,
which is the common node on the two edges and the target of the half links /;. Using this notation, the inverse

~ ~ 1 ~ !
. —1 _ 5k -1 __ e
stands for the variable £, = (€u},,v:,) " = loipvi -
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V1;1 = V252

V12 = V2,1

Figure 5.6: Fusion of two triangle phase spaces by identifying the edges with opposite orientation
e1 = —ey. As a consequence, the dual half links /; are composed in a full link connecting the
centers ¢; of the two triangles.

edge’. By repeating such triangle gluing we can recover the full phase space Py for any given
two dimensional simplicial triangulation 7; the general symplectic reduction is

Pr = ( (>§) H) //(>t< G'). (5.42)

Where the external product of Heisenberg doubles (atomic phase spaces) runs over all the pairs
of edge/link (e, 1), while the product of groups G' runs over the triangles and it stands for the
the global G transformation (momentum map) induced by the closure constraint of each triangle
t of the triangulation 7.

5.2.3 Polyhedra phase space

The natural way to generalize the phase space construction explained in the previous section to
the three dimensional case, would be to use elements h € G as decorations of (one dimensional)
holonomies (links) and elements ¢ € G* as (two dimensional) face decorations of a cellular
decomposition. The closure of an n polyhedron would be given by the constraint

i 6;=0. (5.43)

Note that such constraint is completely analogous to the closure of a polygon in 2d. Indeed, at
this level, the difference between the two cases is a mere geometric interpretation. This ambiguity
still holds for intertwiners and thus for spin networks, where the geometric interpretation is
necessary to precise whether the network is dual to a two or three dimensional geometry. On
the top of such ambiguity, I recall the arguments presented at the beginning of this chapter,
according to which, it is not possible to describe curved three dimensional geometries using
ordinary (Poisson Lie) groups. This is why in the three dimensional case we deal instead with
2-groups. In this section, I will generalize the phase space construction explained previously
for a two dimensional triangulation. The atomic phase space is now the Heisenberg double
constructed at the beginning of the section,

B=GxG" =2G" <@g, (5.44)

where G* and G are dual skeletal 2-groups resp. decorating the 2-triangulation and its dual
2-complex. As both G and G* are seen as skeletal crossed modules, I will treat them as semi
direct product of groups with left or right decompositions

G=GIXxG=GixG;, G =G xG=2GyxG]. (5.45)

9Note that a similar construction was done at the guantum level using fusion products in [175]. Moreover,
this construction agrees with the one obtained after discretization of 3d gravity with a non-zero cosmological
constant [105].
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Figure 5.7: Graphical representation of the atomic phase space B used to reconstruct a full 3d
simplicial 2-triangulation. The link and wedge in red are decorated by G elements (resp. G; and
G3), while the edge and face in blue are decorated by elements in G* (resp. Gy and G7).

Reference frame for 3d geometries

The symplectic reduction will be used again as a tool to properly fuse the Heisenberg doubles
B; however, as I stressed in the previous section, a non-trivial step is to understand which is
the correct momentum map to implement. To this scope, the notion of reference frame was
introduced in the two dimensional case. Let me show how to generalize the same idea for the
phase space of a three dimensional cellular decomposition using skeletal 2-groups.

Reference frame: 2-representation and rooting

Consider an edge e with source and target resp. at the vertices v; and vy, and a face f which
contains the vertices v; and vy in its boundary. Dually, the link [ is orthogonal to the face and
has the nodes ¢; and ¢y resp. as source and target. Let w be the wedge orthogonal to the
edge e that contains the nodes ¢y, ¢y in its boundary. Let the link [ and the wedge w be resp.
decorated by the elements of the groups G; and G%, so that the pair wedge/link is an element
of the 2-group G; on the other hand, the edge e and the face f are resp. decorated by elements
of the groups Go and Gj, so that the pair edge/face is an element of the 2-group G*. The set
up is shown in Fig. 5.7. I recall that both the 2-groups are skeletal crossed modules, which
implies that the groups G3 and Gj are abelian. In the 2d case, sources and targets of holonomies
carry a representation of the dual group. Let us see how this idea can be generalized for skeletal

2-groups'’ G and G*.

e The source ¢; of the link carries a 2-representation p°(¢) = ¢“* of the skeletal crossed
module G*, coming from the right decomposition B = G* < G.

e The target cy of the link carries a 2-representation p“ (E) = (“ of the skeletal crossed
module G*, coming from the left decomposition B = G 1 G*.

e The source v; of the edge carries a 2-representation " (h) = h*' of the skeletal crossed
module G, coming from the left decomposition B = G > G*.

e The target vy of the edge carries a 2-representation ¢"?(h) = h¥2 of the skeletal crossed
module G, coming from the right decomposition B = G* < G.

10Ag in the group case we used vector spaces and representations, in the 2-group case one should use 2-vector
spaces and 2-representations [145,146,156,157]. For the purpose of this work, it is not necessary to go through
the details of a 2-representation. We mostly use it as a device to keep track of where each object is. It is thus
enough to say that nodes and vertices carry 2-representations of the dual skeletal crossed module.
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Source of l: ¢, Target of |: ¢

Source of e: vy || (7 = BN, AU =gl att | (4= BEAT ) bV = at gl

. c1 __ )\c1 RC V2 . U2 0 Jei _ Yer pc VY U2 U
Target of e: vy || £ = X* 1) W2 = g2 u® | £ = X4 Gt "2 =y yp2

Table 5.2: List of the decorations of edges, links, faces and wedges. Decorations of links and edges
are labelled by a single index, related to vertex or node where they are represented. Decorations
of wedges and faces are labelled by an index that specifies where they are represented (resp.
vertex or node) and a subscript that specifies the root (resp. node or vertex).

The skeletal crossed modules G and G*, in turn, can be split in the left or right decompositions.
According to the 2-group theory interpretation, different decompositions of a 2-group stand for
alternative conventions of a 2-group in which the 2-holonomy is rooted either at the source or
at the target of the 1-holonomy. Given the left and right decompositions of the full phase space
B, one has the following sub-decompositions:

B=G¢"'xG=GxG" — (h=~h

Goh= uyEGlle;‘ gaﬁ: ngEGlb(G;
gu € Gy x Gy ju € G5 x Gy
oy [ A ECinGy Gooi | BeGinG:
)\BGGQKGT S\BEGQIXGT

I recall below the geometric interpretation of the sub-decompositions.

e The skeletal crossed module G decorates a pair link/wedge:

— The right decomposition G = G x G implies that the wedge (Gj element) is rooted
at the source of the link, node c¢q,.

— The left decomposition G = G; x G% implies that the wedge (G% element) is rooted
at the target of the link, node cs.

e The skeletal crossed module G* decorates a pair edge/face.

— The right decomposition G = G} x G5 implies that the face (G element) is rooted at
the source of the edge, vertex v;.

— The left decomposition G = Gy X G7 implies that the face (G} element) is rooted at
the target of the edge, vertex v,.

Therefore, as the choice of decorations of edges or links are resp. specified by a single node or
vertex (as in the 2d case), decorations of faces and wedges are instead specified by a pair of node
and vertex. In Table 5.2 T list the decorations of the pairs edge/face and wedge/link, according
to the choice of representation and root.

Action and parallel transport

In analogy with the geometric interpretation given in the two dimensional case, here the mu-
tual actions between G and G* transport the 2-representations and the roots. Since both 2-
representations and roots are specified by vertices or nodes (sources and targets of edges and
links), the action responsible for the parallel transport between nodes is that of the group
(G1 C G and the action responsible for the parallel transport between vertices is that of the
group Gy C G*. I list below the geometric interpretations of the actions
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* G*
Gy on 21 Gy on !
! { g | { G

Left action > Cy — 1 Vg — Uy

Right action < 1 — Co U] — Vs

Table 5.3: Geometrically, the left action of Gy (resp. Gg) on the other groups, transports the
decorations from the node ¢, to ¢; (resp. from the vertex vy to vy); the right action of Gy (resp.
G9) on the other groups, transports the decorations from ¢; to ¢y (resp. from vy to vy).

* the left action of G; on G* transports the 2-representation of the pair edge/face from the
target co to the source cy;

* the right action of G; on G* transports the 2-representation of the pair edge/face from the
source c; to the target co;

* the left action of Gy on G transports the 2-representation of the pair link /wedge from the
target vy to the source vy;

* the right action of Gy on G transports the 2-representation of the pair link/wedge from
the source vy to the target vs.

Moreover,

— the left action of Gy on G} transports the root of the wedge from ¢, to c;;
— the right action of G; on G} transports the root of the wedge from ¢; to cs;
— the left action of Gy on Gj transports the root of the face from vy to vy;

— the right action of Gy on Gj transports the root of the face from vy to vs.

For clarity, I summarize the geometric role of left and right actions in Table 5.3. Note that the
geometric interpretation given in Table 5.3 agrees with the convention in Table 5.2.

Symplectic reduction rules

According to the discussion on symplectic reduction and reference frames, the momentum maps
used to properly fuse phase spaces are imposed on geometric objects that lie in the same reference
frame. Namely, momentum maps are imposed on decorations represented and rooted at the
same point, whose indices therefore have to match. This is the fundamental rule to derive the
appropriate momentum map for fusing atomic phase spaces B. The fusion is then performed by
merging the related ribbon equations though the momentum map chosen. Note that from the
ribbon equation for the Heisenberg double B and from its sub-decompositions, one can derive a
number (sixteen) of different ribbon equations for the sub-components. Each time, one has to
choose the proper ribbon equation to use, depending on the momentum map to impose.

Phase space construction

Having now all the necessary ingredients, let me explain the details of the construction of a
general simplicial 2-triangulation. As I said a few times now, the idea it to take several atomic
phase spaces and perform the proper symplectic reductions, so that the result is a new phase
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space with resulting symplectic structure being expressed through the fused ribbon equation. It
is important to emphasize that the ribbon equation is mostly useful to express the variables in the
correct reference frame and, after the fusion, to derive the glued variables. However, by keeping
on repeating several fusions, the expression of the ribbon equation will become very complicated.
Fortunately, the symplectic reduction is associative, commutative [167] and most importantly,
local. In the sense that it is possible to apply several reductions to build up arbitrary complicated
spaces, and the order in which we implement the momentum maps does not matter. For local,
I mean that the fusion of two arbitrary complicated phase spaces, does not depend on all the
variables: one can forget about those that are not involved in the identification (momentum
map). This implies that it is enough to learn how to fuse atomic phase spaces together, and the
same gluings will holds also for more complicated cases. In App. C I listed the four fundamental
phase space fusions that one can perform by merging two atomic phase spaces. Now I will use
them to list the essential fusions that are needed to build up any arbitrary three dimensional
simplicial 2-triangulation. In particular, one needs three symplectic reductions:

> the triangle construction: symplectic reduction with respect to the group

H' = (G x G}) x G} ; (5.46)

> the tetrahedron construction, symplectic reduction with respect to the group

H™ = GE x G (5.47)

> the gluing of two tetrahedra, symplectic reduction with respect to the group
H? = Gy x Gj. (5.48)

Definition 17. The phase space P of a simplicial 2-triangulation T is given by the symplectic
reduction

73:( X B)//()(HtXHTXH‘9>. (5.49)

{wilie, fe} teT TeT teT
Let me give below the details of these essential three fusions.

Triangle

To determine the phase space of a triangle, take three Heisenberg doubles B;, with ¢« = 1,2, 3:
three atomic phase spaces associated to the (half) links /; (with sources at the nodes ¢; and
targets at c;,r), wedges w;, edges e; (with sources and targets resp. at the vertices v;; and v;;2)
and faces f;. The idea is to fuse first the three atomic phase spaces into a single surface and
then require the closure of its boundary. See Fig. 5.8.

Fuse the first two phase spaces by identifying the links /; and [, represented at the resp. vertices
v12 and vy, by demanding the vertices to match. I refer to the face gluing in App. C for more
details. The geometric identification induces the momentum constraint

Add the third phase space, by identifying the links I, and [3, resp. represented at the vertices
vg2 and vz, and again, let the vertices match. This is another face gluing with geometric
identification that induces the momentum constraint
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€2

Figure 5.8: The phase space of a triangle is constructed by fusing three atomic phase spaces, by
identifying the three links and by closing the triangle boundary. The link identification dually
leads to a fused face variable.

Putting everything together, one gets the full ribbon equation

a1 (119'9") (Bl(/\l > 52)6/((/\1/\2) > 53)3”) (;\15\25\3)
= (M A2Ag) ((Br < (A2s)) ((B28") < X3)BsB" ) (" s )us
with M G2 At = '8, A g1 A = /8, (Mde) G (Mde) ™ = 978" and A3 (y/52)As = y"B". Last,
in order to close the triangle, identify the vertices vs.» and vy,1. This identification is implemented
through the momentum map (closure constraint)

G2 > )\1)\2)\3 =1. (553)

(5.52)

The symplectic reduction for a triangle is thus
Py = (B x By x B3) //((G} x G}) x G}), (5.54)
with momentum maps {ulﬂz_l, u2ﬂ§1, A AoAs} and fused face variable
Br = B < (Mads) + Ba <t Az + B3 + (A5 ' 2As) ar t ((A2X3) ' 71 (A2Xs)) ‘G; ; (5.55)

deduced from the fused ribbon equation.

Tetrahedron

In order to derive the phase space of a tetrahedron, one needs twelve copies of the Heisenberg
double, B,.; for a = 1,2, 3,4 labelling the four triangles and 7 = 1, 2, 3 labelling the three edges.
Each of these atomic phase spaces is associated to the (half) link /,,; (with source at the node
Cai and target at c,;.r), the wedge wg;, the edge e,; (with source and target at the nodes v,
and vg.;.2) and the face f,.;.

The first step is to re-construct the four triangles. According to the triangle phase space con-
struction explained in the previous paragraph, one needs to identify the links l,.; = lg2 = lo;3,
and identify the vertices v,1.0 = Va:2:1, Va22 = V31 and Vg0 = Vg1, for each of the four
triangles a = 1, 2, 3,4. These geometric identifications are given by the twelve momentum maps

Ug;1 = aa;Q y  Ug2 = ﬁ'a;S ’ )\a;l)\a;2)\a;3 =1 ’ for a = ]-7 27 37 4. (556)

These four phase space fusions lead to four (triangle) ribbon equations of the type (5.52), from

which one can deduce the respective four fused face decorations

By, = Br1 + 51;2 A3+ 51;3 + ( 1. 3y1 21, 3) (()\1 21 3) Y (A1, 2)\1,3)) ar

Bio = Bay1 + Pz < Mgz + PBoyz + ( 2;3y2;2/\2 3) (()\2;2/\2 3) " ot (A 2)\2;3)) Gy (5.57)
Biy = B + B2 < g3 + Bas + (Aié%;z/\a 3) + (()\3;2/\3 3) " U (A, 2)\3;3)) G .
Bre = Bua + Buz < Mas + Bus + (AidlagAas) | ge + ((MaAas) ™ Gaa (Ma2Aas)) G-
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Each of them is rooted at the vertex vg1,; = 43,2 and represented at the source of the resp.
link, node ¢,;;. To construct the tetrahedron phase space, one has to merge the triangles, by
identifying each edge of each triangle with one of the edges of each of the other three triangles.
Identify the sources of the four links, and denote this common node ¢ = ¢1.; = 21 = €31 = €41,
that will be the center of the tetrahedron. See Fig. 5.9 for the proper combinatorics. I refer to
the wedge gluing in App. C for more details about this phase space fusions. According to Fig.
5.9, the proper six momentum maps are

A = A;)T%, , A = )\Z;;%, , Az = )\z_i e )\;5 O A;i , Az = AZ&- (5.58)

The edge identifications dually leads to the six fused wedge variables

12 = o + (M Uis Ais)|ag > Pz = s + (Mas U3 Ags)

G3 >
15 = ia — Nas sz Ass)lag s Joa = oz — (Ma2 T2 M) las (5.59)
Jia = e — Mas Tas M)z . Usa = U2 — (Mt T Mgt s -

where I denoted 9, the fused wedge decoration shared by triangles a and b.

The construction of the tetrahedron phase space is completed with the last momentum map,
known as 1-Gauss constraint, that enforces the closure of the four faces. According to Fig. 5.9,
only three of the four triangles can share the same vertex (call it v, in red in the figure). To
correctly impose the 1-Gauss constraint, the associated momentum map has to be enforced on
variables that all lie in the same reference frame. Let the common reference frame be placed at
the center of the tetrahedron ¢ and at the vertex v. The variables that decorate the fourth triangle
thus have to be transported from the vertex vy (in blue) to v, through the edge decorated by
A1;1. According to the reference frame and parallel transport interpretation, we need to move
the reference frame of the fourth triangle from the target to the source of the edge e;,;. Such
parallel transport is thus implemented as the left translation with respect to the group Go (as a
sub-group of the Drinfeld double). Once we have the expressions of the four face decorations all
in the same reference frame, one can correctly impose the closure of the tetrahedron boundary

Btl + BtQ + Btg + A > Bt4 + (A1 Uey Af%) c: =0, (5.60)

where the face decorations f3;, are given in (5.57) and the wedge variable 7, is

Yty = Ya:3 + (A;;l), Us2 Ma3)|ay + ((A4;2)\4;3)_1 Yas1 (/\4;2)\4;3)) Gs - (5.61)
The symplectic reduction for a tetrahedron phase space is thus
PT = (Ptl X Pt2 X Ptg, X Pt4)//((G;)X6 X Gl) (562)

= BUD /(G x GY) x G3)** % ((G3)*® x Gy))

with momentum maps (5.56), (5.58) and (5.60). For the next part, it will be relevant to express
the 1-Gauss constraint (5.60) in terms of the fused wedge variables (5.59). To this scope, denote
Aap the edge shared by triangles a and b, as we did for the fused wedges

AM2=A1, A=A, A=A, A=Az, A= Ao, A= A3, (5-63)
so that the constraint (5.60) can be written as

by + by + bs + Az > by + (M2 Y12 Ay )
+ (A23 Y3 >\531)

ar + M3 T3 A\ lar + Az > (A Jua Al)
ar + M2 (Mg J2a Mgy )

Gi
Gt + Aoz (Asa Uz Agy )

a; =0,
(5.64)
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Figure 5.9: Combinatorics of a tetrahedron. The phase space of a tetrahedron is constructed by
fusing four triangle phase spaces, by identifying the edges pairwise and by closing the tetrahedron
boundary. To properly fuse the edges, they have to lie in the same reference frame: use the
tetrahedron center ¢ as common node, and the vertex common to the first three triangles v, in
red. Let the fourth triangle be rooted at the vertex in blue; its reference frame thus needs to be
transported along the edge e ;.

with the face decorations

bi = Bra + Mg Bra + Bz + A2 > (A3 T3 Aar) G+ ()\13 (A4 J12 Ay) G} )\1_31) G
by = =1 + M2 > Pao + 52;3 + )\§41 > ()\§21 Ya;3 A32)|ar + (/\12 (A24 Ya:2 Aot G5 )\1_21) G
bs = — P31 + As2 > B2 — Ba3 — Az > (AL U333 Mis) G: + (/\23 (X34 P32 A57) G )\2_31) G
bi = —Bu1 — A3y > Buo — Buz — Ay > ((/\13 Yas A\ ) Gy + Ao B (AL Yaz Ava) Gx

+ (M2 82 Aip) a).
(5.65)
Note that, each fused wedge decoration g, in eq. (5.64) is subject to a conjugation of the

respective dual edge decoration Ag.

oy T Aoz (Aot Ya2 Aoa) ar + (A23 Jat M%) oy + Az (A3t Ja:1 Aza)

Tetrahedron gluing

In the previous parts I explained how to construct first the phase space of a triangle and then that
of a tetrahedron, which is the building block for a three dimensional simplicial 2-triangulation.
The last symplectic reduction left needed to fully construct any arbitrary 2-triangulation is the
one that allows to merge these building blocks. In order to glue two tetrahedra, one has to
identify two of their faces together and the respective boundaries. Consider then two triangle
phase spaces P, (or equivalently six atomic phase spaces with two sets of momentum maps
(5.56)) for a = 1, 2. Each phase space is associated to the (half) link I, (with source at the node
c, and target at c,.f), a triplet of wedges w,, a triplet of boundary edges €1, €42, €4;3 (With resp.
sources and targets at the vertices v,;.; and v,.2) and a single total face f,. In this phase space
fusion, both the two faces and the pairs of three boundary edges are identified with opposite
orientations.

Identify the two faces f; = —f, and the boundary edges as e;;; = —ea3, €12 = —e22 and
e1.3 = —ea,1. As reference frame, I will use the targets of the two links (points on the resp. faces)
Cq;f and the vertices vy.1;1 = v1;3.2 and va.1;1 = va;3.0. Then, let the two nodes and the two vertices
match. I refer to the link gluing and wedge gluing in App. C for more details. The geometric
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identification induces the momentum constraints
Bl = B;l ) )‘1;1 = /\igll, ) )‘1;2 = /\275 ) )‘1;3 = >\27& : (566)

Here the face decorations 6:(1 are the fused face variables (5.55) expressed in the reference frame
at the target of the link rather than at its source. The total symplectic reduction is thus

Py = (P, x Piy)//(G1 x (G3)*)

. . ) . (5.67)
= B // (G} x G7) x G3)** x (Gu x (G3)"))
with momentum maps (5.66) and fused wedge variables
Ui = =i + (A1 Poui )\le) G5 (5.68)

for : = 1,2,3. Note that both the in symplectic reduction just presented and in the one related
to the tetrahedron phase space construction, I used the Wedge Gluing of App. C. Even though
the above wedge decorations and those in eq. (5.64) have a similar expression, their geometric
interpretation is different. The latter are decorations of the wedges fused internally to the
tetrahedron, dual to each of its six edges. While the variables derived in this part are decorations
of wedges fused externally between two different tetrahedra. Note also that, given a pair of
atomic phase spaces B, applying the symplectic reduction with respect to the groups G; and G3,
leads to a fused phase space isomprphic to the Heisenberg double B. This is indeed somehow
equivalent to take the symplectic reduction with respect to the whole 2-group G. The geometric
interpretation is that each of the initial atomic phase spaces were associated to an half link, a
wedge, an edge and a face, while the resulting phase space is associated to a full link, a fused
wedge a single (identified) edge and a single (identified) face. In a similar way, the symplectic
reduction just explained that provides the gluing of two tetrahedra, takes two triangle phase
spaces into a fused face space which is isomorphic to a single triangle phase space. Again, the
final phase space will be associated to a full link, a fused (external) wedge, a single triplet of
boundary edges and a single face (triangle) decoration.

Applications and examples

1-flatness and edge simplicity

Suppose to have constructed the phase space of n tetrahedra and to glue them in such a way
they all share a single edge denoted e. All the fused wedges internal to each of the n tetrahedra
are thus fused together into a single closed wedge, dual to the edge e, with fused decoration

U= G1Fuidfot- A+ (u - Up_1)>Gn+(ug Boug?) G;—l—((ul Uy ) B (ug - -unl)_l) (5.69)

Gy
One can compute the ribbon equation associated to this symplectic reduction. I will not do
it because its expression would be long and complicated, but given the fundamental gluings
presented above, one has all the necessary tools to derive the decoration of the composition of
links around such a fused wedge. Dealing with skeletal 2-groups, the total holonomy turns out
to be flat:

Uy .. upy =1. (5.70)

Such condition is called 1-flatness constraint [140]. The edge simplicity constraint discussed
in [140,176,177] is instead a weaker condition: it enforces the triviality of the parallel transport
of the edge data around a closed loop of links. If the 1-flatness condition already holds as in our
case, then the edge simplicity is automatically implemented.
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4-simplex boundary

Having defined the phase space for an arbitrary three dimensional phase space, it is worth to give
the explicit construction of one of the most interesting examples (also considered in [140]): the
triangulation of a sphere, or equivalently the boundary of a 4-simplex, given as the combination
of five tetrahedra.

The starting point are then sixty copies of the Heisenberg double Ba,,,, with A = 1,2,3,4,5
labelling the five tetrahedra, a = 1,2, 3,4 labelling the four triangles of each tetrahedron and
1 =1, 2,3 labelling the three edges of each triangle. The idea is to use the symplectic reduction
with respect H' to construct the twenty triangles, then the symplectic reduction with respect
to H™ to construct the five tetrahedra; and finally, ten times the symplectic reduction H? to
identify the faces of each tetrahedron and their boundary edges, with a face and its corresponding
boundary edges of each of the other four tetrahedra. I refer to Fig. 5.10 for the combinatorics
of the 4-simplex boundary. Denote c4 the center of the tetrahedron 74. Let t4.,, be the triangle
a of tetrahedron A and wy.q, the fused wedge shared by triangles a and b of tetrahedron A. By
convenience, I will use either the variable 3, , of eq. (5.57) or ba, of eq. (5.65) as decorations
of the triangle ¢ 4.,; while as decoration of the wedge w .., I will use the variable §4.4s.

Let me now illustrate the main steps of the symplectic reduction in consideration. The starting
point are thus five tetrahedron phase spaces on which we now implement the tetrahedron gluings.
Therefore, first identify the faces according to the Fig. 5.10, and denote t45 the face shared by
tetrahedra A and B:

tig =t1;1 = —toy, tiz=tip=—133, tuu=tiz3=—ts2, li5="114=—151,
Loz = o1 = —13.4, log =too = —lg3, tog=1laz= —1l52, I3 =131=—1ls4, (5.71)
las =132 = —t53 , tas =ty = —154.

These geometric conditions are enforced on the variables 3;, , through the ten momentum maps

512 = 5t1 1= —(U12 Bt24 Upg ) ) 531 = Btg;g = (U13 /6151 2 U13) )
Bia = B, 5= —(u1g 5:542 1_41) , Bs = Btm = —(ugy B, 2 U1s)|er s
Bz = Btg;l = —(ug3 Bt34 _31) , P = Bt4;3 = —(uy 61622 Una)|cr s (5.72)
525 = /Btz;g = —(ugs 5155 2 Uos ) ) 334 = /Bt3;1 = —(us4 51544 U341) ¥
553 = Btf);g = —(U35 5153;2 U35) G 345 = Bt4;1 = (U45 @54 U45) Gt s

where I re-named 45 the decoration of the fused face shared by tetrahedra A and B, rooted at
the center of tetrahedron A. Using a similar notation, let me introduce the variable by p:

big = by = —(Ulz b2:4 Ufgl) G b31 = b33 = (Ulg by, 2U13)
by = b1z = —(u14 b2 U1_41) G bs1 = b5 = —(U 15 D14 U15)
bos = 52;1 = —(U23 b3;4 u2_31) Gt » by = b4;3 = —(U ! b2~2 U24) Gt (5-73)
bas = by = —(ugs by ups) a:r b3 =031 = —(uss by us; ) G
( ) e

_ _ -1 _ _ -1
bss = bs;3 = —(ugs b3 Uss Gt » bys = by;1 = —(U45 bs;4 Uys

Dually, each of these G} momentum maps gives rise to a fused link decoration

-1 -1 -1 -1 -1
U1z = Up1Ugy , U3 = Ul2Ugz , Ulg = U3Uygo ,  Uls = Upalsy , U3 = U21Ugy , (5.74)

-1 -1 -1 -1 -1
Uzq = U22Uy.3 5, U5 = U23Us.0 5, U4 = U3;1Ugy 5, U5 = U32U53 ,  Ugs = Ug1Usy

where up decorates the fused (full) link with source at the center of tetrahedron A and target at
the center of tetrahedron B, with inverse u,5 = upa. According to the tetrahedron gluing, also
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Figure 5.10: 4-simplex boundary construction. Five tetrahedra share five vertices: v (in black) is
shared by tetrahedra 1,2,3,5, v’ (in white) is shared by tetrahedra 1,3,4,5, v” (in gray) is shared
by tetrahedra 1,2,4,5, v" (in yellow) is shared by tetrahedra 2,3,4,5 and v”” (in green) is shared
by tetrahedra 1,2,3,4. Each of the four faces of each tetrahedron is identified with one of the
faces of the other four tetrahedra. I use the same color and a double dotted line for the identified
faces.
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the triangle boundaries have to be identified. Use again Fig. 5.10 for the proper combinatorics of
the identifications. Denote A 4.4 the edge shared by faces a and b of tetrahedron A, represented
at the center of it. Let eapc be the edge shared by tetrahedra A,B,C and A5, be the respective
edge decoration represented at the node cp defined through the following momentum maps

1

Alag = A2 = Ui > Aoqq = Uiz > Azzq
1

/\125 = /\1;14 = U2 b )\2;34 = U5 > /\5;12 )

1
135 = >\1;24 = Uiz b )\3;23 = U5 P> >\5;13 )

A

2 _
Ao3q = Ag12 = Uz D Az = Uoa D> Agi34
AQ

245 = /\2;23 = U4 P )\4;13 = Ugs P> /\5;24 )

1 _
Algs = Aiza = U1a > Agao

1
Aoa = A13 = Uiz D> Agog = Uga > Ago3

1
Alzg = A2z = U3 > Az13 = U4 D Agpo4

= U5 > )\5;14 s (575)

2
Ad3s = Ao13 = Uzs > Azioa = Usgs > Asias

3 _
)\345 = )\3;12 = U3q P /\4;14 = Uzs > )\5;34 .

Dually, one gets a fused wedge decoration for each of the ten identified edges

U2 Ba3 upy
U Bao uyy
12 P25 Uy
U3 Ba ury
Uuss P51 Uss
Uy Bas uiy
Usgs P53 Uz
Uny a5 Uz

2 1
U23 534 Ugs

2 -1
U34 545 Usy

gb:’) = Y112 + U12 > Y214 + U13 > Y3.34 +
giu = Y1,13 + U12 > Y224 + U4 > Ys.23 +
Uios = Yri1a + U2 D Yogza + s > P12 +
§%34 = Y1;23 + U13 > Y314 + U4 > Yg24 +
?jf% = Y124 + U13 > Y323 + U5 > Y513 +
gi45 = Y134 T U4 D> Y12 + U15 > Y5.14 +
§§35 = Y2;13 1 U3 > Ys;24 + U5 D> Y523 +
Usss = Joi23 + Una > Ya1s + Uas > Ysoa +
§§34 = Y2,12 + U23 > Y314 + U4 > Yg.34 +

_3 _ B B
Ysas = Y312 + U34 D> Yas14 + Uss D> Ys;34 +

G35

G35

o~ o~ o~ o~ o~ o~ o~ o~ o~ —~
~— — — — ' ' — —

ay + (u13 Bs1upy)
Gyt
G+
Gy +
Gyt

ay + (uas Biousy)
ay + (u24 Paz uy; )

ay + (uss Bss uzs)

G35

o) —1
U1s 551 Uqs

( )
(w13 B31 uiy)
( )
( )

G35

G35
| *

G35
G35

Uss 653 Uss

o) —1
U5 551 Uy

(5.76)

G35

G35

G35

where the variable §55. decorates the fused wedge dual to the edge e4pc, rooted at the center
of tetrahedron D. The symplectic reduction for the phase space of a 4-simplex boundary is thus

Prs = B9 J/((((G1 x Gi) x G)** x ((G3)® x G))

= POJI(GF x (G3)1).

T (GY x (Gy)0))

(5.77)

with momentum maps (5.72) and (5.75). Last, let us express the 1-Gauss constraints of the five
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tetrahedra, in terms of the variables (5.73) as in (5.64)

710 big — (u13 b3y U1_31)|G + )‘135 > b1y — (U5 b5y U1_51)
+ (Mgg U112 (Maz) ™)
+ >\135 > (A%34 Y1;23 <)‘234> )

Gi
G + )‘125 > ()‘%24 Y1;13 (>‘1 )_1) G + (>‘125 Y1;14 ()‘%25)_1) G
Gt (A3 U124 (Ajs5) ™ 1)|G + Ay > (Ms J131 (AMgs) ™)

(5.78)

ar 4 bas — (urg brauaz)|e
G* <)‘§35 372 13 ()‘335)71”6‘ + (Aizg 372;14 ()‘?23)71) G
G + )‘ 125 B ()\%24 Y2;24 ()\124) 1)|GI + ()‘%25 Y2;34 ()\%25)_1)

To : b23 — >\%25 > (U24 b42 U2_41)
+ >‘235 > (>\§34 Y2;12 <)‘§34)71)
+ Algs > (N34 P23 (A345) ™)

(5.79)
T3 Alas > bss — (uss bss ug;)lc + by — (u3g bas us3)| G
+ Algs > (Nigs U312 (Adgs) ) a; + Alzs > (Alsq Uz ()\?34)_ ey + N335 (Adaq Usina (Adaq) ")
+ (Algs Usizs (Afss5) ™) G + (X335 Usioa (A335) ™ )|G + (Algs U331 (Alps) ™) ar =0, (5.80)
Ty : >‘L1135 > (b45 — (uiy braura) G+ Ail45 > byp — (U34 bsa uzs)| G )
+ Xigs > (M5 Ga2 (Mgs) ™) ar t Alos > (Nogs Tz (Agys) )
+ >\125 > (Alag Ya;23 (Afas)™h) G + )‘135 > ()‘41134 Ya;24 (>‘41134) Y

G+ /\135 > (/\3145 Ya;14 ()‘3145)_1)

Gy + )‘235 > (>\334 Ya;34 ()‘12134)71)
(5.81)

Ts 0 bsy — (ugs bas uss)|ar + bss — Alss > (ugs bas uas)
+ (Ns Tsa2 (Afs) ™)
+ (Nogs Usi23 (A3s5) ™)

G*
Gt ()‘?35 Y513 ()‘?35) )|G + )‘135 > (A?45 Ys;14 ()‘i)45)71) Gt
G + Aas > (Adgs Usiza (A3y5) ™ )|G1 + A5 B (A3g5 Usiza (A3y5) ™)

Gy —
(5.82)

Ezxamples

As announced, this construction encodes the particularly interesting case of the Euclidean
Poincaré 2-group (with a trivial Poisson structure). I am going to show that, with such choice,
one recovers the phase space that was introduced in [140] and again in [178].

Let G =1SO(4) 2 SO(4) x R* @ R* x SO(4) and G* = ISO(4)* = SO*(4) x R* =2 R* x SO*(4),
where SO*(4) = RS as Lie groups. The simplicial 2-triangulation has edges and faces decorated
by elements of R* and SO*(4) respectively; its dual 2-complex has links and wedges decorated
by holonomies of SO(4) and R** = R* respectively:

G, =S04)3u, Gi=R*'>3y,75, G =R*'s3)\\, Gi=S0*4) 345 (5.83)
Note that there is no action of R* on SO(4) nor on SO*(4) and thus the conjugations of SO(4)
on SO*(4) and of R* on R*, take the simpler shape

wbut =gy e { B
y =

(5.84)

)\y}\—l _ ?/”ﬁ” PN { ) -

The triangle phase space is recovered by imposing the momentum maps u; = s and uy = us,
plus the closure constraint Ay + Ag + A3 = 0, and leads to the fused face decoration (5.55)

B =B+ Ba+ B3+ Ba— Ao, n] — A3, 1] =[N3, %] - (5.85)
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Similarly, the tetrahedron phase space is given by four triangle phase spaces fused together by
the six momentum maps (5.58), from which one derives the six fused wedge decorations (5.59)

Yiz = —Y21 +Y1:3, YVis=Y1,1 — Y33, Y1a="Y1;2— Y3, (5.86)
Yoz = —Ys1 + Y23, You = Y22 — Ya2 , Y34 = Y32 — Ya;1 -

The last momentum map needed to construct the tetrahedron phase space is the 1-Gauss con-
straint (5.64), that now reduces to

b1 +ba+b3+bs+ M2, Yro)+ [ M3, Gris] + [ Ma s Gra) +[ Az, Yos] +[Aaa s Yoa] +[Asa, Usa) =0, (5.87)
where

by = Bra + B2 + Prs — [Aars Ys) + [Mis, T12]

by = —PBo1 + B2 + Bz — [Ns2, 23] + [M12, Uag2]

by = —f31 + F32 — B33 — [M3, Uss] + [No3, Us

by = =1 — Pa2 — Bus — [(M3 — Ma) s Yas) — [(M2 — Aaa), Taio] — [(N2s — Asa) , Y] -
It is now interesting to derive again the phase space of the 4-simplex boundary (the five 1-Gauss
constraints (5.82)) to compare the result with the G-network construction of [140]. Follow the

steps explained in the previous part, and then consider the change of variables for the face
decorations below

(5.88)

/ 2 - —1 2 - —1
biy = b2 — ujo [ 123 5 Y214 — U1z [Aaq s Yo0a] Uty — Ung [Mios , Yoi3a] Uy

Jui;

by = ba1 + [/\134 , Yz13] + BN 123 , Y3;34] — “131 [)‘%35 s Yr2a] waz,

biy = bia — una [)\145 , Yaio] uyy — Una [)‘11247 Ya;3] u1_41 — U4 [Xll34> Ya;a] u1_41 ]

b/1 = bs1 + [/\125 , Yspi2] + [ 145 s Ys; 14] 5

blz = bog — U3 (N334, Ysi1a] Uy — U3 [Nogs » Facoa] Ung (5.89)
= byz + [/\245 , Yaas] + [ 234 , Y34

525 = bys — uas [\ 235 , Usi23) Uy — U5 [Aoy5 5 P24 Uns

Vyy = baa — uza [Nyys, Yana iz

Uss = bss + [\35» Uss] + [A3

The five 1-Gauss constraints (5.82) expressed through new variables and in terms of the fused

wedge variables (5.70) write

Y

345 5 Us; 34]

T b,12 <U13 b31 Uy ) + b14 (UIB b/51 U1_51) + [)‘}23 ) gbs] + [)‘124 ) ?7%24] [/\%25 ) ?7%25]

+ [)‘i34: y134] + [)‘1457 9145] 0, (5-90)
T2 b/23 (24 b42 Ugy ) + b (151_21 b/12 u12) + [)‘335 ) ?335] + [)‘%45 ) 9245] [/\%34 ) ?3%34] =0,

(5.91)
T3t by — (uss bigugs ) + by — (ugg bhguas) + [Algs, Uss) + [Nias , Uas) =0, (5.92)
T4 - b45 — (U;ll b/14 U14> —|— bZQ — (U34 b34 U34) = O, (593)
T5 ! bgl - (U2_51 bl25 Ugs) + bg:a - (“151 bas ugs) = 0. ( )

Comparing this result with that of [178], one derives the dictionary between the variables here
and those in [178], summarized in Table 5.4. This shows that the construction just presented
allows to recover exactly the phase space of [140,178| in the case of the Euclidean Poisson Lie
2-group with a trivial Poisson structure.

The above choice of Euclidean Poincaré 2-group with trivial Poisson structure describes a flat
2-triangulation, with curved the 1-holonomies of its dual 2-complex. Going further, one can
input curvature on the edges of the 2-triangulation. Let me mention two interesting realizations
of 2-triangulations with curved edges:
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Our notation | Notation in [178|
Face (triangle) b, bij)-
Edge e A (e
Wedge/dual face YL Ve

Table 5.4: Dictionary between the variables used in this construction and the ones in [178|.

e r-Poincaré deformation: consider the choice of Poisson Lie groups
G =50, Gy=AN, G]=S0", G;=AN". (5.95)

The underlying Lie bi-algebra is the one described in App. A. This type of deformation
would work for any sign of the cosmological constant in the Lorentzian case, and for a
negative cosmological constant in the Euclidian case.

e Self dual case: consider the choice of Poisson Lie groups
G, =SU, Gy=SU, Gi=R*, G;=R**. (5.96)

This deformation can be seen as the double of the Drinfeld double of SU(2) (as a Poisson
Lie group) and can be recovered by semi-dualizing the co-tangent bundle T*Spin(4).

5.3 2-Group field theory

In this section I will provide a model of four dimensional group field theory based on 2-groups,
based on [48]. I present the main ingredients of the model in the 2-complex picture following the
pattern used in Ch. 3 for ordinary GFT and in Ch. 4 for HAFT. In particular, I will show that
this new model, which can be called 2-group field theory, is a topological invariant; moreover,
the 2-complexes generated by the 2-group field theory are the same 2-graphs introduced in [47]
and presented in the previous section. This allows to relate the 2-group field theory to the
G-networks of [140] and thus to the KBF model.

Notation. Consider the 2-complex dual to a three dimensional simplicial 2-triangulation and
decorate it with the crossed module G = (Gy, G, t,>), where the groups G; can be finite groups
or Lie groups. In the latter case, consider only the class of crossed modules where the groups
Go is unimodular''. Moreover, the Haar measure on the 2-group G is taken to be the one of
the semi-direct product Gy x Gy, where the measure on G, is invariant under the left action of
G;. Assume further that both the groups G; have a trivial Poisson structure, so that the dual

2-group G* = (G3, G}, t,<) is characterized by a pair of abelian groups. As a consequence, the
model will only describe flat simplicial 2-triangulations, with non-trivial 1- and 2-holonomies.

It is worth to fix notations here once for all, this also provides a better geometric understanding.
In the following, 4-simplices will be labelled by greek letters «, tetrahedra 74 by capital latin
letters A = 1,..,5, triangles t; by ¢ = 1,..4 and edges e, by a = 1,2,3. The wedges of a
tetrahedron — decorated by y € Gy — will thus be labelled by quadruplets {«; A;i; a}; while the

While the construction can be probably extended to a more general Lie groups, it would complicate the
presentation and it would not bring any worth additional value, since the main goal here is just the introduction
of a GFT based on 2-groups, with no over complicated requirements.
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(a) Gauge transformation of :
g € G with respect to h € G, (b) 2-Gauge transformation of (y,u) € G with respect (z,h) €

represented as a closed loop in G, again represented as a loop in the gauge fiber, which in this
the gauge fiber. case is a closed surface.

links — resp. decorated by u € G; — will be labelled by triplets {«; A;i}. A similar notation will
be used for the gauge variables that will be introduced later on, and for the nodes: center of
4-simplices are labelled by c¢,, centers of tetrahedra are c,.4 and centers of triangles are cq .-
In all these cases, when it will not generate ambiguities, the 4-simplex index a will be omitted.

Remarks on lattice 2-gauge theories. similarly to ordinary GFT’s, 2-group field theory is
a 2-gauge theory, hence before going into its details, let me give an overview of (lattice) 2-gauge
theories. Suppose to have a cellular decomposition (such as the complex dual to a simplicial
triangulation), and decorate the links with holonomies of a group G, say elements g. Gauge
theories are thus based on the internal symmetry of the model under the action of a gauge
group. Taking the gauge group to be G itself, such action is simply given by the left and/or
right multiplication; take for instance the left one. In this case, The gauge transformation

g — g =hg, (5.97)

can be represented as a closed loop generated by the gauge fiber, see Fig. 5.11a. The picture for
2-groups is analogous. In this case, one would talk about 2-gauge theories. These can be seen
as the straight generalization of gauge theories. Consider a 2-group G with element (y,u). The
2-gauge transformation parameterized by a 2-group with element (z, h). If the gauge 2-group is
g itself, its action is given by the composition of 2-group elements in the gauge fiber, which is
now a closed surface. can be realized as the horizontal composition

(yu) — (Y )= (z,h)"V o(y.u), (5.98)

and is represented in Fig. 5.11b.

5.3.1 Basic ingredients of the model

Field and 2-gauge transformation

In analogy with others GF'T models, the fundamental degrees of freedom are encoded in the field.
The latter, for a 341 dimensional 2-group field theory, is the 2-graph dual to a tetrahedron. While
for ordinary GFT’s the graph dual to a d—simplex would be simply given by d+1 independent
links sharing a common node, in this case, the 2-graph dual to a d—simplex is given by the d-+1
links, plus the %d(d + 1) wedges shared by each pair of links. In the d = 3 case, the 2-graph
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dual to a tetrahedron is indeed given by four links (dual to the faces) and six wedges (dual to
the edges). This is the fundamental information that has to be encoded in the field of 2-GFT.
We immediately face the first difference between GFT and 2-GFT. Note that 2-group elements
are given as pairs (y,u) € G decorating a single wedge and a single link. While in the ordinary
group case there are no ambiguities in defining the field as a function on four copies of a group
(four links), in this case the number of links (four) and that of the wedges (six) do not match,
and this prevents to define the field as a function on a number of copies of G.

To solve this issue, the phase space construction presented in the previous section comes to help.
In 2-group field theory, instead of dealing with phase spaces, one has to take the polarization of
that construction in the dual 2-complex, but the idea does not change. According to the phase
space construction, the graph dual to a tetrahedron is given by twelve fundamental (atomic) pairs
of wedge/link, say elements (vi.q,uiq) € G, fused together to construct first the four triangles
and then by merging them to properly build the tetrahedron boundary. I will thus introduce the
field of 2-group field theory in two steps. Let the fundamental field be a function ¢ € F(G*1?)
on twelve copies of the 2-group G. Then, the geometric field ® is constructed as the fundamental
field plus the proper geometric constraints that turn it into the correct decoration of the 2-graph
dual to a tetrahedron.

Definition 18 (Geometric field). The geometric field is a function of four copies of the group
G1 and siz copies of the group Ga, defined as

4
O({Yi 3 ui}) = /du12d912 TT (e, (u i) s, (w7 wie) s, (7 wis))
=1

Oy} (Yij3 Yia) O({(Yisar Uia) }) 5

where ¢ is the fundamental field and the symbol dgyy stands for the combination of six delta
functions on the group Go that enforce the definition of six fused internal wedges Y, ; (see also
(5.59) in the construction of the tetrahedron phase space) in terms of the twelve wedges y;.q,

(5.99)

_ -1 -1 _ -1
Yio= Y1.3 Y215 Yi3= Y1,1 Y3335 Yia= Yi.2 Y433,

_1 H 12 (5.100)
Yo3="Ys3¥s1,  Yoa=1UsoYs2, Y34 =YzoYs1-

As emphasized before, the geometric field is not a function on a 2-group, but rather a function
on the groups G; and Gy separately. Nevertheless, thanks to the its definition in terms of the
constraints on links and wedges, it is possible to keep track of the initial 2-group elements.

The geometric field is invariant under the 2-gauge transformation (5.98). Let the projected
geometric field be

4
(PO)({Yij;ui}) = /d:zczldhdyndu12 H <5G1 (u; " t(zi)huia) Oc, (u; ™t (i) hao)
i=1
dc, (u;! t(Ii)hUi;3)> 0evy (Yigs 07 Wia) O({(27 B> yias t(wi) huisa) }) -
(5.101)

The 2-gauge transformation for a single 2-group element (y;.q, u;,) is illustrated in Fig. 5.11h.
The above equation is called gauge averaging, and the invariance of the field under the 2-gauge
transformation is

d=(POD). (5.102)

The geometric interpretation is the same given in Ch. 3 for ordinary 3d GFT and Ch. 4 for
HAFT; hence, without repeating the same concepts too many times, her I would just like to
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emphasize that the elements Y and u will be part of the 2-graph dual to the boundary of the
four dimensional Feynman diagrams of 2-GFT, while the wedges = and the link A will decorate
the bulk 2-graph. I will thus call them respectively boundary and bulk (or eventually gauge)
variables. According to the combinatorics of a tetrahedron, here there is a single bulk wedge
decoration z; for all the three wedges v;,, dual to the three edges of a triangle, and a single bulk
link decoration h for all the elements.

Note that, in order to construct the 2-graphs with the proper combinatorics, one needs to demand
the field to be invariant under permutations ¢ € Sy, up to the parity of the permutation. In
the following, I will typically assume this symmetry without making it explicit in order to not
burden the notations.

Action and partition function

The action of 2-GF'T is given by the contribution of a kinematic and an interaction term
S=5+6y. (5.103)

The kinetic term is given by the product of a pair of fields

Se = [ P o({ (v ) O (s 130))). (5.104)
It can be written as an integral operator
Sk = /ddeUM K o({(Yiia, ula)})gb({(y;,aa ufuz)}) ) (5.105)
where
4 3
K =TT dc. (via via) b, (ui i) (5.106)
i=1 a=1

is the kernel of the propagator amplitude. The interaction term is given by the proper non-local
product of five projected geometric fields P ®, such that they respect the combinatorics of a
4-simplex. Once again, such product can be written as an integral operator

Sy = / dY*du?dX0dn’ v ¢*® (5.107)

where the term V is the kernel of the 4-simplex amplitude in the dual 2-complex. In analogy
with ordinary GF'T’s, one expects the interaction term to encode two types of holonomies:

x a generalization of the flat 1-holonomies given as combination of bulk variables h’s and
boundary data u’s, plus eventual contributions from the t-map of the bulk wedges x;

x a flat 2-holonomy generated by the bulk and boundary data x and y.

These terms can viewed as the generalization of the closure of Fig. 3.3b, and are represented in
Fig. 5.12. The kernel ¥V amounts to
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Cl..,.

Figure 5.12: A portion of the interaction term. The dotted lines are the combination of three
faces shared by three tetrahedra and sharing a common edge (the black solid line). The three
solid lines h; are three of the five bulk links of the 4-simplex, with source at the node ¢ (center of
the 4-simplex), and targets resp. at c4 (centers of the three tetrahedra). In different colors the
three fused internal boundary wedges Y and their respective boundary links. The three fused
boundary wedges (six half wedges u,;;) combine into the total wedge dual the the central edge.

V = g, (t(Xg,1) by uzghy ') 6c, (6(Xs 1) hiurg usshs ) 0, (H(Xa)hiurs upshy ')
0, (H(Xs,1) hiura ushs ') 0c, (6(Xs2)hauon ugihy ') 6, (H(Xaz2) houso ugshy ')
da, (t(X5 2)hatig3 us o by ) da, (t(X4,3)h3u3;1 u;}lh;l) da, (t(X573)h3U3;2 ugéhgl)
N (t(X574)h4u471 ug s 1)
5G2((h1I>Y121)X12(h2>Y241) Xo3 (h3> Y33) 31)
5G2((h1 > Y1) Xi2 (o> Yauo) Xog (hat Yaz0) X 1)
5G2((h1 > Y1) X2 (ha > Yau3) Xos (s> Vi) X 1)
5G2((h1 >Yiz2) X1z (ha> Ya31) X34 (hat Vi) X 1)

0, ((h1>Y1a2) X3 (hs> Yis2) Xss (hs > Ysz1) Xs1)
5(;2((’11 > Yi34) X1 (hav> Yao1) Xas (s> Vi) X 1)
5(;2((’12 > Yo01) Xoz (ha> Yau1) X4 (hat> Yaaz) X 2)
0, ((ha > Ya31) Xoz (hs> Yiu2) Xs5 (hs > Ysz2) Xs.2)
5(;2((]12>Y232)X24(h4>Y431)X45(h5>Y542) 2)
0, ((ha > Ya2,1) Xaa (ha> Yaa1) Xas (hs > Ysuz) Xs3) - (5.108)

The first ten deltas (on the group G;) enforce the closure of the links dual to the ten identified
faces of a 4-simplex while the other ten delta functions (on the group Gs) enforce the closure of
the combination of bulk and boundary wedges around the ten edges of the 4-simplex. In order to
express such closures in a compact way, I introduced the decorations of the fused gauge wedges
Xa,p between tetrahedra A, B:

X2 = $1_i Tag, Xiz= 171_5 T3z, Xi4= 931_% Ty, Xip= $1_}1 T,

Xog =01 T34, Xog =55Ta3, Xos=TysTs2, Xsa =Ty Tad, (5.109)

-1 -1
X3,5 = T3.0T5;3 5 X4,5 = Ty T54 5
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with inverses X;‘}B = Xp,a. I refer again to Fig. 5.10 for the 4-simplex combinatorics.
2-Group field theory can be formulated as a state sum model, with partition function given by
the sum over all the 2-complexes I'* dual to simplicial four dimensional 2-triangulations I':

Z= FZ /dth I dc. (et (X)) T de.(Xe), (5.110)

where X; € Gy is the bulk wedge dual to the triangle ¢ C I" and h; € G; decorates the boundary
of this face; while X, stands for the combination of closed bulk wedges dual to a single edge
e C I'. Note that this is a natural generalization of the amplitude that would be obtained in
an ordinary four dimensional GF'T, with the extra information coming from the 2-holonomies
X, € Gy that encode the curvature around a single edge. As stated at the beginning of this
chapter, a (topological) model based on 2-groups encodes both the curvature around an edge
and that around a vertex of a cellular decomposition.

5.3.2 Topological invariance

2-Group field theory is a topological model. As stated for for HAFT of Ch. 4, the topological
invariance emerges from the invariance of the partition function (5.110) under the Pachner
moves. The latter are transformations that map (the amplitude associated to) a given cellular
decomposition to (the amplitude of) another topologically equivalent cellular decomposition. In
four dimensions there exist three Pachner moves.

* P15 relates the amplitude of one 4-simplex V to the amplitude of the combination of five
4-simplices Vs;

x Poy o relates the amplitude of the combination of two 4-simplices Vy to the amplitude of
the combination of four 4-simplices Vy;

x Pg gt relates the amplitude of the combination of three 4-simplices Vs to the amplitude of
the combination of three 4-simplices Vs.

The key Feynman diagrams for the four dimensional Pachner moves are thus the 2-graphs dual
to a single 4-simplex, and the ones dual to a combination of two, three, four or five 4-simplices.
I listed the explicit expression of the associated five amplitudes in App. D.1, denoted Ay, for
N = 1,2,3,4,5. Given these five amplitudes, one can check the invariance of the model by
computing the Pachner moves. 1 give a few details of the computation in App. D.2. Let me
summarize here the results. Let Vg, be the volume of the group G;.

* Pachner move P, 5 is illustrated in Fig. 5.13. The amplitude of five 4-simplices Ay, , upon
integration of the bulk variables, is proportional to the amplitude of a single 4-simplex Ay :

Ay, = (VG VED) Ay (5.111)

* Pachner move Py, is illustrated in Fig. 5.14. The amplitude of four 4-simplices Ay,,
upon integration of the bulk variables, is proportional to the amplitude of two 4-simplices
-AV23

Ay, = (VG VE)) Ay, . (5.112)
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Pas) \ /

Figure 5.13: Pachner move P(; 5). On the left the graph dual to five 4-simplices: in blue the bulk
links shared by pairs of tetrahedra and in red the bulk links dual to the five tetrahedra of the
boundary. Upon integration over the internal (blue) links, only the external (red) links remain
and the graph reduces to the one dual to a single 4-simplex, on the right.

1 6
&.1 2.}
1 2
P(274) & %
: ; 1 9
— | 3| T~
8 4

Figure 5.14: Pachner move P (5 4). On the left the graph dual to four 4-simplces: in blue the bulk
links shared by pairs of tetrahedra and in red the bulk links dual to the eight tetrahedra of the
boundary. Upon integration over the internal (blue) links, only the external (red) links remain
and the graph reduces to the one dual to a pair of 4-simplices with a single bulk link (in blue)
connecting their centers, on the right.
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Figure 5.15: Pachner move P(33). On the left the graph dual to three 4-simplices: in blue the
bulk links dual to the nine boundary tetrahedra. Upon a change of variables, the three boundary
tetrahedra of each of the three 4-simplices become the boundary tetrahedra of three different
(new) 4-simplices, on the right.

* Pachner move Pj 3 is illustrated in Fig. 5.14. The amplitude of three 4-simplices Ay, is
equivalent to the amplitude of three 4-simplices Ay, with a different combinatorics:

Ay, = Ay, . (5.113)

5.4 Remarks and perspectives

In this final chapter I discussed 2-group theory and an eventual applications of its concepts in
a theory of four dimensional discrete geometries. The first step was the construction of the
phase space of a cellular decomposition of a three dimensional manifold with decorations on
1- and 2-holonomies; these cellular decompositions are interpreted as the states that would be
used to construct the eventual Hilbert space at the quantum level. I discussed how to construct
such phase space where the decorations of 1- and 2-holonomies are associated to the elements
of a skeletal 2-group, regarded as the semi direct product of groups; the symplectic reduction
was used as basic tool to merge several phase spaces, where three particular reductions are
identified as the essential ones to build up any arbitrary phase space. In the second part of the
chapter I defined a field theory, based on 2-groups, where the states of the new model are defined
accordingly to the previous construction. The Feynman diagrams of 2-group field theory are the
2-complexes dual to the cellular decompositions of a four dimensional manifold. The model was
proven to be topologically invariant.

I want to mention a few possible related future works.

Phase space for a general 2-group. The initial phase space construction was restricted to
the case of skeletal 2-groups. Here it would be interesting to repeat the same construction for a
general pair of dual 2-groups; this would require a more appropriate definition of 2-Heisenberg
double and 2-Drinfeld double [166].

Quantum 2-groups. The 2-group field theory instead is focused on a 2-group with trivial
Poisson structure. This is in direct analogy with ordinary GFT’s and implies that we can only
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describe flat discrete geometries. As in Ch. 4 I provided a generalization of group field theory
based on quantum groups, one should also generalize the 2-group field theory to the quantum 2-
group case. However, only a few proposal for quantum 2-groups have been made so far [179,180],
and it is not clear whether and how they are compatible each other. In App. I I also provide
a new proposal for a 2-Hopf algebra of functions on a 2-group, that might be compatible with
2-group field theory. Unfortunately, the lack of a complete and widely accepted theory of 2-
Hopf algebras prevents the rigorous formulation of a 2-group field theory that describes curved
geometries.

Fourier transform for 2-groups. The 2-group field theory is only presented in the dual
2-complex picture. Similarly to ordinary GFT’s or to HAFT, one would like to define a Fourier
transform between (quantum) 2-groups, which allows to map the 2-group field theory just pre-
sented, to a 2-group field theory expressed in the 2-triangulation picture. The latter is then
expected to coincide with the Mackaay-Yetter model. [154]. The phase space construction pre-
sented in the first part of this chapter should also provide an intuition of the properties that
such Fourier transform is expected to satisfy. Indeed, it has to reflects the proper combinatorics
of a 2-triangulation and its dual 2-complex, and it has to provide a map between the momentum
maps (identification of geometric objects) and the dual gluing of variables. This type of duality
is exactly the one that I emphasized in the phase space construction.

Introducing matter. One of the motivations to use higher categories to describe discrete
geometries is that they allow to encode the proper topological degrees of freedom in higher
dimensions. As hinted in the introduction of this chapter, such topological defects can some-
times be interpreted as matter degrees of freedom. As 2-groups are used to encode the proper
topological features in four dimensions, in 3d they can be used to implement matter degrees of
freedom; similarly, in four dimensions one should use 3-groups [181] for the same scope. It would
be interesting to construct field theories based on 2- or 3-groups in three and four dimensions,
with the same spirit of the 2-group field theory proposed in this chapter, to introduce matter
degrees of freedom in a theory of discrete geometry. As I emphasized in the concluding part
of Ch. 4, there already exists a group field theory where matter is introduces in a way that
can be attributed to 2-groups. Krasnov indeed proposed a model of group field theory based
on the Drinfeld double of SU(2), [127]. According to the assumption made in Sec. 5.2, where
skeletal 2-groups were regarded as semi direct product of groups, also the Drinfeld double of a
Lie group can be analysed in a similar way. Under this perspective, Krasnov model can be seen
as a three dimensional 2-group field theory based on the Euclidean 2-group G = SU(2) x R3,
where matter degrees of freedom are introduced as zero dimensional topological defects, encoded
by the 2-curvature.

Gravitational degrees of freedom: simplicity constraint. Finally, I recall that the model
presented does not include any gravitational degrees of freedom. To this scope one should
implement the simplicity constraint, which in a 2-group theory seems to be a subtle issue [178|.
The simplicity constraint, in a model of discrete geometries, enforces all the flux decorations of
the faces of a triangulation, to be given as a wedge product of the elements of the translation
group and its dual, so*(p, ¢) = RPT9 ARP*9* This suggests that, in a model of four dimensional
geometries, it might be necessary to use group decorations on both the edges and the wedges to
properly impose the simplicity constraint. This would require the use of a phase space based on
a 2-group structure. I leave this interesting and important question for later investigations.
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Conclusion and discussions

Driven by the aim of analysing quantum gravity as a constrained topological model of quantum
geometries, in this thesis I discusses some field theoretic approaches to discrete geometries.

In the first part I focused on some models closely related to the combinatorial aspects of a
quantum geometry, such as matrix or tensor models, with an emphasis on the SYK model. In
particular, I analysed the consequences of a non-Gaussian disorder average in a complex version
of the SYK model [42].

The second part of the thesis was instead devoted to the group field theory approach to quantum
gravity, which allows a closer contact between discrete or quantum geometries and a discrete
version of gravity. In this part I focused on some possible extensions of these models that probe
the properties of homogeneously curved discrete geometries. Following the usual pattern of the
group field theory approach, I discussed first its generalization to the case of Hopf algebras
[45], which allows to include the cosmological constant and thus to discuss three dimensional
curved geometries (seen as triangulations of homogeneously curved manifolds). Similarly, the
construction of curved geometries in four dimension requires the use of a different mathematical
tool, identified as a 2-group. Therefore, after a short introduction on the main aspects of 2-group
theory, I discussed the construction of a phase space based on 2-group decorations, which is the
preparatory step to construct a quantum geometry [47]|. Using this construction, I discussed, in
the last part, the formulation of a four dimensional group field theory based on 2-groups [48].

SYK model with non-Gaussian disorder average. The first original work that to which
contributed during my research, aims to explore the consequences of a non-Gaussian distribution
in the SYK model.

For the analysis of an SYK model with a non-Gaussian potential, I used some standard tech-
niques, well known in the study of these type of field theories, such as the replica trick or the
use of intermediate fields. Similarly to the standard SYK model, the aim is to average the par-
tition function over the disorder to obtain the one dimensional effective theory in terms of the
fermionic fields. The complication due to the non-Gaussianity was that the graph expansion of
the potential may not have been finite (the couplings could have been unbounded) in the large
N limit. Moreover, it is important to check whether the usual properties of the SYK model,
such as the melonic dominance for the bubbles and in particular the Gaussian universality still
hold in presence of the non-Gaussian disorder. In order to address these questions I used a
Polchinski-like equation for the potential, obtaining the following results:

— finiteness of the graph expansion;
— melonic dominance for the bubbles;
— Gaussian universality (dominance of the dipole term).

Given these results, it was then possible to compute the effective theory, using the same tech-
niques of the standard SYK model. From the analysis of the effective action one can observe
two results:
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> modification of the covariance;

> conformal invariance of the effective action in the infrared.

The first in particular is the main consequence of the non-Gaussianity condition and thus it is
the main result of this work.

Inspired to this work, it would be interesting to explore the effects of a non-Gaussian distribution
in other SYK models:

* the real Gross-Rosenhaus SYK model;
*x based on a real anti-symmetric random tensor .J;

% super-symmetric SYK model.

Hopf algebra field theory. The first extension of a group field theory that aims to describe
the properties of a three dimensional homogeneously curved discrete geometry is a topological
field theory based on Hopf algebras.

All the mathematical ingredients necessary to construct such Hopf algebra field theory are en-
coded in the dual of the generalized quantum double D*(A, H, o). Here, elements of the (dual)
Hopf algebras A and H are used to decorate geometric objects of a triangulation and its dual
complex. The notion of duality is encoded in the canonical element o, which was called plane
wave as it has been used to construct the Fourier transform that relates the two dual Hopf
algebras. From a mathematical point of view, the main technical difficulties rely in the non-
commutativity and non-cocommutativity of the two Hopf algebras. However, the main aspects
of the model can be derived using the standard Hopf algebra structures and the properties of
the generalized notion of plane wave. Among these mathematical results, we have

— definition of a Fourier transform (4.60) between dual Hopf algebras, in terms of the plane
wave o;

— proposition 7 and & that provide the amplitudes of a triangulation and a dual complex
respectively;

— proof of the topological invariance of the model, manifested as the invariance under the
action of the Pachner moves (1.87) and (1.89).

In the second point, it is particularly important to emphasize that the plane wave (or a com-
bination of plane waves) is sufficient to provide the amplitude of any Feynman diagram of the
model. This makes such canonical element the core object of the Hopf algebra field theory. From
a physical point of view, the main relevance of the model is its relation with the discretization
of three dimensional gravity:

> when the standard g-deformation of SU(2) is considered, the Hopf algebra Hopf algebra
field theory reduces to the original Boulatov model, and thus it can be seen a path integral
formulation for the Turaev-Viro model;

> the plane wave provides the discretization (or quantization) for the amplitude of a topo-
logical model. In the case of SU,(2) it thus provides the discretization of a 3d Euclidean
BF theory with negative cosmological constant.

The Hopf algebra language used in the model and its relation with the Turaev-Viro amplitude
suggest some interesting perspectives:
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x the relation with integrable systems, as the plane wave can be recast as the transfer matrix
generated from a Lax pair;

x a generalization to quasi Hopf algebras would allow to include Hopf algebras based on the
g root of unity deformation. These Hopf algebras are particularly important in physical
models as they provide a natural regularization in the UV;

* matter degrees of freedom can be included as topological defects in a 3d spin foam or
group field theory model by using the Drinfeld double of a Lie group at the place of the
group itself. Hopf algebra field theory allows to discuss the inclusion of such topological
defects in homogeneously curved geometries (matter degrees of freedom in presence of a
cosmological constant).

Phase space based on 2-groups and 2-group field theory. The analysis of four dimen-
sional homogeneously curved geometries requires the use of 2-groups. In this line of research
I worked on the construction of the phase space of a general triangulation based on 2-group
decorations and to the definition of a field theory based on 2-groups that properly encodes the
topological features of four dimensional geometries.

In order to build a general phase space of a three dimensional triangulation with decorations on
one and two dimensional geometric objects, I used 2-group elements as decorations. The main
obstacle was the lack of several concepts of 2-group theory, such as the notion of an Heisenberg
double or the lack of a general representation theory. To avoid these issues, I focused on a re-
stricted class of 2-groups, called skeletal, and I used the similarity between such skeletal 2-groups
and semi-direct product of groups. This allowed to treat them as ordinary groups and thus to
use the Heisenberg double as a natural notion of phase space. An fundamental step in this part
was the derivation of Poisson Lie groups and their doubles as the exponentiation of the classical
double of the semi-direct sum of Lie bi-algebras. Then the symplectic reduction technique was
used to merge such phase spaces with decorations on 1- and 2-holonomies. A crucial point here
was how to use the symplectic reduction in a geometrically meaningful way. To address this
question I introduced a notion of reference frame for a cellular decomposition. Hence, in this
first part I obtained the following results:

— definition 17 provides the fundamental ingredients for the construction of the phase space
of a three dimensional triangulation with elements of a skeletal 2-group as decorations;

— the recover of the G-networks and of the KBF model when the Poincaré 2-group is con-
sidered and their extension to the x deformed case.

Some of the results obtained in this part were subsequently used to construct a group field
theory based on (general) 2-groups. Once again, the lack of a general representation theory
and thus of a Fourier expansion enforced several restrictions on the model. Since there is not a
widely accepted notion of quantum 2-groups, not even the notion of dual 2-groups is not known.
These issues prevented the definition of the 2-group field theory in the triangulation or in the
representation pictures. Nevertheless

> the 2-group field theory model was consistently constructed, where (5.110) provides the
amplitude of a general dual complex. This encodes the correct topological features of a
four dimensional geometry, as it is given by the combination of 1- and 2-curvatures;

> the model was proven to be topologically invariant, manifested as the invariance under the
three Pachner moves.
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It would be particularly useful to have a clear formulation of quantum 2-groups. This would
suggest the notion of dual 2-groups and thus the construction of a Fourier transform between
them. Indeed, following the discussion of the Hopf algebra field theory, one can use the canonical
element of the quantum double between 2-groups as the generalized notion of plane wave to
construct the Fourier transform. According to the results obtained, such plane wave would also
provide a natural discretization of the amplitude of a BFCG theory. Having such a Fourier
transform, one could naturally extend the 2-group field theory to the triangulation picture, and
check whether the model is equivalent to the Yetter and Mackaay model. However, even without
the notion of quantum 2-groups there are some interesting possible works related to the model
of 2-group field theory:

x the formulation of a 2-group field theory in three dimensions should amount to a model of
three dimensional geometries with (0d) topological defects interpreted as matter degrees
of freedom;

x generalization to 3-groups that allows to discuss zero dimensional topological defects in
four dimensions;

* introduction of the simplicity constraint, inspired to the Crane-Yetter generalization of
relativistic spin networks.
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Appendix A

Lie bi-algebras and Poisson Lie groups

One of the mathematical tools that I largely used in this thesis are Lie (bi-)algebras and their
exponentiation: the (Poisson) Lie groups. I give here a short summary of the basic definitions
related to the notion of a Lie bi-algebra, Poisson Lie groups, what is called classical double of a
Lie group and I will give some inputs on the generalization of these structures to Hopf algebras.
What follows is just a short review of the main concepts that I will need, I refer to [106] for
more details on Lie bi-algebras and their relation with Hopf algebras.

Lie bi-algebra. Let g be a vector space with generators e’ € g. The left and right adjoint
actions ad™F : g® g — g of g on itself are

) 1 .. ) 1 . - .
adb(e?) = =cipe* | adf(e?) = e, with I, =~ (A.1)
Similarly, the left and right adjoint co-action ad™® : g — g ® g of g on itself are

i j ; 1. ..
@L(el) = ® e’%y)adé (ez» - 5 jkzze] ® 6k,
J
' j ; 1. ..
a_dR(@Z) = ¢ ® e%eﬂadf};(e}‘f)) — 5 jkzej ® ek )

The vector space g equipped with the Lie bracket [, ]: g A g — g, defined by the left and right
adjoint actions as [e', i/] = ad% (e?) + adlf (e') = ¢¥ye¥, is a Lie algebra.

The vector space g equipped with the Lie co-cycle 64 : g — g A g, defined by the left and right

adjoint co-actions as 0y(e’) = ad”(e') + ad™(e?) = 1d;;’e’ A €¥, is a Lie co-algebra.

The vector space g equipped with both the Lie bracket and the Lie co-cycle in a compatible way

(A.2)

0y(le", €']) = [0(€") , Gy(e)], (A.3)

is a Lie bi-algebra.

Dual Lie bi-algebra. Let g and g* be a pair of Lie bi-algebras with generators e! € g and
el € g*. They are said to be dual each other if there exists a bi-linear map (, ) : g® g* - K
such that A ‘

(e", ej) =05, (A4)

The above bi-linear map further enforces the duality between the left and right adjoint actions
of g resp. with the left and right adjoint co-action of g*, and vice-versa:

(adg(€), ep) = (' @ e, ad"(ep)) , (adi(e), ) = (¢ @€', ad"(e}))

(¢, adh () = (ad (), € @€t} , (¢!, adl(eD) = (ad"(), ey, )
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This implies that the Lie brackets of g are dual to the co-cycle of g* and vice-versa:

<[€i ) ej] ) €Z> = <€i &® €j , 59* (ez» = Cijk’

<€ ) [€j> 6k]> = <59(€ )7 € ® ek) = Gjk;-
A pair of dual Lie bi-algebras g and g* are thus defined by the respective structures
le", €] = cpe", [e7 s €] = dij* et
g . 1 . g : 1 . AT
dg(e’) = 5 el Aek dg«(€]) = écjkie;'f A ey . (A1)

Classical double. Let g and g* be a pair of dual Lie bi-algebras as above. The left and right
co-adjoint actions ad*’ : g ® g* — g* and ad*F : g* ® g — g* of g on g* are

ad:iL(e;‘) = (ad% (e"), ej)en = ciéjez : (A8

ads(e5) = {ad® (), e5)el = .

Similarly, the left and right co-adjoint co-actions ad*” : g — g* ® g and ad*® : g — g ® g* of g*

on g are . ’ )
ad* " (e') = e; ® eet, ad:f(e})) = cre; @ er

, : . R A9

ad () = & @ elet, adF(e)) = Mo @ e A9

Let the Lie bi-algebra g« be given by the Lie algebra of g (with Lie brackets [, Jgeor = [, ]4)

and opposite g co-algebra, with dgeor = —0dg; similarly, let the Lie bi-algebra g be given by the
Lie co-algebra of g (with Lie co-cycles dgor = d,) and opposite g algebra, with [, Jger = —[, ;-

The left classical double 07 = g®? < g* is the Lie bi-algebra given by the Lie bi-algebras g®?
and g*, equipped with the cross Lie brackets

[ef, el] = adeL(ej) +ad f(e) = dple® + el (A.10)

Similarly, the right classical double d0p = g* > g°? is the Lie bi-algebra given by the Lie bi-
algebras g®”? and g*, equipped with the cross Lie brackets
[e", 5] = adi(e}) + ad}l(e") = ey + dy'e”. (A.11)
J

The left and right classical doubles are isomorphic, let me denote them as 0 = 0, = 0. The
classical double is also equipped with the element r = e ® e’ called classical r-matriz. The latter
can be split into its symmetric and antisymmetric parts

1 1

) 1
t * % t
7’_——2(7“—7”)———2 E el-/\e y 7’+——2(T+7’>. (A12)

(]

The co-cycles of the Lie bi-algebras g and g* can equivalently be expressed through the co-
boundary condition,

S@)=r®1+1Qx,r], Vo=c, e €, (A.13)

making 0 a co-boundary Lie bi-algebra. The classical r-matrix also satisfies the so called classical
Yang-Baxter equation (CYBE),

[[r, r]] = [r12, i3] + [r12, 73] + [r13, 723] = 0, (A.14)

where I used the tensor notation rj; =ef ®e'®@ 1, rz=€ef @1 e', ro3 =1 R e} Q€.
There exists a notion of generalized classical double. Consider a pair of any two Lie bi-algebras
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g1 and g, with resp. generators e’ € g, and f' € g, and mutual actions > : go ® g; — g2 and
<:go ® g1 — g1. If the actions satisfy the identities

[f1 Fleet = fro(foet) = fo (foeh),
fialed, el = (flaed)aer — (fiaer) ael,
fivled, el =[fivel, e+, fiver] + (fiaed)p e — (flaeh)pel,

[ fPlaet = [fraet, I+ ae ]+ fra(feef) = fra(fioe),

the Lie bi-algebras g; and go form a matched pair. Dually, the Lie bi-algebras gj and g5 with
generators ef € g and fF € g} are equipped with a pair of mutual co-actions' « : g5 — g5 ® gi
and 3 : g7 — g5 ® g7 derived, by dualization of the actions as

(Frad f) = (Floealfy)), (fiveel) = (fi@e ). (A.16)

If the Lie bi-algebras g; and gs form a matched pair, then their dual Lie bi-algebras g} and g;
form a matched co-pair. The (double cross sum) Lie bi-algebra (g7 > go) built on the matched
pair and the (double cross co-sum) Lie bi-algebra (g] “”? »« g3) built on the matched co-pair are
resp. the generalized notions of classical double and its dual Lie bi-algebra. The choice g; = g

and go = g* is a special case of matched pair, with actions given by mutual co-adjoint actions.

(A.15)

Poisson Lie groups. A Lie group G is obtained through the exponential map (integration)
of its Lie algebra (its tangent space) g. One can equip a Lie group with a further bi-linear map
{, }: GAG — G, called Poisson bracket. A Poisson Lie group is a Lie group equipped with such
map, where the group multiplication is a Poisson map, and one says that the Poisson brackets
are compatible with the group multiplication. Such compatibility reads

{fis foa} g1+ 92) ={fio Ry, , fao Ry }(g1) +{f10 Ly, f20 Ly }(g2), (A17)

where R, and L, resp. denote the right and left translation by g, with g1,92 € G and fi, f2 €
F(G) are functions on G. As the tangent space associated to a Lie group is a Lie algebra, the
tangent space associated to a Poisson Lie group is a Lie bi-algebra. The infinitesimal limit of the
group multiplication gives the Lie brackets, and the infinitesimal limit of the Poisson brackets
gives the Lie co-cycles. Just as Lie brackets and Lie co-cycles of a Lie bi-algebra are compatible,
so the group multiplication and the Poisson brackets of a Poisson Lie group are compatible as
well. Note that the notion of dual Lie bi-algebras g and g* naturally leads — upon exponentiation
— to the notion of dual Poisson Lie groups G and G*.

Classical doubles of a Lie group. The Poisson structure of a given Lie group (that is not
necessarily a Poisson Lie group) can be given in terms of a Poisson bi-vector 7, as { f1, f2}(g) =
m(dfi Adfy). Given a Lie bi-algebra g and the associated classical double, one can define two
relevant Poisson bi-vectors in terms of the classical r-matrix.

Heisenberg double.  The exponentiation of the classical double d equipped with the Poisson
brackets given by the bi-vector

mold)=—[dod, r_],, (A.18)

is called Heisenberg double of G and denoted H, with d € H, [161,162]. Here the brackets
[, ]+ are the anticommutators. As a Lie group, the Heisenberg double is built on the Cartesian

L As the symbols for the left and right actions are usually triangles &, <, the symbols used for the left or right
co-actions are black triangles «,». I will also alternatively use o and .
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Figure A.1: Ribbon equation associated to the decomposition of the Heisenberg double.

product of Lie groups G and its dual G*. The splitting H = G <t G* = G* 1 G, in terms of
group elements, leads to the so called ribbon equation

d=th=hi. (A.19)

The ribbon relation, illustrated in Fig. A.1, allows to define the mutual left and right actions
between G and G*

(bh=h, (<h={, hsl=(, h<al=h. (A.20)

The Poisson brackets given in terms of the Poisson bi-vector (A.18) are symplectic and thus are
not compatible with the group multiplication. Therefore the Heisenberg double is not a Poisson
Lie group, but it has a natural interpretation as the phase space associated to the group G, with
symplectic form

Q- %(w AARY + (AT AAR) | (A.21)

1

induced by its symplectic Poisson structure, where Ag = dgg~* and Ag = g~ 'dg are resp. the

right and left Maurer Cartan forms.

Drinfeld double. The exponentiation of the classical double d equipped with the Poisson

brackets given by the bi-vector
T (d)=[d®d,r_]_, (A.22)

is called Drinfeld double of G and denoted D, with d € D, [162,182]. Here the brackets |, |-
stand for the usual commutators. The Poisson brackets given in terms of the Poisson bi-vector
(A.22) are compatible with the group product, hence the Drinfeld double is a Poisson Lie group.
As a Lie group, the Drinfeld double is built on the Cartesian product of the Lie groups G with its
dual G*, similarly to the Heisenberg double; therefore, there is a natural action of the Drinfeld
double on the Heisenberg double, given by the left or right group multiplication. Such action is
a Poisson map, which means that the symplectic Poisson brackets of the Heisenberg double are
invariant under the action of the Drinfeld double [161]. Let me give the explicit example of left
translation on the Heisenberg double with respect to the sub-groups (of the Drinfeld double) G
and G*. This type of action is the one used in Sec. 5.2 for the symplectic reduction.

o Left G transformations. Let o € g. The infinitesimal (left) action 6% of G 3 W' ~ 1 + «
on H 3 d, induced by the left group multiplication is

Wd~(1+a)d with d=/(h=hi. (A.23)

From which one deduces the transformations for the sub-components [105]

Eh=ah, 6t =0,

oLg = — A.24
od = 50— al —t(aal), &Eh=(aal)h. (4.24)
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o Left G* transformations. A similar calculation can be performed for the infinitesimal
(left) transformations 5£ of G* 30 ~ 1+ ¢, with ¢ € g*,

d~(1+¢)d with d=~0h=hi, (A.25)
from which, the transformations for the sub-components are [105]

0bd = pd %l =L, 0h=0, (A.26)
¢ 0kh = ¢h — h(h "> ¢) = oh — h(¢pah) , 50 = (¢pah)l. '

From (Poisson) Lie groups to Hopf algebras. Quantum groups or Hopf algebras can be
recovered as the quantization of Poisson Lie groups. Without going into details, I would like to
give here an intuition of this concept. As I mentioned in the first part of Ch. 4, I recall that
an Hopf algebra is equipped with two maps: the product and the co-product. Given a Poisson
Lie group G and its tangent space, the Lie bi-algebra g, one can define two associative Hopf
algebras: the Hopf algebra of functions on the group and the universal enveloping Hopf algebra
of g.

Universal enveloping Hopf algebra. The co-product of the universal enveloping Hopf algebra
U(g) can be regarded as the quantization or deformation of the co-cycle of g. While the product
of U(g) is the deformation of the product of the universal enveloping algebra of g, such that it
is compatible with the co-product. If g is an ordinary Lie algebra (with trivial co-cycle), then
the co-product called primitive (it is always of the shape Az = 2 ® 1 + 1 ® z, for = € U(g))
and the Hopf algebra U(g) automatically reduces to the usual enveloping algebra equipped
with such trivial co-product. In this case it is said to be co-commutative. I refer to [183] for
the quantization of the universal enveloping algebra U(su(2)) into its standard ¢ deformation
Uy(su(2)).

Hopf algebra of functions on a Lie group. Similarly, the product of the algebra of functions
on G is the deformation of its Poisson brackets, in the sense that the product (or its quadratic
anti-symmetric part, called commutator) is regarded as an expansion in terms of a deformation
parameter, the brackets are the zero term in such expansion. The co-product of the Hop algebra
of functions F(G) is instead derived from the group product. The simplest way to derive the co-
product of the Hopf algebra of functions on a Lie group, is to choose a coordinate parametrization
for its group element g, which always satisfies the group-like co-product Ag = ¢ ® g, from which
one can deduce the co-product for the coordinates. If G is an ordinary Lie group (with trivial
Poisson structure), then the product of the functions on it is commutative. I refer to [106] for a
general discussion, and to [159] for an explicit realization of the standard x deformation of the
Hopf algebra of functions on the Poincaré group.

In these cases a deformation parameter is often used to deform or quantize the ordinary structures
into Hopf algebra ones. The most celebrated examples of Hopf algebra are the deformations
U,(sly) and F(SL,), see [106,184] for more details. I discuss and use their Hopf algebra structures
in Ch. 4.

A.1 Poincaré and x-Poincaré Lie bi-algebras

In this part I provide an explicit example of Lie bi-algebra, whose general setting was introduced
in the previous section. I will discuss the Lie bi-algebra underlying the n dimensional Poioncaré
(Poisson) Lie group and its xk deformation [159]. This example will be one of the main applica-
tions of the phase space construction provided in Sec. 5.2.

106



Let n* be the Minkowski metric; consider the generalization of the classical double introduced
in the previous section, based on the matched pair of Lie bi-algebras g; and go. Take the Lie
bi-algebra g, to be the n dimensional Lie bi-algebra an with generators P* having the same
dimension as the scale k!, satisfying”

(P4, P = R (PP — P, (PR =0, (A27)
Let g; be the Lorentz Lie bi-algebra so of dimension @, generated by J", obeying
[JH JPP] = P TV 4 g JHP — gh JVP — PP TR e (JHY) = 0. (A.28)

The Lie bi-algebras an and so, when equipped with the mutual actions

d4: so®an — so >: s0®@an — an
J QPP = 5 (g g — P g JW > PP = p*PY — P Pt (A.29)

form a matched pair. Consider the dual Lie bi-algebras g7 = an™ and g5 = so* generated by P
and Jj, respectively, with the bi-linear pairing defined as

(P Py =n",, (J", L) =n"n"y—n"n",. (A.30)

By dualization, the Lie bi-algebra structures of an* and so* are

[Py, P;]=0, 0um(P;)=r"P;AF;, (A.31)
[J;’;V, J;U] =0, 550*(J;‘,,) =J5, A J (A.32)
with mutual co-actions
a: §0° = 50" ®an” B: an® = s0" ® an”
alJy,)=r"(J5, @ P —J5, @ Py, B(Py) =—J" @ P;. (A.33)

Classical double an <t s0 and semi-dualization

From the matched pair (an,so) one can construct the cotangent bundle of the double cross sum
an > so0 as a classical double

0= (an>150)°? X (an* »a s0™), (A.34)
equipped with the classical r-matrix
1
r=P;®P'+ §J;V ® JH . (A.35)

Another classical double, which is used in Sec. 5.2, is obtained from the one constructed above

0 through a process known as semi-dualization, realized by exchanging the coordinates P* € an
with their dual ones P € an®. The resulting classical double is

b = (an”™ w1 50)°? a1 (an va 507) (A.36)
with associated classical r-matrix

1
r=PleP+ 5/, J". (A.37)

2

2T am using the time-like Lorentzian deformation here; but other deformations, such as space or light-like are
also possible [185,186]. The Euclidean signature can also be considered in a similar manner.
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Their Lie bi-algebra structure is given by

(an* »a 50) Lie algebra:

[Py, Pl =0,

R TV — (4.38)
[By, J*] = 0" P = P
(an v« s50™) Lie algebra:
[P, PY] = w7 (0P — g OP),
i T3] =0, (459
[P?, Jo) = 67 0" Jo, = 1 5)
(an* »a s50) Lie co-algebra: (an >« 50*) Lie co-algebra:
Sanvseso(P}) = ' Py Ny Oanmesor (P*) = PP N T, | (A.40)
Sanvoaso (J") = K7 PE A (0T — 0 ] Oanmesor (Ji) = o NS

with cross Lie brackets, induced by the actions of the matched pair and by the co-adjoint actions

Cross Lie brackets:

(PP, T = 5@ — ) o (PR = i P),

[J:V, P;] =0,
[‘];o , M = (anJ*uU + I, — nVaJ*“p - nup‘]*yﬂ)

+ & (" Br = By — (0 P — 1" P))
PP B = i (OB 4 ) +

As a Lie algebra, so v« an* = so X R™ is the Poincaré (or Euclidean) Lie algebra. So upon
exponentiation it would give the Poincaré (or Euclidean) Lie group. Since its co-cycle is non
trivial for k=1 # 0, we would get the Poincaré group equipped with a non-trivial Poisson bracket.
This is the classical version of the so-called k-Poincaré group [106,159]|. Similarly, the Lie bi-
algebra so* v« an upon exponentiation gives rise to the group AN x SO* = AN x R(®*~")/2
equipped with a non-trivial Poisson structure. This is the group dual to the x-Poincaré group,
also called, by abuse of nomenclature, x-Poincaré algebra.

According to the analogy between Lie bi-algebras or Poisson Lie groups with skeletal Lie 2-bi-
algebras or skeletal Poisson 2-groups (see Ch. 5), the above construction, upon exponentiation,
gives rise to the k-Poincaré (skeletal) 2-group and its dual (skeletal) 2-group that I will call -
Poincaré 2-algebra. Upon quantization, these would eventually lead to a pair of quantum strict
2-groups [179)].
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Appendix B

Hopft algebra field theory

B.1 Deriving dual bi-algebras

Here I propose a procedure to derive skew symmetric bi-algebras, as in Def. 3.

Identification of the problem. Given any pair of bi-algebras H and A, we would like to
derive the skew pairing map o that satisfies the properties (4.39) to construct the generalized
quantum double, or dually the skew co-pairing element o that satisfies the properties (1.46),
(1.47) to construct the dual of the quantum double. However, this derivation is highly non
trivial, since the explicit expressions of both the map and the element o strongly depend on the
choice of coordinates and on the normal order of the basis of each bi-algebra.

Solution: reverse problem. Here I will propose a possible solution to this problem; the idea
is to consider first a pair of co-algebras, choose the two sets of coordinates and the normal order
for both of them. Then we define the skew pairing map and the skew co-pairing element, and
derive the product of the two co-algebras in such way the map and element o satisfy the required
properties.

More specifically, consider a pair of co-algebras C'4y and Cp, and denote a € C'y and h € Cjy
their respective basis. Consider further the map o : C'y ® C4 — C, such that

O'(ai, h]) = 5ij . (Bl)
Let us use such map o to define the firther maps

Eh:CH—HC, ﬁhEU(,h),

L,:Cy—C, Lo=o(a, ). (B2)
Consider further an element ¢ € Cy ® C4' such that
oltoo ) =1. (B.3)
Last, let us consider two more maps, called star products
x:Cp@Cy—Cy, *x:C0geCy—Cy, (B.4)
defined as
axb= (L, ®L,®1d) (To Ay ®id)o, (B.5)

hxg=(1d® L, ®Ly) (Id®A4) 0,

!By abuse of notation, I use the same symbol ¢ for the map.
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for all h,g € C'y and a,b € C4. The two star products are associative by co-associativity of the
co-products.

Proposition 15 (Bi-algebra compatibility). Consider two co-algebras Cy and Cy equipped with
the star products (B.5) as above. Denote the two resulting structures resp. H and A, they are
bi-algebras.

Proof. Let me give a short proof of this proposition. In order for H and A to be bi-algebras, the
two star products have to be compatible with the respective co-product

Ag(axb) =AgaxAsb, Ag(hxg)=Agh*xAgg. (B.6)

Let me prove the first identity, the second is completely analogous. Let us suppose that the
canonical element 0 € Cy ® C4 can be decomposed as 0 = Y oy ® 0a. Then, using the
Sweedler notation, the property (4.46) can be expressed as

(id® Ag)o = Z O ®0AL @Oy, = Z OH,OH, @ 0a, @ 04, = 013012 . (B.7)

Using this identity and the star product of H, the compatibility condition for the Hopf algebra
A follows as a direct computation.

ApaxAub: = (Lae ® Lam ®@id®?) (70 Ap13 @70 Aoy ®1d*?) (0 ® 0)
= (ﬁau) ® ﬁa(z) ® Loy @ Ly, @ id®?) (A ®id) o) (Apa @id) 0))

- » OH, (2)) (a(Q) » OH, (2)) U(b(l) ) UH1(1>> J(b(2) ) UH2<1)) T4, ® 04,

= § : o\, OH, () * UH1(2)) (b7 OHy () * UH1(1)) OAq ® A,

(LoRLy,RAL) (To Ay ®id)o :=Ax(axb). (B.8)

]

The two bi-algebras H and A are automatically skew paired by the map o, which by construction
of the star products, satisfies the axioms (4.39), and they are also skew co-paired by the element
o, which by construction of the star products, satisfies the axioms (4.46), (1.47).

Note that, taking C4 to be a trivial co-algebra (with a primitive co-product) the star product
x becomes a commutative pointwise product. As a particular example, the bi-algebras H and
A can be taken respectively the bi-algebras F'(G) and U(g), with G being a Lie group and g its
Lie algebra. In this case the map L, can be seen as the ordinary Lie derivative on G.

Proposition 16 (Generalized quantum double of U, (su(2)) and its dual). Consider the U, (su(2)) =
F(AN,(2)) and U,(an(2)) = F(SU,(2)) co-algebras given in (1.91)) and (1.92)). The full bi-
algebra structures as well as the generalized quantum double of Uy(su(2)) in Prop. 11 and its
dual in Prop. 11 can be deduced by the skew pairing map (1.97)

o(XLHXE | 6% ) = it 5,000 al[b]2![c] 2! (B.9)
and the skew co-pairing element (1.100)

w+®X_ pIORH Jio— ®X+
c=el: e el (B.10)

Proof. In the propositions 11 and 12 I have already proved that the multiplication on F'(SU,(2))
(in (1.92))) can be derived as a *-product, from the co-algebra sector of U, (su(2)) in (1.91)). It
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remains to show that the multiplication of U, (su(2)) (in (4.91))) can be derived as a *-product
from the co-algebra sector of F'(SU,(2)) in (4.92)). We show how to derive the most complicated
commutator

_, sinh(AH)

sinh(¢))
The computation of the commutators [H, X1| follows a similar and much simpler pattern. Ac-
cording to the definition (13.5), we consider

(X, X ] =1/ (B.11)

(Xir X ] =(Lx, NLx_ ®id) (AP ®id) o

. | (B.12)
=(c(Xy A X_, )®id) (A" ®id)o.

Note that, as we evaluate the co-product of the skew co-pairing element in o(X,, ) and
o(X_, ), only the terms with a single power of p_ ® @, or p; ® ¢_ survive. Hence, in the
following computation I will use the symbol ~ to discard all such non-relevant contributions.
The co-product of the skew co-pairing element is

, IAPo, RX_ iAoP iAPH_ DX
(A? ®@id) o = eti PrEX— GIATORH 1O

*q—2
= jutvtw (B13)
= Y (A (AT) (A ") @ XU H X
u,v,w=0 U![U]QQ![w]q_Q! (( SOJF) ( ¢) ( ¥ ) ) ® - +

The co-products of ¢4 can be easily computed using the generalized binomial theorem [106]:

v —i i i v—i
(A%, )" = E ] (poe ™ @ @4 ) (01 ® €)' & w0l @1+ 0,1(pr @1 +1®0y),
1=0 _l —2
q
(B.14)

] (00 @ ) (- @ poe )"~ Gl @ T+ 0ua(p- @1+ 1@ ¢ ).
J IR P

M=

(APp, )" =

I
o

q

(B.15)

The computation for the co-product of ¢ is more involved. Let us first simplify it by discarding
all the unnecessary contributions.

7 1 , ,
Aop¢ —_ _ log ( e—ZM) ® 6—z€¢ . 62 ® o )
AOP\/l — g o o, (900 ¥o P+ Q@ )

[

7 1
~ —log ( . . . .
¢ \/1 Rl —q P (p-®@e ™ 4P R p_)(pr @ +e P ® )

(e*m) Qe 2y, W))

~ %log ((1 ®1+ %q_1£2(e—if¢¢_ Q pre P 4 p et Q e—iéqﬁ(p_)) (e—wqb Qe i — 20, @ 90—)>

~ %10g (e‘m Qe ¥ 4 562 (e_m‘%_ ® 90+6_M¢ - ® 4,0_)))
~ élog <e*w¢ Qe " 4 55290, A cp+> ) (B.16)

For simplicity, call ® = ¢ ® 1 +1® ¢ and ¢ = 30*(¢_ A ¢, ), and notice that
PY™ = p™(D — 2iAm)" , e Pop = P ape®. (B.17)
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The co-product of ¢ then reduces to

3
Il
—
o
Il
=)

€\|I|N
WE
No
z
M3
VR 7~ N N
S 3

[en]

3
Il
—
e
|
=

2
|
[M]¢
.|l

¥
M:

S
Il
—
e

—~
|
—_
3
+
=
S

i — n o 1—¢q
—— —1)ra zaZ‘b(l ild )
S S () (e i et
. 2iN 21\
= (I)(l + e’ﬁq)w) + — 1em)¢ ) 2—161@1#. (B.18)

According to the product rule between ® and v, one finally obtains

Z—1° w)

. 2 . 2
= o 4+ (q)u 12z)\¢ + pu— 22z>\¢q)_|_ >+ <(I)u—2<§;_>;?/i> _|_(I)u—3<§;_i¢1> (I)_|_>_|_

&gy — (0+

u—lu—1l—a a

o 22 Z > D <“_1_a> <6) (—iA)" e (@) P ety

q_laOaOBO

u—1

o, 20 vl L (=i — (1)
~ +q2_1;(—m (=1)%¢ = c1>—2q_1 B (B.19)

Above I used the symbol :: to address at the normal order of the basis. Plugging the results in
the [X, * X | commutator, we obtain the result

(X4 1 X ] = 65,100,100 U(X+ ANX_, (o1 ®@p_+9 ®py)) XUH'XY

A2 1 — (—1)"
- UO(SU}OZUI — ( ) O-(X-F/\X—:SO—/\(JD-I—)XZHuXi

e -1 2
o _1sinh(AH)
B sinh(ZX\) (B-20)
[l
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Appendix C

Triangulation phase space

C.1 Fundamental fusions

In this part I will present the possible ways that one has to fuse together a pair atomic phase
spaces B constructed in Sec. 5.2. I recall that the fusion of phase spaces comes from the
identification (momentum map) of some variables, and as a consequence, the dual variables will
be glued. Having decorations on four objects — links, edges, wedges and faces — it is natural to
fuse the phase spaces by identifying one of these four elements.

o Link gluing. Links are decorated by G; elements, so this gluing is performed by identifying
elements in Gj: a symplectic reduction with respect to the G; symmetry.

o Face gluing. Faces are decorated by G7 elements, so this gluing is performed by identifying
elements in Gi: a symplectic reduction with respect to the Gj symmetry.

o Wedge gluing. Wedges are decorated by GJ elements, so this gluing is performed by iden-
tifying elements in Go: a symplectic reduction with respect to the G5 symmetry.

e Fdge gluing. Edges are decorated by Gs elements, so this gluing is performed by identifying
elements in G5: a symplectic reduction with respect to the Gy symmetry.

Let me now illustrate explicitly these fundamental gluings. Consider the atomic phase space B;
associated to the edge e; (with v;; and v, as source and target), face f;, (half) link /; (with
¢; and ¢;. 5 as source and target, where ¢;. ¢ is a point on the face f;) and wedge w;. Note that,
unlike represented in Fig. 5.7, here I considered an half link. T will comment more on this aspect
at the end of this part.

For the sake of clarity, it is useful to introduce the following notation. According to the Lie alge-
bra structures associated to the Lie groups equivalent to the skeletal 2-groups in consideration,
the Lie bracket between elements of g;, g and between gy, g5 are not stable in g} or g5. At the
group level, the exponentiation of such Lie brackets leads to the group conjugations

/I —1 .
uﬂu_l = /6/?/ = { ﬂ/ ((ugu—l)) o
Yy = (upu 5
7 A )\71 N (Cl)
)\y)\—lzyllﬁll PN ”_( Yy _1>G’1‘,
y'=(yA) as -

Therefore, in order to express the conjugations ufBu~! and AyA~!, I will use their projections
into the groups G} and G3.
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Link gluing. The gluing of two links, as illustrated in Fig. (.1, is done by identifying the face
data dual to each link.
The geometric identification consists in setting’

fl = _f2' <C2)

Enforce this geometric constraint as a condition on Gj elements: represent the decorations of
the faces f; at the nodes ¢; y. Let them be resp. rooted at the vertices vi.2 and va;s.

B : _ G =Gy x Gy 3 (55 =0 =X\ 5:1 = \°uf Eﬁg )

| G=Cix G2 W™ =h=wy ="y, (C.3)
By : G =Gax Gy 3 [ =0y = Ny By = X% 3,5

| G=GixGy3 W2 =hy =upyp = u"™?y32 .

In order to express the face decorations in the same reference frame, their indices have to match,
hence further demand that

ClLf =Cyf , Ui =Uz2. (C.4)
The condition ¢,y = co,y provides the gluing the half links. The proper geometric condition for
the face decorations is encoded in the identification

=cq. SCeo.p\ —1 > >—
ws = (Bed’) & Bi=5" (C.5)
Using the above constraint and the Heisenberg ribbon equations, one obtains the extended ribbon

equation:

~ o~ ~ ~ =~ ~ ~ ~ :1::*1 ~ ~ ~ o~

= AT (agn) M B (Trun) = (Fauz) ™ (AafB2) ™ (tiaa) Ao
tafn) " = (i) M (Tauz) " (Nafa)
Y

A1 Br g (wn > Ay Jottiyt = (> uy ) (N quy gt Bt Ay

<
A1 Bi(ur > ANy B (w9 XY B g ) (w9 A g = (M e ug ) (@< (M ug )y B (M qug ) Bt Ay!

(Aa(u > 25 1) (Br-a (w2 A5 )8 (' (< A5 ") 2 5 ) (w9 Ay i)
= (A >up ) (G <9 e ug))y") (8" (M auy ) e By 1) (n quy AT

with (ug > A7) g1 (ur > A7Y) = /8 and (A <uz V) gs (A <uzt)™" = ¢/8”. The link gluing is
therefore obtained through the symplectic reduction

P = (Bl X 5’2)//G1 ) (0-7)

(C.6)

with momentum map 6:1 EQ ~ ﬁ:l + EQ € G7 and fused link variable u = 711(5\1 >uy ) € Gy.

Wedge gluing. The gluing of two wedges, as illustrated in Fig. (.2 is done by identifying
the edge data dual to each wedge.
The geometric identification consists in setting’

€1 = —€2 & V1 = V22, VU2 = U1 (08)

'Faces can be identified with same or opposite direction. In this example I consider the gluing with opposite
orientation, since it is the one relevant for the phase space construction.

2Edges can be identified with same or opposite orientation. In this example I consider the identification with
opposite orientation , since it is more relevant for the phase space construction.
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Figure C.1: Gluing of two links by identifying the dual faces f; and fo. Impose the points ¢,y
and co, in the two faces to match. Root the faces resp. at the vertices vi2 and v,,5 and let them
match vy, = V9,2, so that the faces share the same root.

Enforce this geometric constraint as a condition on G, elements: represent the decorations of
the edges e; resp. at the nodes c;.

B g G2D<G*9 661_61_>‘161_)\01 v12’
b | G=G3xG1 3 W =h =Hiw =72 u?,

B _g*:GTNGQB 602562:/82)\25/8521)\02
2! _QZGZNG&9%”2;1zﬁ2:§2@_y2§1 avE

(C.9)

In order to express the edge decorations in the same reference frame, their indices have to match,
hence further demand that

C1 = Coy. (ClO)
The proper geometric condition for the edge decorations is encoded in the identification
A=A e =0 (C.11)

Using the above constraint and the Heisenberg ribbon equations, one obtains the extended ribbon
equation:

?1{1 =lLh =Bl & M= h1_€11~h1_~151:1 )\1::>\§_1 Il h T B = by Ry B
holy = lohy = (Boda)ha & Ao = By holsh,

= (@201) (Prha) (Jrun) ™ Byt = Ba(iauz) (Bada) ™ (fiafla)
(Grua) "By H(@282) (F2he) = (Brha) (@ dn) ™ Ba(Baus)
“fl ﬂfl Uy y' B 1o Bz 5\2 )\1 51 Y Ty 5HU1 Y2 Us

(uy i) (7 2 ti2)y' ) (B'Ba) Aa = AT (B 15”)<~ Yy (@t o ) (G Mug),

with @, Byt = (v/3) ! and @y " Batiy = y”B”. The wedge gluing is therefore obtained through
the symplectic reduction

(C.12)

Pu = (By x By) [/ G5, (C.13)
a € G;.

with momentum map A\ Ay € Gy and fused wedge variable § = —; Qs+ — (121_1 b4 ﬂg)
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Figure C.2: Gluing of two wedges by identifying the dual edges e; and es; with opposite orien-
tation. Impose the identification of the nodes c;;; and cy.1, so that the wedges share the same
root.

Face gluing. The gluing of two faces, as illustrated in Fig. (.3, is done by identifying the link
data dual to each face.
The geometric identification consists in setting’

ll = l2 < €L =C2, C1,f = Caf. (C14)

Enforce this geometric constraint as a condition on G; elements: represent the decorations of
the links [; resp. at the vertices vy,2 and vy ;.

B —g*:GQ x GF 5 (et 5571:5\15:1 = \°us 5537
1 - * V1.2 — o — V1;2 ,,V1;2
B _g*:GTNGQB lz€2?f5!72:52:\25552-f )\Cw .
2" 7 7 ~ o~ ~v ~V2:1
| G=Gix Gy W™ =hy =ty §p = 0™ 2L

In order to express the link decorations in the same reference frame, their indices have to match,

hence further demand that
V1,2 = V2.1 - (016)

The proper geometric condition is encoded in the identification
u? = g% S U = Us. (Cl?)

Using the above constraint and the Heisenberg ribbon equations, we obtain the extended ribbon
equation:

hily = t1hy = 04 (u & wuy = byt s
{ s i o ) : o = 1h1€1y1 *£2h2£2 Gy

62]12 = EQZQ = (ﬁggz)gg = ’INLQ = £2h2£2 1]};1

= i (A B) " g (Bidn) = (Mafa) (Bauz) (Bada) 'G5 "
(@51) (B M) 2(BaAa) = (A1 Br) i (AafB2) (212)
W1 PG B M Bade =M Bi A B'Y BoPous
1 (1 7") (515/(5\1 > 52)) (AMA2) = (M hg) ((B1 <9 X2)8'B2) (y'G2)uz

3Links can be identified with same or opposite orientation. In this example I consider the identification with
same orientation, since it is the one relevant for the phase space contruction.

(C.18)
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Figure C.3: Gluing of two faces by identifying the dual links /; and [, with same orientation.
Impose the identification of the vertices vy, = v, so that the two faces share the same root.

° ° €1
€1 . €9 _ \ 1
i f2 J1* f2 s
’ h=1l N
. ) — wy e V1,2 = U2;1
1
. ly (\Ub P
: ;L
. /

with A gg:\l_l = ¢/ and A\;* 71 Ay = B'y. The face gluing is therefore obtained through the
symplectic reduction

Pr= (B x By)//GT, (C.19)
o € GI

with momentum map ulﬁgl € Gy and fused face variable B = 51 + M DBQ + (:\1 U 5\1_1)

Edge gluing. As the link gluing fused a pair of phase spaces associated to half links into a
since phase space associated to a full link, the edge gluing is expected to do the same with edges.
In this case, I will thus start by a pair of phase spaces associated to half links [;, wedges wj,
faces f; and half edges e;, with sources and targets resp. at the vertices v;; and v;,,,, where the
second is a point on the wedge w.

The gluing of two edges, as illustrated in Fig. (.4, is done by identifying the wedge data, dual
to each edge.
The geometric identification consists in setting’

wp = —Wa . (CQO)

Enforce this geometric constraint as a condition on G} elements: represent the decorations of
the wedges w; at the vertices v;,,,. Let them be resp. rooted at the nodes c;.

B Q*:GQKGTB 861561:)\1615)\61 _S;w,
1: * V- — —U1. 71}.
_Q:GQNGla h'v = hy = gruy = gore ut,

G =Cax GI D (2 =1y = )y 3y = \2 32

U2;w ?

(C.21)
81/76/ .

| §= Gy %Gy > A" = hy = Joug = Yoo u™v .

In order to express the wedge decorations in the same reference frame, their indices have to
match, hence further demand that

C1 = Co , V1w = V2w - (022)

)

The condition vy, = v2,, provides the gluing of the edges. The proper geometric condition is
encoded in the identification

goe = gyt e =195, (C.23)

C1 Cc2

4Wedges can be identified with same or opposite direction. In this example I consider the gluing with opposite
orientation, simply because it is easier to represent and understand graphically.
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Figure C.4: Gluing of two edges by identifying the dual wedges w; and ws. Impose the vertices
V1 and vg,, in the two wedges to match. Root the wedges resp. at the nodes ¢; and c; and let
them match ¢; = ¢g, so that the wedges share the same root.

Using the above constraint and the Heisenberg ribbon equations, one obtains the extended ribbon
equation:

illgl = gzhz = gz(gﬂbl) = gz = Kflﬁlglujl gl::yg £;1ﬁ151U;1 = UQé;l;L;ng

= (51)\1)71(371711)(:\151)14171 = uz(Xafa) " (Gaiiz) T (BaA2)
M) urt (Boda) ™ (Giaiia) = (Gniin) "M (Bid)us(Raf) ™"
A By o A ) (gt a A By G i = G B (A > uz) (A <) B A

(Aa(ur > 251 ((Br 2 (o A8 (0 (urt 925" > G2)) (" aANaz)
= (a7 (> u2)) (71 < (M e ug))y”) (B7((M <) & 551)) (A quz)Azt)

with (u;t <A Byt (ut 9 A1)t = By and (A > ug) ™' B (A >ug) = £"y". The edge gluing is
therefore obtained through the symplectic reduction

(C.24)

P. = (B x By)//Gs, (C.25)

with momentum map 719> ~ 41 + 92 € G5 and fused edge variable A = (A < uz)5\2_1 € Go.

Note that one can start by Heisenberg doubles associated to half links and half edges as in the
last example. Then, by using the edge and face gluings one recovers the phase space associated
to a full edge and an half link, or using the link and wedge gluings one recovers the phase space
associated to a full link and an half edge. Therefore, Heisenberg doubles used for the first three
gluings can be thought to be constructed according to the first option. In the full construction,
we will need to use all the four fundamental gluings to retrieve the Heisenberg double associated
to a full link and to a full edge.
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Appendix D

2-Group field theory

D.1 Key Feynman diagrams

Here I will list the generating functions associated to the 2-graphs dual to a combination of N
4-simplices, with N = 1,2,3,4,5. These are the key Feynman diagrams involved in the four
dimensional Pachner moves. Denote (58?’ } (58? } the sets of constraints on links (group G;) and
wedges (group Gs) in the amplitude of N independent 4-simplices.

i. Feynman diagram associated to the graph dual to a 4-simplex, illustrated in Fig.
D.1la, is given by the amplitude (see also eq. (5.108))

Ay = / AX AR dY*du® V = / dXdr*dy P du® 617 617 (D.1)
I denoted
5{V} = 5@,1 (t(Xg 1)h1u1 11 Uo. 4h2 ) 5(;, (t h1u1 :2 U3 3h3 ) (SG1 (t(X4,1)h1U1;3 U;;h;l)
5(;1 (t(X5 1)h1U1 4 U5 1 5 1) 5(;1 (t h2u2 1 u3 4h ) 5(;1 (t(X42)h2U2;2 U,Zéh21>
5(;1 (t(X5 2)h2u2 3 U5 2 5 1) (5@1 (t h3U3 1 Uy. 4h4 ) (5(;1 (t(X573)h3U3;2 u;éhgl)
5(;1 (t(X5 4)h4U4 1 Us. 4h ) s (DQ)
the set of delta functions on the group G; (on the links) and
(5{V} = 5H((h1 > Y1;2,1) Xi2 (hz > You 1) Xo.3 (h3 > Y3, 3) X3 1)
5G2((h1 I>Y131>X12 (h2 DY242)X24 (h4>Y452)X41)
5G2((h1 DY141)X12 (h2>Y243)X25 (h5>Y521)X51)
0y ((hl > Yi32) Xi3 (hs > Ya31) Xga (ha> Yaao) Xy 1)
0Gy ((hl > Y142) Xi3 (s> Ya32) X35 (hs > Ys31) X5 1)
0Gy ((hl > Y1;34) Xua (ha>Yao1) Xa5 (hs > Ysa1) X5 1)
06, ((ha > Yao1) Xo3 (ha > Yaun) Xsa (ha> Yaus) Xa2)
0Gy ((h2 > Yo31) Xos (hs > Yau2) Xa5 (hs > Ys30) Xs 2)
0y ((h2 > Yo32) Xoa (ha>Yaz1) Xas (hs > Ysa2) Xs 2)
0c, ((h:s >Ys.01) Xga (ha>Yaa1)Xas (hs> Ysa3) X5,3) (D.3)

the set of delta functions on the group Gy (on the edges).
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(a) Simplest graph dual to a 4- b) Graph dual to two 4-simplices sharing the tetra-
simplex. hedron labelled 2 in the 4-simplex 1 and labelled 5
in the 4-simplex 2.

ii. Feynman diagram associated to the graph dual to two 4-simplicesx, illustrated in
Fig. D.1b, is given by the amplitude

Ay, = / AX2dRdY Pdu’® K1 (V1 V) = / dX20dR°dY Bdu® 637 6L (D.4)
I denoted
ha 2t (Xais.2) haptingsurs.4h13) 06, (E(Xiia2)hi 2t (Xas 3) hastiasauryshiy)
ot (Xos.4) hoatina Uy, Lohy 5) dc, (f(X1;2,1)h1;1U1;1;1U2_;i4h2_375(X2;1,5)h2,1)>

hl 1U1;1;2 Ul 3; 3h1 3) 5(}1 ( (Xl 4,1)11;1U1;1;3 u1_4112h1_411)

hiaug;ia g, 5 1his) Oa, (H(Xpus) hisusa urgahiy)
h1 :3U1;3;2 U1 5 3 )
1)

5)

) 115X154 h14U141u15 h5
h21U2,1,1U22 ) 3l

1)

)h
(X14,3)
(t(Xi5.4) I
G (E(Xa3,1) hoyuo;2 Uy, 3
1 (t(Xz 3,2) h2iting Us g, sahs
(X2;,3)

G
hoatz;s Usyohay) O 3,

)

e e N e —~ —
=
O
—

S~ N N N N N SN— N~—

1
33
-1
4

)
3)
)
). (D.5)

hapusn g yshay) 0c, (H(Xaus)hasuasa ugyho,

)

the set of delta functions on the group G; (on the links) and

\Z
5{ 2} = = 5(;2(}1129(X253(h23'>Y2324)X232(h22>Y2213)X225)X123(h13|>Y1341)X134(h14>Y1443)X142

X254 h24>Y2413)X242(h22>Y2223 X225)X123 h15>Y1342)X135(h15>Y1532)X152

(
hyov (

h1-1 >Y1-1~3 2) X1;1,3
h1 1> Y1040 X1;1,3

hy3 > Y1;3;3,1) X134 (h1;4 > Yi442) Xia 1)
h1-3 >Y1:3.32) X135 h1;5 > Y1531

3y Ey

h1;1 > Yi.1:34) X114 ha. 4> Yi401) Xias h1;5 > Y541

yEy Ly

h1-3 > Yi.3.:21) X134 ha. 4> Yig41) Xias

) EyEy

D‘

)&y 1Ly Ey

>

2.1 > Yo.1.31) Xo:1,2
h2-1 > Y2-1~3 2 X2;1,3
h2 2> Yo091) Xon3

1Ly

h2 2> Yo040) Xooy h2;4 > Yo.432) Xou 1

ho3>Yo.s.31) Xo.ga (hoa > Youa2) Xowu s

(

(

)

)

)
his> Yi5.43) X1 5,3

)

)

)
h2;3 > Y2;3;4,1 X2;3,4 h2;4 > Y2;4;4 3) Xo, 4,2) 5 (D-G)

) X ( 51)
) Xt ( 51)
) X1 ( )
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the set of delta functions on the group G, (on the wedges). I defined the composed link h; o, =
hl;ghié with inverse hl_% = ha.

The first four delta functions in (1D.5) involve a combination of bulk and boundary links of both
the two 4-simplices, while the remaining twelve deltas involve bulk and boundary links of the
first or second 4-simplices separately. Similarly, the first six deltas in (1).6) involve a combination
of bulk and boundary wedges of both the 4-simplices, while the remaining eight deltas involve
bulk and boundary wedges of the first or the second 4-simplices separately.

iii. Feynman diagram associated to the graph dual to three 4-simplicesx, illustrated
in Fig. D.2a, is given by the amplitude

Ay, = /dX30dh15dY90du60 (K12 K13 Kos) (V1 Vs V3) _ /dX30dh12dY54du36 58?3} 53;3}.

(D.7)
I denoted
{Vvs}
0a."" = da, (H(X13,2)h1 2t (Xos.2)ho 3t (Xs;5.4) R, 1)
<5G1 t(Xpsa.2) b2t (Xogs 3) hogtia sty gshiyg) 0c, (H(Xus.2)h 2t (Xas.a) haauguaupsohy,

X121 h1 1U1;1; 1U2%4h2 175 X215)h21
dc, (1(Xy.4.3)h1 3t(X5.4.2) Ps, 2U322U144h1};

(t(Xys2)
(H(X1a2) 1) 5)
(¢( ) )0, (¢(Xisz,1)ha, 1u112u313h31t Xa;1.4)h31)
(H(X1as) )

N (t(ngl)hg 1uz11u314h3 11(X3.15) ha
(t(X2:2)
(t(X15.)
(H(Xa5.1)
(t(Xs2.1)

)
ar (H(Xy5,3) P 3t (Xssa,3) hissus s iy s,sh )
(t(Xa2) )

!
Gy (t(X2:3.2) ho st ( X352)h32U323U23 2:3

><

)
)0
2:4,2) P2 3t (X3.5 3) h33Us,3.0Us, 4 3N, 4))

ks

(D.8)

121

t(Xy5,4)ha1u1,1,3 Upy, 1o, 1) 0c, (t(Xys1) i Ufélhf%) 0, (H(Xqa1) hasatin g Uiiﬁi},)
1
74)

)
t(Xo;3,1) hoa Uz U g, 33 5) o, ( (Xoua,1)hoaus;s Uii;ghi};) eN (t(X2;4,3)h2;3U2;3;1 u;;zll;4h;
3;2,1)P3,1U3;1;1 Usgo. 4h3 2) oa, (t( 3:3.1) N3 1Us1.2 ug‘égh;é) oc, (t(X3;3,2)h3;2U3;2;1 u§§4h5§,)) ;



the set of delta functions on the group G; (on the links) and

i

= da, (hl 25 (Xas s (hass > Yoo ) Xogo Xoos) Xrs s> (Xauws Xanz (hsa & Yaos2) Xaoa) Xisa (b & Yiaas) Xiao
5G2( > (X (hout & Yo s) Xauo Xons) Xios his > (Xsus Xass (hs & Yason) Xasa) Xiss (hrs & Vi) Xiso
662(h12> (Xa51 (ho > Yousa1) Xog 2 Xos) Xis iz > (Xas Xaisa (hayn > Yaasa) Xaia) Xuga (b > Yiaen) Xi2
5G2<h12|> X254 h24'>Y2414)X243(h23>Y2312)X235)X124(h14|>Y1431)X145(h15|>Y1542)X152
(P11 > Y1) X112h12>(X251(h21I>Y2142)X213(h23l>Y2332 X235)X124 (14> Yia32) X1
(hia>Yi141) X112h12l>(X251(h21I>Y2134)X214(h24l>Y2421 X245)X125 (h15> Yiso1) Xijs
hig > X543 h351>Y3314)X532(h32>Y3212)X524)X154(h14l>Y1441)X145(h151>Y1545)X155
hia>Yia32) X113h13>(X341 (h3a > Yza31) X312 (hsa > Yaaz) X324)X134 (14> Yiaa2) Xipan
( ) ( ) )
h211>Y2121 X212h23>(X351 h3;1 1>Y3;1;4,1)X3;1,2 (h3;21>Y3;2;43)X325) X223 h23>Y2343) X2;3,1

( ) ) X3:3,5)
)

h21'>Y2131 X212h23l> X351 h31l>Y3142 X3;1,3(h3;3l>Y3;3;32 X3:35) X224 h24'>Y2432)X241

\_/\_/\_/\_/\_/\_/\_/\_/\_/\ S e —

A (
5G2(
dea
A (
5(;2( (h1;1 > Yiaa2) Xij,3 hag > (X (s > Yaas2) Xsi13 (has > Yaasi1) Xsg4) Xigs (his > Yissa) Xis
A (
5G2(
dea

ha 3> X555 h551>Y5524)X352(h52>Y3213 X3;2,5)X2;2,5 h2sl>Y2541)X254(h24l>Y2445)X242

(

R ((h1 1> Y3 4) X4 (h1 4 P> Y1,4,2,1) X145 (h1;5 > Y1;5;4,1)

da, ((h2 1> Y13 2) X213 (h2 3> Yo3:3 1) X234 (h2;4 > Y2;4;4,2) X2;4,1)
( ( )

5G2( hs1>Ys1.21) Xs12 (hso> Ys241) X323 (hgz > Y43 X3;3,1) ; (D.9)

the set of delta functions on the group G (on the wedges). I defined the composed links
his = hl;gh;i and ho 3 = hg;gh:;é with inverses hl_é = h3, and h;é = hg 2.

The first delta in (D.8) enforces a closed path of only bulk links of the three 4-simplices; this
is the loop of links dual to the single face shared by the three 4-simplices. The following nine
delta functions involve a combination of bulk and boundary links of the 4-simplices {1, 2}, {1, 3}
and {2,3}, while the remaining nine deltas involve bulk and boundary links of the first, the
second or the third 4-simplices separately. Similarly, the first three deltas in (D.9) involve a
combination of bulk and boundary wedges of the three 4-simplices. The following nine deltas
involve a combination of bulk and boundary wedges of the three 4-simplices pairwise, {1, 2},
{1,3} and {2,3}. The remaining three deltas involve bulk and boundary wedges of the first,
second or third 4-simplices separately.

iv. Feynman diagram associated to the graph dual to four 4-simplicesx, illustrated in
Fig. D.2b, is given by the amplitude

AV4 = / dX40dh20dY12OdU80 (’CLQ IC1’3 ]C1,4 K:273 }CQA K:374) (Vl VQ V3 V4)
(D.10)

= / dX0dpMay B du 5 s
Gq Go :
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the set of delta functions on the group G; (on the links) and

58:4} = dq, <X1-4 2hioD> (X2;5,3X2;3,2X2;2,5) X3l 3> (X3;4,5X3;5,2X3;2,4) X134 hya> (X4;3,5X4;5,4X4;4,3)

0G, ( h12 > X254 (ho.a > You13) Xouo Xaos X1;2,3’L1,3>(X545X555 (has > Yaz1) Xasa) Xiss (his & Yissa) Xigse

0c, | P12 (Xo5,1 h211>Y2141 X212X225)X1;2,3h1,3>(X545X351 h511>Y3154 X,

0G, ( hag > Xgua1 h31'>Y3131 X312X324)X1;374h1,4>

0Gy | o3 > XBol h31>Y3141 X312X325 X2;2,3h2,4D(X440X451 h41l>Y4134 X414)X231 h21>Y2121)X212

(
(
(
S, (h1 2>
(
(
(

5G2(h23> (X353 h33>Y3324)X332X325) X3 hoat> (X445X452(h42'>Y4232)X424) Xoz4 (hou > Youu3) Xoo

>
=
o
v

h23> X351 h311>Y3142 X3;1,3(h3;3l>Y3;3;32 X335 X224 h24l>Y2432)X241(h21|>Y2131)X212

(D.12)

the set of delta functions on the group Gy (on the wedges). I defined the composed links
hia = h1;4h;§, hey = hg;gh;}l and hzy = hg;gh;é, with inverses hi}l = hy g, h2_,411 = h4 and
hiy = has.

The first four delta functions in (D.11) enforces a closed path of only bulk links of the three
4-simplices pairwise. These are the loops of links dual to the four faces shared by triplets of the
four 4-simplices, {1,2,3}, {1,2,4}, {1,3,4} and {2,3,4}. The following twelve delta functions
involve a combination of bulk and boundary links of the 4-simplices pairwise, {A, B}, with
A, B=1,2,3,4 and B > A; while the remaining four deltas involve bulk and boundary links of
the four 4-simplices separately. Similarly, the first delta functions in (D.12) is a closed 2-path of
only bulk wedges shared by the four 4-simplices; this is the closed surface in the dual complex
dual to the single edge shared by the four 4-simplices. The following eight delta functions
involve a combination of bulk and boundary wedges of triplets of 4-simplices, {A, B,C} for
A B,C =1,2,3,4 and C > B > A; the last six delta functions involve a combination of bulk
and boundary wedges of the 4-simplices pairwise.

v. Feynman diagram associated to the graph dual to five 4-simplicesx, illustrated in
Fig. D.3, is given by the amplitude

ZV5 = / dX50dh25dY150dU100 (]CLQ K:Lg IC1’4 ]Cl,5 IC2,3 ’C2,4 ’C2,5 IC3,4 K:3,5 IC4,5) (Vl V2 V3 V4 VS)

_ /dX5Odh15dY30du20 5({;5} 5&5}.
(D.13)
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We defined the composed links

— -1 — -1 — -1 — -1 : : -1
h175 = h1;5h5;2, h275 = h2;4h5;3, h375 = h2;3h5;4 and h475 = h3;2h5;5, with inverses h175 = h5’1,

-1 -1 -1
hj2,5 - h572, h375 - h573 and hj4,5 - h574

The first six delta functions in (D.11) enforces a closed path of only bulk links of the 4-simplices
pairwise; these are the loops of links dual to the six faces shared by triplets of four 4-simplices.
The remaining ten delta functions involve a combination of bulk and boundary links of the 4-
simplices pairwise. Similarly, the first five delta functions in (D.15) enforce the closure of five
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Figure D.3: Graphs dual to five 4-simplices.

2-path of only bulk wedges shared by the 4-simplices four by four; these are closed surfaces in
the dual complex dual to the edges shared by the four 4-simplices. The remaining ten delta
functions involve a combination of bulk and boundary wedges of triplets of 4-simplices.

D.2 Pachner moves

Let me give here a few details of the computation of the four dimensional Pachner moves for a
2-group field theory.

Pachner move P, ;. Consider the amplitude of five 4-simplices (1D.13) and integrate over six
bulk links (hljg, ]’Ll’g, h1,4, h273, h2’4, h374) and over three bulk Wedges (X4;374,X4;375,X4;475>. Note
that, upon integration, four delta functions on the group G; and one on the group G, are
automatically satisfied. This lead to the type of divergence that is encountered very often in
group field theories. Such divergencies have to be regularized by hand, by dividing for the proper
volume term. The remaining integrals give instead several volume terms of the groups G; and
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G,. Upon integration, consider the map below for the remaining terms of the amplitude.

Bulk wedges

Boundary links hs ot (Xo 5X0:54) Xs:32051 > (X152X1:01) — Xoa
A=1,2,3,4,5 hs 3> (X3 1,4X3:4 3)X5 a2hs1 > (X1 5,3X1;3,1) — X3
Uan; — Uay, for _
1=1,2,3,4 h5,4 > (X4 1 3X4 :3 2)X5 5, 2h5 1> (X1;5,4 1,4,1) — X4,1
Boundary wedges h573 > (Xg 1 5X3 -5 3)X5 A, 3h5 9 B> (X2,4’2X27271) — X372
A=1,2,3,4,5 hsa > (Xg1,4X402) X5 3052 > (X 3Xo31) — Xao
YA;I;i,j — YA;i,j for
1=1,2,3,4 hs 4> (X1 5X452)Xs54053 > (Xa32X301) — Xag
Bulk links Xsi1,2hs1 > (Xis1) — Xsi
hs ahaqn — ha for A=1,234 Xsa3hs 2> (Xoa1) — Xso
hsa — hs Xs:1,4053 > (X373,1) — Xs53
Xsa5hsa> (Xao1) — Xsa

Under such change of variables, the amplitude of five 4-simplices (ID.13) turns out to be propor-
tional to that of a single one (D.1):

'AV5 = (Vélvéi) 'AV1 : (D16)
This transformation is represented in Fig. 5.13.

Pachner move P, 4. Consider the amplitude of four 4-simplices (1D.10) and integrate over three
bulk links (hy 2, k13, ho3). Again, upon integration, there will be one divergence (a constraint
in the group Gp) that has to be regularized. The other integration lead again to some volume
terms, and for the remaining terms consider the map below.

Boundary links Bulk links

Uy 7 U2 Ug1;1 —7 U3 Ul 7 Ul Ugr —7 ULs;2 hathia — hia
U2 7 UL1;3 Ug12 —7 Uz2 Uz —7 U3 Uge 7 Us; haghay — higs
Up;1;3 —7 U4 U2:1;3 — U344 U33 —7 Ul42  Ug1;3 —7 ULss hashsy — hig
Ut;1;4 — ULl U214 —7 U3 US4 —7 Ulga Uge — Ulsd hay — his

Urs1 — U214 Ugiq;1 —7 U224 U331 —7 U233 Ul —7 U2 hashis — highag
Urs2 —7 U131 Ugiq2 —7 U223 U332 —7 U234 U2 —7 U243 haghaa — highao
Urs3 —7 U152 Ugiq;3 —7 U221 U333 —7 U232 U423 7 U244 hashss — highas
Urs4 —7 U133 Uiq:4 —7 U222 U334 —7 U231 Uga 7 U451 hap — highay
Bulk wedges

hag>Xias — Xiphio>Xosa hapt>Xona — Xigohio>Xoso
haz>Xga3 — Xigohio>Xoss Xy — Xisohia>Xosa

hai > (Xi52X12,4) Xazahao b (Xo35X254) — hia>Xo Xaa3ha1 > Xpg1 — Xisa

hai > (Xi12X12,4) Xazahao & (Xo35X251) — X3 Xa23ha1 > Xigs — hia>Xoun
haa > (Xi13X134) Xz shas > (X324X3.41) — Xiia Xy1ahao>Xoz1 — Xiss

h4 1> (X1 5,3X1,3 4)X4 :3 5h4 3> (X3 2,4X3:4 3) — h1,2 > X213 X4;2,4h4,2 >Xo34 — h1,2 > X242
hap > (Xo42X003) Xasa5ha3 > (X325X3,53) — hia>Xopos Xy5ha3>Xzo1 — Xisa

hap > (Xo;12X0:03) Xasa5has > (X325X3551) — X34 Xyz5ha3> X33 — hia>Xous
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Boundary wedges

hap v (hii> Y1) — ki Yiise hag v (hoi > Youa1) — hiz>Yizs,

hai > (hia > Yias:) — hia> Yo hao (hoa & Youra2) — hiz> Yisao
haiv (hii> Yias2) — hia>Yiisg hap v (hoi > You01) — hiz> Yizon

hay > (his> Yiss2) — (highon) > Yoio: hao®> (hou> Youns) — (hi2hoo) > Yoou
hai > (hsi > Ysiaa2) — (hi2hen) > Yous hag v (hoa> Youa) — (hi2ho2) > Yoou
haiv (his> Yisa3) — (hi2hon) > Youso hap v (hoa > Youuz) — (hi2hep) > Yooo
hap v (hii> Yiaan) — hui> Yoo hapt (ho > Youz4) — hiz>Yizsg
haiv (his> Yiso1) — (Righoa) > Yo hapt (hou> Youuo) — (Righoo) > Yooz
hai v (his> Yisa1) — (highoa) > Youou hapt (ho > You31) — hiz> Yizan

By > (hl;l > Y1;1;4,2) — hia> Y By > (h2;4 > Y2;4;3,2) — (hl,zhz;z) > Yo.0.13
hai > (hia > Yias4) — hia> Yo hap> Yaour — (highoa) > You o

hai v (hi5> Yisa1) — (Righoa) > Youas hag v (hoi > Yous2) — hizt Yigao
hast (hgi> Ysa34) — hiab Yigao hapt (hou> Youuo) — (Ri2hoo) > Yooos
haz > (h3a>Ysa31) — hiab Yoo haa®> Yarae — his> Yisan

has®> (hsa > Ysaa1) — hiab Y1441 hya>Yar34 — his> Yisas

hazt (h33® Ysz01) — (hi2ho3) > Y343 hya> Y32 — his>Yisan

hyst (hgs> Ysga4) — (hi2hes) > Yasan haa> Yaoo1 — (hi2hoa) > Youso

hast> (has>Yss04) — (hi2hos) > Yosan hao®> Yaos1 — (highoa) > Youa

hyst (haa > Ysas2) — hia®> Yiaos hap> Yaoz2) — (hiohou) > Youus

hast (has> Yaaa1) — (hi2has) > Yosos haa>Yaro1 — his> Yisae

haz > (ha>Ysia2) — hiat Yigas haa>Yarz:r — his> Yisse

has®> (has> Yssz2) — (hi2hos) > Yoso4 hao®> Yaoao — (highoa) > Youa s

hazt (h3a > Ysa21) — hia>Yiasa haa>Yara1 — his> Yisao

hy 3> (hs;s > Y3;3;473) — (h1,2h2;3) > Yo.3.1,2 hap>Yyou3 — (h1,2h2;4) > Y9414

Under such change of variables, the amplitude of four 4-simplices (DD.13) turns out to be pro-
portional to that of two (D.1):
AV4 = (Vél Vég) AV2 :

This Pachner move is illustrated in Fig. 5.14.

(D.17)
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Pachner move P;3. Consider the amplitude of three 4-simplices (D.7). The last transforma-
tion can be simply checked by applying the following change of variables.

Boundary links

U:1;1 — Uls4 U:1;,1 — UL4;2 U3:1;1 — ULl .
1= !57 b ] 1y 37! b ] Bulk llnks

U2 — U151 U212 — UL4;3 Uz:1.2 — U152

hig — his
U1;1;3 > ULs:2 U2:1;3 — Ul4:4 U3:1;3 — UL1:4

h1;4 — h1,2h2;4
U:1,4 — ULs:3 U:1;4 — ULl U314 — UL:1:3

his — hishsgs
Ul4;1 — U4;3 U2:3:1 — U234 Ug:2:1 — U151

highog — hig
Upsg2 — U2:4:1 U2:3;2 — U2:3:1 U3:2;2 — U2:1:3

h1,2h2;3 — h1,2h2;3
U1:4;3 — U244 U2:3;3 — U2;3:2 U3:2;3 — U2;1;2

higho.a — hishs.o
Ups44 —> U242 U234 — U233 U324 —> U214

highsi — hia
Uy51 — U331 U241 — U210 U3:3;1 — U312

h1,3h3;2 — h1,2h2;1
Ul52 — U334 U2:4:20 — U3;2:2 Uz:3:2 — U3;1;1

hishss — hishs;
U153 —7 U3:3:3 U243 —> U3:2:4 U3:3;3 — U3:1:3
U4 —> U3:3:2 U244 — U3:2:3 U3:3.4 — U314

Bulk wedges

X1;1,2h1,2 > Xos1 — Xisa

Xi3his> Xau1 — Xis

Xiia — Xis2hi20> Xos54

Xias — Xiszhiz> Xgus

Xia2hi o> Xos3 — hiob Xous

Xiaghia>Xgao — hiod>Xoug

Xiaps = hiap (X242X0.25)X1:2,301 3> (X5,45X3:5,3)
Xis2hiob Xosa — higb Xasgo

Xisahia>Xgas — hiab>Xss,

h1,2 > X2;1,3

1

Xia2h12 > Xo53
hig>Xo14
h1,2 > X234
his>Xa.12

Xia3h13> X340

h1,2 > (X2;3,2X2;2,5)X1;2,3h1,3 > (X3;4,5X3;5,2)
X1;1,2h1,2 > Xo:51

hyz> X313 Xy1,3h13> Xa41

h1,3 > X303 — h1,2 > (X2;1,2X2;2,5)X1;2,3h1,3 > (X3;4,5X3;5,1)
hy o> (X2;1,2X2;2,5)X1;2,3h1,3 > (X3;4,5X3;5,1) — X1

hi o> (X2;3,2X2;2,5)X1;2,3h1,3 > (X3;4,5X3;5,2) — hi2>Xas31
hy o> (Xo,42X0.05)X1,2301 3> (X345Xs53) — his>Xs01

Ll
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Boundary wedges

(hl 1> Y1,1,1,2) — (h1;5 > Y1;5;4,1) h1,2 > (hz 1> Y2,1,1,2) — (hl 4> Y0 3)

(hl a1 b Y1,1,1,3) — (h1;5 > Y1;5;4,2) hy o> (hQ 1> Y2,1,1,3) — (hl a> Y10 4)

(hl a> Y 4) — (h1;5 > Y1;5;4,3) h172 > (h2~1 > Yo.1.1 4) — (hl 4> Y4 1)

(h 11> Yo, 23) — (h 15> Y1 2) higot (h 21 |>Y2,1,2,4) — (h 14> Yias 1)

(hl a> Y, 4) — (hl .5 > Y1,5,1,3) hy o> (hQ 1> Y2,1,2,3) — (hl a> Yy, 434)

(hl a> Yy 3) — (hl 5> Y59 3) h172 > (h2;1 > Y2;1;4,3) — (h1 a> Y44 1)

(h1a®>Yiaa2) — hiod> (hou> Yous) hiat (hos> Yoso1) — hiat (hos> Yas1.4)
(hl a> Y140 3) — M 2 b (h24 >Y2434) h1,2 > (h2;3 >Y2;3;1,3) — h1,2 > (h23 >Y2342)
(h 14> Y7, 41 4) — h1 2 > (h 2:4 > Yo.4.3 2) h1,2 > (h2;3 > Y2;3;1,4) — h1,2 > (h 2:3 > Yz :3; 43)
(h1a®>Yia03) — hio> (hou> Youn4) hiat (hos> Yaso3) — hiab (host> Yasi2)
(h1 4 >Y1424) — M 2 b (h24 > Yo.4.1 2) h172 > (hz;s >Y2;3;3,4) — h1,2 > (hzs > Yo.3.0 3)
(h1a®>Yiasa) — hiod> (hou> Youuo) higt (hos> Yosu2) — higb (host> Yass1)
(h15>Yisa2) — higd> (has> Yaz14) hia® (hout Youn2) — hist (hsa Yso.12)
(h15>Y1513) — hig> (has> Ysa13) hio> (hou>Yous1) — hig> (hao>Ys41)
(h15> Yisa4) — higd> (has> Yaz) higt (hoat Youns) — hia (hsat Yso04)
(hl 5> Y15 23) — higp> (h33 DY3343) hy o> (h2;4 DY2;4;2,4) — higp> (h32 DY:)>223)
(hl 5> Y, 552 4) — M 3P (h3 3 > Y3,3,4,2) h172 > (h2;4 > Y2;4;4,1) — h1,3 > (h3 2 b Y3 12;3 1)
(hi5> Yissa) — hizt (hss> Yazzo) hiot (hout Yousa) — hizt (hso> Yaoas)
hi > (h31 > Y3,1,1,2) — (hl 1 b 1,1,1,2) h173 > (hs 2> Y3g.0.0 4) — h1,2 > (h2 1> Yo, 43)
h1,3 > (h i1 >Y3~1-1 3) — (h 1;1 >Y1 1;1 4) h1,3 > (h 2 >Y323 1) — h1,2 > (h 2:1 > Yo.1:0 1)
Ryt (hsi> Yaana) — (b Yis) hiat (hsa> Ysos4) — higb (hoi> Youa)
h13>(h31 >Y3123) — (h11>Y1124) h173>(h33>Y3312) — h1,3> (h31>Y3,1,2,1)
hiz®> (h3a > Ysa04) — (h1a> Yi3) hist (ha3®> Yas13) — hiz> (hsn> Yai03)
hist (hsi> Yaras) — (b Yiasa) hiat (hss> Yaga1) — hiszt (hsi> Yaiao)
hy 3P (h3 2 b Y3,2,1,2) — M 2 b (h2 1> Y2,1,1,3) hi s> (hs 3> Y3.3.0 3) — h1,3 > (h3 1P Y3,1,1,3)
hist (hso> Ysou4) — hiot (hoa > Youn4) hisd> (has> Yazao) — higt (hsn > Yaian)
higt> (hao > Yso03) — hiab (hoa > You32) hig> (hss> Yassa) — hig> (hga > Ysias)

Under such change of variables the amplitude of the three 4-simplices (1).7) goes in itself. Both
the amplitude describe three 4-simplices glued each other in such a way that each of them shares
one tetrahedron with each of the other. Therefore, each 4-simplex has 2 tetrahedra shared with
the other two 4-simplices and three boundary tetrahedra. The change of variable, and thus the
Pachner move, takes this combination, into an equivalent one, where each of the three boundary
tetrahedra of each of the three initial 4-simplices, becomes the boundary tetrahedron of each of
the new three 4-simplices. Even though the combinatorics is different, the two amplitudes are
clearly equivalent

Ay, = A, (D.18)

This move is represented in Fig. 5.15.
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Appendix E

New proposal for a 2-Hopf algebra

Here I present a new proposal for a 2-Hopf algebra. I will first introduce the fundamental
ingredients and definitions. Then I provide the concrete examples of a 2-Hopf algebra of functions
on a 2-group.

E.1 2-Bi-algebra

2-Hopf algebra

Definition 19 (Constrained tensor product). Consider the bi-algebra A. Let A® A be the usual
tensor product on it. Consider the constraint C € A® A, and use it to define the restricted tensor
product ¢ given as the usual tensor product @ defined on the subspace A ® A that satisfy the
constraint C:

ADcA:{(ll(X)CLQGA@A‘C:O}. (El)

Definition 20 (2-Bi-algebra). A 2-bi-algebra is given by the set of

e a bi-algebra G;

e the semi-direct co-product of bi-algebras H >« G. The bi-algebra maps (product o, co-
product Ay and co-unit er7) on H >« G are called horizontal;

e a pair of constraints C1,Cy € (H >4 G) ®@ (H >« G), used to define the pair of restricted
tensor products Ue, and Ue,;

e the set of bi-algebra maps on H >« G, called vertical:

Product: -:(H >« G)0O¢,(H >« G) = (H >« G),
Co-product: Ay : (H >« G) = (H >« G)0¢,(H >« G), (E.2)
Co-unit: ey : (H >« G) = C.

The horizontal and vertical maps have to satisfy the compatibility relations

o(-®)=-(0®0)(id®T @ id),

E.3

where T denotes the permutation map on H x G.
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Definition 21 (2-Hopf algebra). Consider a 2-bi-algebra and suppose that there exist a pair of
antipodes Sg : G — G and S : (H >« G) — (H >« G) so that G and H >« G are Hopf algebras.
The 2-bi-algebra turns into a 2-Hopf algebra if the map S : (H >« G) — (H >« G) is an antipode
also for the vertical maps.

Pairing 2-bi-algebras

Definition 22 (Skew paired 2-bi-algebras). Given two 2-bi-algebras G 3 ¢ and G* 2 (;S, they are
skew paired if there exists a map o : G* ® G — C such that

0(d, (¢ 62) = o (AYD, (61 @ b2)) o((91- ), ¢) = o((d1 ® b2), Avg),

. . .. . . E4

o(¢, (pro¢2) =a(AFP, (1@ b)),  o((pr10¢2), d) =0((d1® ¢2), Aue). (4
The skew pairing has to satisfy the unit relations

U(ﬁHa ¢) = €H¢ ) U(ﬁV? ¢> = €V¢7 (E5)

U((%JT/H):‘EH(%7 O-(QB777V>:€VQ§‘

Definition 23 (2-Plane wave). Given two 2-bi-algebras G and G*, the 2-plane-wave is an element
of their tensor product £ € G ® G*, which satisfies the following set of properties.

Product/co-product relations:

(Ay ®id)E = (id** ® o) (E® E), (id® Ag)E = (0 ® id**) (E® E), (E6)
(Ay ® id)E = (id*® ) (E® E), (id®@ Av)E = (P @ id**) (E® E). ‘
Unit/co-unit relations:
(6\/ (%9 Zd)E = ﬁv s (Zd® Ev)E =Tnv. .

There also exist a pair of inverse plane waves, called horizontal and vertical inverses and resp.
denoted E=*# and E~1Vv.

E.2 Examples

Finite 2-groups

Example 1 (2-Bi-algebra of functions on a finite 2-group). Consider the finite 2-group G given
by the finite group of morphisms G and the finite group of 2-morphosms H x GG. Consider the
bi-algebra of functions on them: F(G) with elements f : G — C and F(H x G) with elements
¢o:HxG— C.

F(G) is the usual bi-algebra of functions on a finite group (with pointwise product), while the
bi-algebra F(H x G) is given below.
First, I introduce the source and target maps

s: F(HxG)— F(G) t: F(HxG)— F(G)
(E.8)
(s@)(h, g) = do(g) (60)(h, g) = do(t(h)g),
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where ¢y € F(G) is the projection of the function ¢ € F(H x G) into F(G). Consider then the
constraint

F(H, % G) @ F(Hy % Go) 3 C: () (h1, 1) = (s6)(ha, go) - (E.9)

Use the constraint C to define the restricted tensor product Ue. Moreover, I use the subscript
V' to denote

((Hy % Gy) X (Hy x Gy)), = ((Hy x Gy)Oe(Hy x Gy)) (E.10)

the 2-group with elements given by the vertical composition of elements in the constrained tensor
product Ule. This construction ensures that the elements in Hy x G1 and Hy x Gy are vertically
composable.

The 2-bi-algebra of functions F(H x G), is specified by the horizontal structure

Horizontal product: (¢ o p)(h,g) = \/W Z p(h q)” v (h,g))

MF Z o(l.g") (k™" ¢") 6 (t()g'g7")

Horizontal co-product: AH¢((h1791)7 (h2792)) = ¢((h1791) o (h27g2))

1
VIH|

1

=07 ¢(h1(91 > hs), 9192) )
| H|
Horizontal unit: ng =+/|H|«,
Horizontal co-unit: eg¢ =+/|H| ¢(1,1),

Here |G| =), and |H| = 3_, denote resp. the number of elements in the finite groups G and
H, and the unit is defined as the function

1 if h=1

, (E.11)
0 otherwise.

F(G) > alh,g)= {

The pair of bi-algebras F(G) and F(H x G) form a 2-bi-algebra when it is equipped with the
vertical structure

Vertical product: (¢ - ¢)(h,g) = \/W Z o(h W,g) o (h79))

\/W Z (b 1|>(h’_1h),g'_1g),

Vertical co-product:  Avé((hy, 1), (ha, g2)) = ﬁ(ﬁ((hugl) - (h2, 92)) ,

= b (kb gr) S (th)rgs")

V/IH]|

Vertical unit: ny = +/|H| 0,
Vertical co-unit: ey¢p =+/|H| Z o(h, g) a(h
h,g

Here I denoted resp. ¢ and § the deltas in the bi-algebras F(G) and F(H x G), and I used the
delta in F(G) to define a function on the vertical composition of 2-group elements. Moreover,
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the function o in the vertical unit was defined in (I2.11). Note that the horizontal and vertical
structures, as maps, are

o: F(Hy % Gy) @ F((Hy x Gy) x (Hy x Gy)),, = F(H x G),
Apy:F(HxG)— F((HxG)® (HxGq)), (E.12)
€H : (H X G) — C,

- FHxG)®@ F(HxG)— F(HxG),
Ay : F((Hy % Gy) x (Hy x Gy)), = F(HxG)® (H xG)), (E.13)
EviF(HX]G)—>(C.

One can check that the vertical structure form a bi-algebra and that is is compatible with the
horizontal one, according to (1.3).

Continuous group

Definition 24 (Haar measure). Given a 2-group, we denote

o dg™/E resp. the left or right Haar measure on G. They resp. satisfy the left or right

mvariance properties
dg" =d[g'g]" . dg" =dlgg1", (B.14)

for all ¢ € G;

o d[(h, g)]*' " resp. the left or right Haar measure on the semi-direct product of groups HxG.
They resp. satisfy the left or right invariance properties

d[(h, )" = d[(W,g") o (h, )", d[(h,9)]" = d[(h,g) o (W, ¢")]", (E.15)
forall (h',¢') € HxG.

Note that, since the convention H x G for the semi-direct product of groups implies a left action,
the left and right Haar measures on it can be written as’

1
D(ay)

d[(h, 9)]* = dhdg , d[(h,g)]" = dhdg (E.17)

Proposition 17 (Vertical measure). Consider the 2-group G and the left Haar measure on it
d[(h, g)] (drop the index L). Let me refer to it as the left horizontal measure. Call

d[(h, g)] 6c((t(h")g")'g), (E.18)

the left vertical measure, since it satisfies the left invariance property

d[(h, 9)] 6 ((t(h')g) " g) = d[(W, ) - (h. g)] . (E.19)

1 Using instead the convention G x H for the semi-direct product of groups, since here there is a right action,
the left and right Haar measure on it can be written as

d[(h,¢)]* = dhdg% . d[(h,9))® =dhdg. (E.16)

134



Proof. To prove the proposition I simply use the expression of the function on the vertical
composition and the left horizontal invariance of the measure d[(h, g)].

d[(7',g') - (h, g)] = d[(hh', g )] c((t()g') " g) = dl(hh' ,t(h'~")g)] 6 ((t(R')g') " g)
(W t(R" 1)) o (h, 9)] da((¢(h))g") " g)
[(h, 9)] 6c((t(h)g")"g) - (E.20)

d
d

]

Example 2 (2-Bi-algebra of functions on a continuous 2-group). Consider the 2-group G given
by the group of morphisms G and the group of 2-morphosms H x G. Consider the bi-algebra of
functions on them: F(G) with elements f : G — C and F(H x G) with elements ¢ : HxG — C.
F(QG) is the usual bi-algebra of functions on a continuous group (with pointwise product), while
the bi-algebra F(H x G) is given below.

First, I introduce the source and target maps
s: F(HxG)— F(G) t: F(HxG)— F(QG)
(s@)(h,g) = do(g) (t@)(h, g) = do(t(h)g),

where ¢y € F(G) is the projection of the function ¢ € F(H x G) into F(G). Consider then the
constraint

(E.21)

F(Hl X Gl) & F(H2 X GQ) > C: (t ¢)(h17gl) = (S qb)(hg,gg) . (E22)

Use the constraint C to define the restricted tensor product ¢. Moreover, we denote
((H1 X Gl) X (HQ X GQ))V = ((Hl X Gl) Dc(HQ X Gg)) , (E23)

the 2-group with elements given by the vertical composition of elements in the constrained tensor
product Ule. This construction ensures that the elements in Hy x G1 and Hy x Gy are vertically
composable.

The 2-bi-algebra of functions F(H x G), is specified by the horizontal structure

Horizontal product: (¢ o p)(h,g) = J% /d[(h’,g’)] o(h',g) (', g)"Y - (h,g))

= J%/Ti /d[(h’,g’)] o(h',q) p(hh' ™", g') b (t(h)g'g™"),

Horizontal co-product: AH¢((h1791)7 (h’2792)) = ¢((h1,91) © (h2>92))

1
VWi
_ V% ¢(hi(g1> hs), g192)

Horizontal unit: ng =+/Vg «,

Horizontal co-unit: egd =/ Vu ¢(1,1),

Here Vg = fdg and Vg = fdh denote resp. the volumes of the groups G and H, and the unit
is defined similarly to the function (F.11) for the finite group case, where the Kronecker delta is
replaced by a Dirac delta. The pair of bi-algebras F(G) and F(H x G) form a 2-bi-algebra when
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1t 1s equipped with the vertical structure
Vertical product: (¢ ¢)(h,9) = —== [ d[(W,g)] o(I',g') o((I',g))~" " o (h, g))

—1 > (h/_lh), g/—lg) :

I
——
=
=
S
B
=
S
S
—~

Vertical co-product: Avgb((hl,gl), (hg,gz)) = ¢((h1,g1) : (h2;92)) ;

¢(hah1, 1) 0 (t(h1)gr95 ") |
Vertical unit: ny =/ Vg o,
Vertical co-unit: ey¢p =/ Vy /d[(h, 9)] o(h,g) a(h,g)

Here I denoted resp. 0c and § the Dirac deltas in the bi-algebras F(G) and F(H x G), and [
used the delta in F(G) to define a function on the vertical composition of 2-group elements.
One can check that the vertical structure form a bi-algebra and that is is compatible with the
horizontal one, according to (1.3).

Dual 2-bi-algebra and 2-plane wave

Proposition 18. Consider the 2-bi-algebra F(G) with elements ¢(y,u) with structure given in
example 2 and the 2-bi-algebra F(G*) specified by the horizontal and vertical structures below.

Horizontal product: (¢ o ¢o)(\, B) =

o o

\/Vg*
Horizontal co-product: AngAﬁ(()\l,ﬁl), ()\2,52)) =

Vertical product: (¢ - ¢2)(\, B) =

95(0\1, Br) o (Aa, 52)) )

\/V_a*

x . I .
F(G*): Vertical co-product: s (M, 51), (A2, B2)) = VG* O((A1, B1) - (A, Ba2))
Horizontal unit: 1Ny =/ Ve~ &,
Vertical unit:  ny = v/ Vi 5

~

Horizontal co-unit: epg¢ =/ Vg gb (1,1)
Vertical co-units: eyé = /Vge / B) o\, B) &N, B).

(E.24)
Where the function & is similar to the function a used in Ex. 2 and the term Vg- = [ df is the

volume of the group G*.
The plane wave E € F(G)® F(G*) satisfies the properties below ¥(y,u) € Goa x Gy and ¥ (X, 5) €
Gi x G7.
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d1(N, B)da (N, B) o (N, 8) 1),



Product/co-product relations:

E((yl,U1) © (y27u2)a (/\7/8» - /d[()\/’ﬁ/)] E((ylaul) ) (Alvﬁl)) E((?/Qau2) ) (>‘7B) : (/\/76/)_1‘/) )
Y1, ul y27u2) (>‘> 5)) = /d[()‘la 6/)] E(<y17 ul) ) ()‘/7 ﬂ/)) E(<y27 u2) ) ()‘7B> © (A,aﬁl)ilH) 5

, (A1, B1) 0 (A2, B2)) = /d[(y/7ul)] E((W,y), (A2, 82)) E((y/, u)™" - (g, u), (A1, Br))

B
E((y.

E((y,u), (M, B1) - (A2, B2)) = [ AW/, )] E((W,9), (A2, B2)) E((/,u) M o (y,u), (A1, B1)) -

(E.25)
Unit/co-unit relations:
E((1,1), (\B) =a\8), E((y,u), (1,1)) = a(y,u),
[ B, ) alrw =508, [ AN E((wu), (1,8) a0 5) = by ).
(E.26)
Horizontal and vertical inverses:
B (), (0 8) = B((0 ™ 09) = E(), 0970

E7((y,u), (A, 8))

E((y.w)™", (A B) = E((y.w), (\,B)).

Such 2-bi-algebras F(G) and F(G*) are dual to each other, with the map o given in terms of the
plane wave:

(9, ¢) = /d[(y,U)]d[(A,B)]E((%U% (A, 58)) (N, B) d(y, w). (E.28)

(1 S ty)u) - (y2,u2) = (oyr s ty)w)  w = uy (E-29)
Lemma 1. Given the dual 2-bi-algebras in Prop. 15, the following identities hold.

/d[(y, u) E((y7 u), (Ar 51)) Eil((yau) ; (A2, 52)) = S(<)\17 Br) o (A2, 52)71}1) )

(E.30)
/d[()"ﬁ)] E((yhul) ) (/\76)) E_l((y27u2) ) (/\75)) = 5((y11u1) © (y27u2>_1H) :

Fourier transform

Definition 25 (Fourier transform). Given the dual 2-bi-algebras F(G) and F(G*), the Fourier
transform F : F(G) — F(G*) is defined as

FION B) = / Ay, w)] B (g 0) , (0, B)) ) (E.31)

Proposition 19 (Inverse Fourier transform). The inverse Fourier transform is the map F ' :
F(G*) — F(G) defined by

F ) = / a0 B) E((g.u) . (M B)) (A, 5) (£.32)

and satisfies

FIFY=id, F'F]=id. (E.33)



Theorem 3 (Generalized convolution theorem). Given the dual 2-bi-algebras F(G) and F(G*),
the following identities hold

Fl(proda)] = Fln] - Floo],  F (1 0¢)] = Flon] - Flo],

Fl(r - ¢2)] = Flén] o Floo] , ]—"—1[@51 . @2)] — -7:_1[@231] Of_1[§52] ' (E.34)

Theorem 4 (Co-convolution theorem). Given the dual 2-bi-algebras F(G) and F(G*), the fol-
lowing identities hold

FlAug) = APFlo],  F ARG = APF[4],

’ . E.35
FlAvgl = AGFIol,  F AP = ARF '] )

Pills of 2-group field theory

In this part I show how to apply the abstract non-sense concepts of dual 2-bi-algebras to formalize
the notion of field and dual field for a 2-group field theory given in Sec. 5.3.

Definition 26 (Field). Consider the external product of four copies of the 2-group G and let
¢ € F(G*Y) be a function on them. The field in 2-GFT is the function

<I>((y1,2, U1,2), ce (3/3,47 U3,4)) = ( 19 212 "34 '511 ‘67 '810) (A%/ & A%/ ® A%/ ® A%/) o, (E-36)

where -;; is a vertical product between the tensor spaces i and j. Explicitly it writes

¢ = /d[<y7 U)] ((yla ul) (y27 u2) ’ (y3>u3)7 (y47 U4) ' (y5,u5) : (y67u6) )

~—

)

Y212, U2,12) )
Y11, Us11) 1H)
)
3

) (?Jllaull) (?J127U12
( ?Jz,uz (?/127U12)
( ?J5,U5 (yllaull) ©
(( (

ys,ug o ylo,ulo)o

(yr, u7) - ( )+ (Yo, u9) , (Y10, U1o
((ylaul) o (Y9, ug) © (Y19, U1,9)_1H) d((
((y?,, u3) © (Y4, us) © (Y34, U3,4)_1H) o ((

(yr, ur) ) ) a((

((y(s,uﬁ) o (yr, ur) o (Ye,7, Us,7 _1H)

Ys, Ug

~~

Ys,10, Us,10)
Definition 27 (Dual field). Consider the external product of four copies of the 2-group G* and
let p € F(G***) be a function on them. The dual field in 2-GFT is the function

‘i)((/\m, Br2)s -, (Aga, 53,4)) = (019 0212 034 0511 967 ©8 10) (A}, @ AL @ AL @ AY) ¢, (E.38)

where o;; 1is an horizontal product between the tensor spaces i and j. Explicitly it writes

A

¢=/MQﬁW%«MﬁQM&ﬁﬂd&ﬂ@&&ﬁ@ﬂ&ﬁaw%ﬁ@

()\7, 57) © ()\8,58) © (>\97ﬁ9) ()\10, 510) o ()\117511 )\12, B2 )
5((()\1751) (Ao, B9)) © (Arg, Bro)~ V) 5( (A2, B2) - (M2, fi2)) © ()\2,12,52,12)71")
6(((As,B3) - (A, B1)) © N34, B3,4) V) 6(((Xs, Bs) - (M1, B1)) © (Asan, Bsan) )
5(((>\6766> (A7, B7)) o (Ney7, Bor) ™ V) 5( (As, B3) - (A0, B10)) © ()\8,107ﬁ8,10)7lv) .
(E.39)

Note that, the definition of dual field & can be derived by that of the field ® using the Generalized
Convolution and Co-convolution Theorems 5 and /.
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