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This book gives a description of state-sum quantum gravity models which
are based on triangulations of a smooth spacetime manifold. It contains
detailed descriptions of Regge quantum gravity, spin-foam models and
spin-cube models. Some other similar models, like the dynamical
triangulations models, are only briefly described, since the sum over the
spacetime triangulations is outside the scope of this book.

The book also contains a detailed description of the approach where
the piecewise linear (PL) manifold corresponding to a smooth manifold
triangulation is considered as the basic structure of the spacetime. Hence
the PL structure is not an auxiliary tool used to define the gravitational path
integral for a smooth spacetime, but it is taken as a physical property of the
spacetime. Consequently, it is straightforward to construct a finite gravitational
path integral. Another consequence is that the problems of determination
of the classical limit and how to calculate the quantum corrections can be
solved by using the effective action method. The smooth manifold limit
problem is then replaced by the problem of a smooth manifold approximation
for the effective action, which can be obtained by using the standard quantum
field theory with a physical cutoff.

Some physical effects of a PL spacetime quantum gravity theory are
also described, one of which is that the cosmological constant spectrum
contains the observed value.

A short exposition of higher gauge theory is also given, which is a
promising way to generalize a gauge symmetry by using the concept of a
2-group. A 2-group is a categorical generalization of a group, and by using
this approach one can construct the spin-cube models of quantum gravity.
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Preface

This book describes a novel approach in the study of quantum gravity (QG)
state-sum models, which is based on the application of the effective action
method from quantum field theory. Related to that is a study of the effect
of a non-trivial path-integral (PI) measure on the PI finiteness, as well as
a study on the dependence of the semi-classical expansion of the effective
action on the PI measure.

Another novelty is a detailed study of the idea that the spacetime at
small distances is not a smooth manifold but a piecewise linear (PL) mani-
fold corresponding to a triangulation of a smooth manifold. This is a radical
departure from the standard approach in PLQG, where the PL structure,
i.e. the triangulation, is assumed to be non-physical and an auxiliary tool
serving to define a QG theory on a smooth manifold. The main advantage
of this paradigm shift is that finite QG path integrals can be constructed,
while the semi-classical limit can be explored by using the effective action
formalism. A smooth spacetime is then interpreted as an approximation
to a PL manifold when the maximal edge length is small and the num-
ber of spacetime cells is large. The corresponding effective action can be
then approximated by the usual QFT effective action with a cutoff, where
the cutoff is determined by the average edge length in the spacetime tri-
angulation. A further consequences of the idea that the spacetime is a PL
manifold is that the cosmological constant has a continuous spectrum, and
that the spectrum contains the observed value of the cosmological constant.
We also describe some implications for quantum cosmology.

A description of higher gauge theory formulation of general relativity
is also given, since the corresponding state-sum models do not suffer from
the problems found in the spin-foam models of QG. These new state-sum
models are called spin-cube models, and they are categorical generalizations
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vi State-sum models of piecewise linear quantum gravity

of the spin-foam models, since one labels the edges, the triangles and the
tetrahedra in a triangulation with representations of a 2-group, which is a
categorical generalization of a group.

A major part of the book is devoted to the results obtained by the
authors in the period from 2009 to 2016, and some more recent results have
been also included. The book contains descriptions of the main PLQG
approaches, but the emphasis is on a more detailed description of the Regge
PLQG and the corresponding effective action. Our book can serve as an
introductory text for a further research, so that it can be useful for young
researchers, as well as for other researchers who are interested in this area.

We would like to thank John Barrett, Louis Crane, Laurent Freidel,
Renate Loll, Steven Carlip, Ignatios Antoniadis and Hermann Nicolai for
conversations over the years, who helped us to clarify our ideas.

Lisbon, March 2023
Aleksandar Mikovié and Marko Vojinovié
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Abstract: When discussing the gauge symmetries of any theory, the Henneaux-Teitelboim trans-
formations are often underappreciated or even completely ignored, due to their on-shell triviality.
Nevertheless, these gauge transformations play an important role in understanding the structure of
the full gauge symmetry group of any theory, especially regarding the subgroup of diffeomorphisms.
We give a review of the Henneaux-Teitelboim transformations and the resulting gauge group in the
general case and then discuss its role in the applications to the class of topological theories called nBF
models, relevant for the constructions of higher gauge theories and quantum gravity.

Keywords: gauge symmetry; trivial gauge transformations; nBF theory; Chern-Simons theory;
diffeomorphism symmetry

1. Introduction

In modern theoretical physics, gauge symmetries play a very prominent role. The
two most-fundamental theories we have, which describe almost all observed phenomena
in nature—namely Einstein’s theory of general relativity and the Standard Model of ele-
mentary particle physics—are gauge theories. From Maxwell’s electrodynamics to various
approaches to quantum gravity, gauge theories play a central role, and gauge symmetry
represents one of their most-important aspects. In light of this, there is one class of gauge
transformations that is often slightly neglected in the literature, due to their specific nature
and properties.

In order to introduce this particular gauge symmetry in the most-elementary way
possible, let us look at the following simple example. Every action S[¢y, ¢ ], which depends
on the fields ¢; (x) and ¢, (x), is invariant under the following gauge transformation:

oS oS
1 x) =€(x , 1) x) = —€(x , 1
of1(x) = €( )5¢2(x) of2(x) ( )5¢1<x) @
as one can see by calculating the variation of the action:
oS oS
0S[p1, o] = —dop1 + ——do¢p2 = 0. 2
(1, 92] 5y 001 5, 0002 @

This gauge symmetry exists for every action that is a functional of at least two fields,
irrespective of any other gauge symmetry that the action may or may not have. In the
literature, this symmetry is often called trivial gauge symmetry, since the form variations of
the fields are identically zero on-shell. This is in contrast to all other gauge symmetries,
which perform some nontrivial change of the fields on-shell.

It should be noted that, being trivial on-shell, the above transformations cannot
play a role in obtaining any predictions about observables in a given theory, due to the
intrinsic on-shell nature of the physical observables. For example, in practical situations
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of scattering experiments and measurements of cross-sections, this trivial symmetry is
irrelevant. Nevertheless, when constructing a new theory, in general, the off-shell properties
of the theory are important. As a typical example, path integral quantization prescription
depends not only on the classical equations of motion, but on the whole action of the theory.
In this sense, while these trivial transformations are not relevant for making predictions,
they do have methodological relevance and value in theory construction, despite their
on-shell triviality.

For example, these transformations in fact represent a very important part of the
gauge symmetry for any theory and play a crucial role in various contexts, such as in
the Batalin—Vilkovisky formalism (see [1] for a review and also the original papers [2-6]),
or when discussing the diffeomorphism symmetry of the BF-like class of theories [7-11].
Furthermore, in general, a commutator of two ordinary gauge transformations will remain
an ordinary gauge transformation only up to the above trivial transformations, meaning
that the latter are important for the algebraic closure of all gauge transformations into
a group.

To the best of our knowledge, the most-complete treatment and discussion of the
above gauge transformations can be found in the book [12] by Marc Henneaux and Claudio
Teitelboim. Therefore, in this paper, we opted to call them Henneaux—Teitelboim (HT)
transformations. This naming can also be justified with the paper [7] by Gary Horowitz
(published two years before the book [12]), where the author attributes these transfor-
mations to Henneaux and Teitelboim in a footnote and thanks them “for explaining this
to me”.

Regarding terminology, we should also note that we use the terms “gauge symmetry”
and “gauge transformations” with a certain level of charity. Namely, one could argue that
there are two distinct types of local symmetries—those that are obtained by a localization
procedure from a corresponding global symmetry group (the procedure of “gauging” a
global symmetry) and those that are intrinsically local, not obtained by any such localization
procedure. It is not known whether HT symmetry belongs to the former or the latter class,
since a global symmetry whose localization would give rise to HT transformations has not
yet been shown to exist. Either way, in the literature, there is no established terminology
that distinguishes the two classes of symmetries, and most often, both are called “gauge
symmetries”. Therefore, in what follows, for a lack of better terminology, we will adhere to
this practice and describe HT transformations as a gauge symmetry.

In some of the modern approaches to the problem of quantum gravity based on the
spinfoam formalism of loop quantum gravity [13,14], as well as in other applications of
the so-called higher gauge theory (see [15] for a review and [16] for an application to
quantum gravity), the description of gauge symmetry is being extended from the notion
of a Lie group to different algebraic structures, called 2-groups, 3-groups, and in general,
n-groups [17-27]. In this context, it is important to revisit and study the specific class of HT
gauge symmetries, since they provide a nontrivial insight into the properties of these more
general algebraic structures, as well as the physics behind the symmetries they describe.

The purpose of this paper is to provide a review of HT transformations in general and
then discuss their properties and applications in two concrete models—the Chern-Simons
theory and the 3BF theory. The Chern-Simons case is simple enough to serve as an illustra-
tive toy example, while the 3BF theory represents a basis for the construction of a realistic
theory of quantum gravity with matter within the context of the spinfoam formalism (see
also [16,28-32]), discussing that its HT symmetry represents an important stepping stone
towards the goal of a more realistic theory. The main result of this work represents a
clarification of the structure of the gauge symmetry of a pure topological 3BF action, as
well as the corresponding symmetry for the constrained 2BF action, which is classically
equivalent to Einstein’s general relativity. We also discuss in detail the relationship between
diffeomorphism symmetry and the HT symmetry for the Chern-Simons and 3BF theories
and offer some conceptual suggestions regarding the notion of gauge symmetry as it is
being used in the literature.
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The layout of the paper is as follows. In Section 2, we give a review of the general
theory of HT transformations and their main properties. Section 3 is devoted to the example
of HT symmetry in Chern-Simons theory, which is convenient due to its simplicity. In
Section 4, we discuss the main case of HT symmetry in the 3BF and 2BF theories, which
are important for applications in quantum gravity models. Finally, Section 5 contains an
overview of the results, future research directions, and some concluding remarks.

The notation and conventions in the paper are as follows. When important, we assume
the (—, +,+,+) signature of the spacetime metric. The Greek indices from the middle of
the alphabet, A, u,v, . .., represent spacetime indices and take values 0,1, ..., D — 1, where
D is the dimension of the spacetime manifold Mp under consideration. The Greek indices
from the beginning of the alphabet, &, B, 7, ..., represent group indices, as well as Latin
indices a,b, c, ... and uppercase Latin indices A,B,C,... and [, ], K, .... All these indices
will be assigned to various Lie groups under consideration. Lowercase Latin indices from
the middle of the alphabet, i, j,k, ..., are generic and will be used to count all fields in a
given theory or for some other purpose depending on the context. Throughout the paper,
we denote the space of algebra-valued differential p-forms as

AP (M,a) = AP(M) ®a,

where A7 (M) is the ordinary space of differential p-forms over the manifold M, while a is
some Lie algebra.

2. Review of HT Symmetry

We begin by studying some basic general properties of HT transformations. After
the definition, we demonstrate that the group of HT transformations represents a normal
subgroup of the total gauge group of a given theory, and we discuss the triviality of HT
transformations and that they exhaust all possible trivial transformations. Finally, before
moving on to concrete theories, we study the subtleties of the dependence of HT symmetry
on the choice of the action.

2.1. Definition of HT Transformations

Given an action S[¢'] as a functional of fields ¢'(x) (i € {1,..., N} where we assume
N > 2), the infinitesimal HT transformation is defined as

9'(x) = ¢"(x) = ¢'(x) + 0o¢'(x), ®)
where the form variations of the fields are defined as
. y 5S
So¢'(x) = €Y —— . 4
o/ (2) = )5 @
The variation of the action under HT transformations then gives
5S = ﬁao i 9595 i, (5)
o o' o)
If the HT parameters are chosen to be antisymmetric,
el(x) = —€'(x), (6)

the variation of the action (5) is identically zero, and HT transformations (4) represent a
gauge symmetry of the theory.

The most-striking thing in the above definition is the fact that we did not specify the
action in any way. Aside from the assumption N > 2, which excludes only actions describ-
ing a single real scalar field, every action is invariant with respect to the HT transformations.
In other words, HT transformations are a gauge symmetry of essentially every theory.
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The second striking property of the definition is that the form variations of fields
become zero on-shell, according to (4). In this sense, the HT symmetry is sometimes called
trivial symmetry, in contrast to ordinary gauge symmetries that a theory may have, which
transform the fields in a nontrivial way on-shell. Triviality is also the reason why HT gauge
symmetry does not feature in any way in the Hamiltonian analysis of a theory, so only the
presence of ordinary gauge symmetries can be deduced from the Hamiltonian formalism.

2.2. HT Symmetry Group and Its Properties

There are two general properties that can be formulated for HT transformations. The
first is that HT transformations form a normal subgroup within the full group of gauge
symmetries, while the second is that HT transformations exhaust the set of all possible
trivial transformations. The consequence of these properties is that one can always write
the total symmetry group of any theory as

Gtotal = Ynontrivial X GHT, 7)

where Gpontrivial 1S the symmetry group of ordinary gauge transformations (if there are any),
Gur is the HT symmetry group, and the symbol x stands for a semidirect product. One
can also reformulate (7) as

gnontrivial = gtotal/ gHT 7 (8)

so that the group of ordinary gauge symmetries is represented as a quotient group.

The easiest way to demonstrate (7) is to prove that the Lie algebra corresponding to
Gyt represents an ideal within the Lie algebra corresponding to Gia1. To that end, pick an
arbitrary form variation of fields that represents a symmetry of the action and write it in

the form 58

Then, using (4), we can take concatenated variations of this form variation and the HT form
variation as

~ . OF 58
Sadnd ]k,
0009 = 3¢ 59
and §
b = (05 Yot B0 g 8 (05 ) 05 0P
o o/ S5¢F o o7 \ ok Sk o/

The term in the second parentheses is zero by (9), so the commutator of two-form varia-
tions becomes

(10)

. k ik
0, 6ol¢f = (dk(s;? AOF de F) sS

61 ol s ) ogF

which is again an HT transformation, since the expression in the parentheses is antisym-
metric with respect to indices i, k. Therefore, the commutator is always an element of HT
algebra, which means that HT algebra itself is an ideal of the total symmetry algebra. At
the Lie group level, this translates into (7).

The second general property is the statement that there are no other trivial transfor-
mations beside the HT transformations. Assuming that some transformation described by
the form variation Jo¢' is a gauge symmetry of the action that vanishes on-shell, i.e., that

it satisfies
oS

5¢!
then one can prove that this transformation is an HT transformation, i.e., there exists a
choice of antisymmetric HT parameters €”/ such that the form variation §y¢' is of type (4):

— 5t =0, and Sod' =0,

%¢:J£§ a1)
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Provided certain suitable regularity conditions for the action S, this statement can be
rigorously formulated as a theorem. However, we omitted the proof since it is technical
and off topic for the purposes of this paper. The interested reader can find the details of
both the theorem and the proof in [12], Appendix 10.A.2.

To sum up, the first property (10) tells us that one can always factorize the total gauge
symmetry group into the form (7), while the second property (11) guarantees that the
quotient group (8) contains only nontrivial gauge transformations. This factorization of the
total symmetry group is a key result that lays the groundwork for any subsequent analysis
of HT transformations in particular and gauge symmetry in general.

2.3. Dependence of HT Symmetry on the Action

The final property of HT transformations that needs to be discussed is their depen-
dence on the choice of the action. Suppose we are given some action Sy4[¢’'], where
i € {1,...,N}, which has the corresponding HT transformation described as in (4):

€'l —550191 .
ol

Now, suppose that we modify that action into another one, Spew [4)i, )(k], where k € {N +
1,...,N + M}, by adding an extra term to the old action:

5’ = (12)

Snew 9’ X] = Soid[¢'] + Sextral9’, X"]. (13)

Here, x/ are additional fields that may be introduced into the new action. The HT transfor-
mation corresponding to the new action can be written in the block-matrix form, made of
blocks of sizes N and M, as follows:

Snew gpi 55new
0o P _ 5 ijef{l,...,N}, )
(5neka OSnew ! k1€ {N+1,...,N+M}.
0 Toxl
Here, € = —e is an antisymmetric N x N block of parameters €”/, { is a rectangular N x M

block of parameters (!, 0 is a rectangular M x N block such that § = —¢7, and finally,
¢ = —T is an antisymmetric M x M block of parameters y*. Overall, the total parameter
matrix is antisymmetric, as required by (6).

The question one can now study is what is the relation between the two HT gauge
symmetry groups gold and G} that correspond to the two actions. In practice, this
question is most often relevant in cases when one introduces the piece Sextra as a gauge-
fixing term, whose purpose is to break the ordinary gauge symmetry down to its subgroup:

Ghew Gold

nontrivial nontrivial *

Naively, one might expect a similar relationship between the HT symmetry groups, Gi3 C
gold However, looking at (12) and (14), this is obviously wrong. Namely, if M > 1, the HT
symmetry of the new action is larger than the HT symmetry of the old action. Counting the
number of independent parameters of both, one easily sees that

dlm(gold) N(Z\Iz_ 1) , dlm(gneW) _ (N + M)(I;] +M - l) ,
so that the only possible relationship would be the opposite, GO C GIe¥. However, in

fact, this can also be shown to be wrong. Namely, one can choose the extra parameters {, 6
and 1 to be zero in (14), reducing it to the form that is formally similar to (12):

5Snew
spi

new(P —
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However, taking into account the relationship (13) between the two actions, the HT trans-
formation takes the form

new i __ i’(ssold i‘fssextra
SVt =€ 590 + €Y 7
which is explicitly different from (12), due to the presence of the term Sexira in the action.
Therefore, the gauge group Q%‘Tl is not a subgroup of G} either.

The overall conclusion is that introducing additional terms to the action changes the
total gauge symmetry in a nontrivial way. On the one hand, the ordinary gauge symmetry
group typically becomes smaller due to explicit symmetry breaking by the extra term. On
the other hand, the HT gauge symmetry group may become larger if the extra term contains
additional fields, but either way becomes different, as a consequence of the very presence
of the extra term. Given this, one can conclude that the fotal symmetry groups for the
two actions will always be mutually different:

7

’f:)et‘ﬁ = grr:gytrivial X g?leiw 7& gtoc}gﬂ = gg(l)crlltrivial X gIO{l Td" :
Specifically, one cannot claim that the group Q,fggl is being broken down into GEi¥Y as its
subgroup; such a relationship may hold exclusively for the quotient groups of ordinary
gauge transformations.

In the next two sections, we will turn to explicit examples of all general properties
and features of the HT symmetry that have been discussed above. Moreover, we will also
discuss some additional particular properties, such as the fact that some nontrivial gauge
subgroups of Gy, are not simultaneously subgroups of Gyontrivial, Which is a consequence
of the semidirect product in (7). One such example will be the diffeomorphism symmetry
in the Chern-Simons and 3BF actions.

Let us conclude this section with one conceptual comment. Throughout the literature,
the typical practice is to always take the quotient between the total and HT symmetry
groups as in (8), in order to isolate the nontrivial gauge transformations, and call the
latter simply as the “gauge symmetry” of a theory. This approach is in fact advocated
for in [12]. However, we believe that this practice can be misleading and that one should
instead describe the group Gy, as “the gauge symmetry” of a theory, explicitly including
the HT subgroup as a legitimate gauge symmetry group. Namely, despite the fact that
it is often called “trivial”, the consequences of its presence in Gy, are far from trivial.
Granted, it may often be enough to discuss the gauge symmetry on-shell, and then, one
can indeed calculate all symmetry transformations only “up to equations of motion”, with
no mention of the HT subgroup. However, whenever one needs to discuss the gauge
transformations off-shell, the HT subgroup simply cannot be ignored anymore. Typical
situations include the Batalin—Vilkovisky formalism [1], various generalizations of gauge
symmetry in the context of higher gauge theories and quantum gravity [33], and even the
traditional contexts such as the Coleman—Mandula theorem [34]. The situations in which
HT transformations play a significant role may be rare, but nevertheless, they tend to be
important. Thus, in our opinion, it would be prudent to always be aware that, for any given
theory, its total gauge symmetry group is in fact bigger, and more feature-rich, than just the
group of ordinary gauge transformations that are typically discussed in the literature.

3. HT Symmetry in Chern-Simons Theory

As an illustrative example of the general properties of HT symmetry from the previous
section, let us discuss the HT transformations for the simple case of the Chern-Simons
theory. The Chern-Simons theory represents an excellent toy example since it is well known
in the literature and most readers should be familiar with it.
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Given any Lie group G, its corresponding Lie algebra g, and a three-dimensional
manifold M3, the Chern-Simons theory can be defined as a topological field theory over a
trivial principal bundle G — M3, given by the action:

Scsz/M (AAdA)Q—i—%(A/\[AAA])g. (15)

Here, A € A'(Ms3,g) is a g-valued connection one-form over a manifold Ms, and (_,_) g
is a G-invariant symmetric nondegenerate bilinear form on g. One often rewrites the
Chern-Simons action within the framework of the enveloping algebra of g, introducing the
notion of a trace as

Tr(XY) = (X,Y),,

for every X, Y € g. Then, the Chern-Simons action can be rewritten as
2
scs:/ Tr(A/\dA+A/\A/\A), (16)
Ms 3

where, for the second term, one employs the identity Tr(X[Y, Z]) = Tr(XYZ) — Tr(XZY)
forevery X,Y,Z € g.

The gauge symmetry of the Chern-Simons action consists of G-gauge transformations,
determined with the parameters €4/ (x). Using the basis of generators T; to expand the
connection A into components as

A=Al (x)dx' o T,

the form variation of the connection components A, corresponding to gauge transforma-
tions can then be written as

S A, = dueg’ — flleg AR, (17)

where f/x! are the structure constants corresponding to the generators T;. Therefore, the
gauge symmetry of the Chern-Simons theory is usually quoted as the initially chosen Lie
group G:

Gcs=G. (18)

However, as we have seen in the previous section, this is not the complete set of gauge
transformations, and the fotal gauge group should in fact be

Giotal = Gcs X GHT - (19)

Let us define the HT transformations for the Chern-Simons action (15). If we denote
the dimension of the Lie algebra g as dim(g) = p, the number of independent field
components Al}, is N = 3p. The HT transformation is then defined with the HT parameters
el (x) as

oS
_
=€’ AT,

The requirement that the variation of the action vanishes:

SAl, (20)

5SS
= 7611
SAL AT, 1

=0,

enforces the antisymmetry restriction on the HT parameters:
ey =—ély,.

Note that this equation can be satisfied in two different ways—the parameters can be either
antisymmetric with respect to group indices I] and symmetric with respect to spacetime
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indices uv, or vice versa. We, therefore, have two possible choices for their symmetry
properties. The first possibility is defined as

e”yv = 5”1/;1 = _enyv = _eﬂvy , (21)
while the second possibility is defined as
GUW = e”yv = _GUW = —e”vy. (22)
Varying the action, one obtains an explicit form of the HT transformation:
S0y = €l e (9p Ao —Bu gy + ficr) AXpALy ). (23)

In order to demonstrate that HT transformations have highly nontrivial implications,
despite being trivial on-shell, it is instructive to discuss diffeomorphisms. Namely, looking
at the action (15), one expects that the theory has diffeomorphism symmetry, since it is
formulated in a manifestly covariant way using differential forms. However, one can check
that diffeomorphisms are not a subgroup of the ordinary gauge symmetry group Gcg given
by (18), but nevertheless can be obtained as a subgroup of the total gauge group (19). In
other words, one can demonstrate that

Diff(M3) ¢ Gcs, but Diff(M3) C Giotal = Gcs X GHT -

Let us examine this in detail. The diffeomorphism transformation
xt — =¥t 4 2 (x), (24)

determined by the parameter ¢/ (x) represents a subgroup Diff(M) of the full gauge
symmetry of some given action, if for every field ¢(x) in the theory and every choice of
diffeomorphism parameters ¢#(x), there exists a choice of the gauge parameters €8298¢(x)
and the HT parameters €T (x), such that:

(Sodiff(l) — 5Ogauge¢ + 5OHT¢ ) (25)

In other words, if a theory has diffeomorphism symmetry, the diffeomorphism form
variations of all the fields in the theory should be expressible in terms of their ordinary
gauge and HT form variations.

In the case of Chern-Simons theory, this can be demonstrated explicitly. If one chooses
the gauge parameters egl and the HT parameters el v as

1
egl = _‘:AAI/\/ e”yv - _E‘:AE/\yng/ (26)

where g!/ is the inverse of g;; = (T7, T,)g, one can apply Equations (25) using (17) and (23)
to reproduce precisely the well-known diffeomorphism form variation of the connection
Al

SoMAl, = —AT0,8" — 19, A1, (27)

Therefore, as expected, despite the fact that Diff (M3) ¢ Gcg, one obtains that Diff (M3) C
Giotal = Gcs X Gyr. Note that the choice of HT parameters in (26) is nontrivial, which
emphasizes the role of HT transformations and the fact that the full group of gauge sym-
metries is Giya1 rather than Ges. As we shall see in the next section, this property is not
specific only to the Chern-Simons theory.

4. HT Symmetry in 3BF Theory

After discussing the Chern-Simons theory as a toy example, we move to the more
important case of the 3BF theory. This theory is relevant for building models of quantum
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gravity; see [8,20,21,33,35]. Therefore, it is important to study its gauge symmetry and, in
particular, the role of HT transformations.

4.1. Review of the 3BF Theory

Analogous to the fact that Chern-Simons theory is a topological theory based on a
Lie group and a 3-dimensional manifold, the 3BF theory is also a topological theory based
on a notion of a three-group and a 4-dimensional manifold. The notion of a three-group
represents a categorical generalization of the notion of a group, in the context of higher
gauge theory (HGT); see [15] for a review and motivation. For the purpose of defining the
3BF theory, we are interested in particular in a strict Lie three-group, which is known to be
isomorphic to a so-called Lie two-crossed module; see [17-19] for details.

A Lie two-crossed module, denoted as (L S H 3) G,>, {_,_}pf), is an algebraic
structure specified by three Lie groups G, H, and L, together with the homomorphisms
0:L = Handd : H — G, an action > of the group G on all three groups, and a
G-equivariant map, called the Peiffer lifting:

{_ Jpr: HxH—L.

In order for this structure to form a two-crossed module, the structure constants of algebras
g, b, and [ (the Lie algebras corresponding to the Lie groups G, H, and L, respectively), as
well as the maps d and J, the action >, and the Peiffer lifting, must satisfy certain axioms;
see [20] for details.

Given a two-crossed module and a four-dimensional compact and orientable spacetime
manifold My, one can introduce the notion of a trivial principal three-bundle, in analogy
with the notion of a trivial principal bundle constructed from an ordinary Lie group and a
manifold; see [15]. Then, one can introduce the notion of a three-connection, an ordered
triple («, B,7), where «, B, and 7 are algebra-valued differential forms, &« € A'(My, g),
B € A>(My,h), and v € A3(My,1); see [17-19]. The corresponding fake hree-curvature
(F,G,H) is defined as:

F=da+aAa—0B, G=dB+aA” B—oy,
(28)
H=dy+aA" v+ {BAB}p-

Then, for a four-dimensional manifold My, one can define the gauge-invariant topological

3BF action, based on the structure of a two-crossed module (L SHY G >, {_,_}pf), by
the action

S3BPZ/M <B/\.7:>9+<C/\g>b+<D/\H>[, (29)

where B € A%(My,g), C € AY(My,b),and D € A°(My, 1) are Lagrange multipliers and
F € A%(My,g), G € A3(My,h),and H € A*(My,|) represent the fake three-curvature
given by Equation (28). The forms (_,_),, (_,_)y, and (_,_) are G-invariant symmetric
nondegenerate bilinear forms on g, h, and [, respectively. The action (29) is an example of
the so-called higher gauge theory.

By choosing the three bases of generators 7, € g, t, € h, and T4 € [ of the three respec-
tive Lie algebras, one can expand all fields in the theory into components as

B = %B“uv(x)de/\dx”@Ta, o = at(x)di @,
1
= C%(x)dx' ®t,, B o= P wR)d ndx" @t

1
D = DAx)T,, v o= gyAwp(x) dxt Adx? Adx’ @ Ty .
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One can also make use of the following notation for the components of all maps present in
the theory, in the same three bases:

[T, 6] = fap" Ty, Qap = (T, Tp)y, T Tp=Dap"Ty,  0Ta=064",
[tu ’ tb] = fabctc ’ 8ab = <ta ’ tb>h ’ T >t = |>1xabtb ’ oty = 0,y

[Ta,Tg] = fas“Tc, 84 =(Ta,T8)(, Tw>Ta=0aa"Ts, {ta,tp}pt = X" Ta.

The complete gauge symmetry of the 3BF action was studied in [8] using the tech-
niques of Hamiltonian analysis. It consists of five types of gauge transformations, G-, H-,
L-, M-, and N-gauge transformations, determined with the independent parameters €4 (x),
epu(x), e[AW(x), €m”“y(x), and €,"(x), respectively. The form variations of the fields B, C,
D, «, B, and v, obtained in [8] are given as follows:

0B = fpy"eaP BT +2Cop 0" 1 g 8" — Da s e g™ — 2V em"
+Bouv >pa En"g"F
30C" = u"egCly+2DaAX gy en y — 3 em®y — Vyen”,
sDA = DuplesDP 4+ 646", (30)
Joa*y = —0u€e" — fr,_;ﬂy”‘wgwsg7 — 95 ey,
SoB'w = Pap'eg B — 2V €n” ) + Sater
07 e = Barea™ P + 31 uen” 5 X + Ve ve — Ve up + Ve

The gauge transformations (30) form a group Gspr:
Gspr = G x (H x (N x M)), 31)

where G denotes the group of G-gauge transformations, the H-gauge transformations
together with the L-gauge transformations form the group Hy, while M and N are the
groups of M- and N-gauge transformations, respectively. All these groups are determined
from the structure of the initial chosen two-crossed module that defines the theory; see [8]
for details.

However, as we have seen in the general theory in Section 2 and in the example
of the Chern-Simons theory in Section 3, the symmetry group Gspr determined by the
Hamiltonian analysis does not include HT transformations, and therefore, the total gauge
group should in fact be

Grotal = 93BF X GHT - (32)

4.2. Explicit HT Transformations

Let us explicitly define the HT transformations for the 3BF action (29). If we denote
the dimensions of the Lie algebras g, b, [ as

dim(g) = p, dim(h) =g, dim(l) =r,

the number of independent field components in the theory can be counted according to the
following table:

A A
Ba‘uv Ca}t D D‘D‘H :Ba]/“/ T e

6p | 49 | r | 4p | 69 4r

The total number of independent field components is, therefore,

N =6p+4q+r—+4p+6q+4r =10p + 10q + 57.
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Let cpi denote all field components, wherei = 1,2,..., N. We can write the fields schemati-
cally as a column-matrix with six blocks:

The HT transformation is then defined via the parameters €'/ (x) as

... 6S
50(P1 = €l] -— .
o)
The requirement that the variation of the action vanishes enforces the antisymmetry restric-
tion on the parameters, €/ = —¢/’, foralli,j € {1,..., N}. These transformations can be

represented more explicitly as a tensorial 6 x 6 block-matrix equation, in the following form:

SoB" v eaﬂwm\ Eabyw eaB}W eaﬁuva eabyvm\ EaB;u/m\é %‘).éfm

(SOCuy .uuls;w)x eub;w eaBy ea’B;w eab;lm\ euB;uf/\(f, %

(S()DA VAﬁtf/\ ]/lAbg €AB eAﬁJ eAba/\ EABU'/\L: % (33)
Soa*y B HD"B}IU')\ Vab;m VﬂBy eaﬁ;za eab}w/\ eangAﬁ 55;0 .

S0 v V”'BWU)\ Vabpwr VaB;w Vaﬁ]u/zr €abymm eaB;n/M@ % 5;biA

50714}“’#’ VA’B;zvpa/\ VAb;wpa VAByvp VAﬁ;wptf ﬂAb;wpm\ eAByvpLTAcf % 57gi,\g

The coefficients multiplying the variations of the action in the column on the right-hand
side are there to compensate the overcounting of the independent field components. Due
to the antisymmetry of HT parameters, all # blocks (below the diagonal) are determined in
terms of the € blocks (above the diagonal), as follows. For the first column of the parameter
matrix in (33), we have:

Vb’xtfyv = _eabyvar ,uBa;w = _eaB;w/ ,U‘Barr;w = _eaﬁyvar
b b B B (34)
H “(7/\;41/ = —€" WVOA 1 H lxa/\g;w = —€" WOAG -
For the second column, we have:
]’lBuH — 76(13}" ‘uﬁagy — 76‘1‘5140,
b b B B (35)
M aw\y = —¢' UOA 7 H aa)@y = —¢ UOAL -
The y parameters in the third column are determined via:
A A bA Ab BA AB
]/lﬁ o= —€ ﬁa; Hgr = —€ gAs K7 oAd = —€ oAEs (36)

while the remaining p parameters in the fourth and fifth columns are determined as:

b b B B B B
H aa)\y = —¢" UOA 7 M “(7)\@';4 = —¢" UOAE 7 H ”mgw = —¢" WVOAG - (37)
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Finally, in addition to all these, the parameters in the blocks on the diagonal also have to
satisfy certain antisymmetry relations, specifically:

AB _ BA

eP —eP e“bW = —eb”gy , e’ = —eb4,

WoA = acTA;u/ ’

o (38)

b — b AB — BA
b DCU]A ’ e’ uvoh = —€ “m;w, € T uvpoAf = —€ T aAfuvp -

po =
Like in the example of the Chern-Simons theory from the previous section, these antisym-
metry relations can be satisfied in various multiple ways. All those possibilities are allowed,
as long as the identities (38) are satisfied. The final ingredient in (33) is the expressions for
the variation of the action with respect to the fields, and these are given as follows:

4S 1,
. vpoT
5BP,, A
4S 1 A
s, = Ee G
oS 1
A L
oS 1. OTAE b a 1 A B 59
m = Ee (VTB[;M: —Dpa CprBiac + 3 >pp " Davy T/\é) ’
oS 1
T = It (Vcrch'r - 7alethtTT + X(ab)ADAﬁb7T> ’
0B vp 2
‘;75 = &P (VyDp +65"Cao) .
07 pvp

4.3. Diffeomorphisms

As in the case of the Chern-Simons theory, it is instructive to discuss diffeomorphism
symmetry. The 3BF action (29) obviously is diffeomorphism invariant, since it is formulated
in a manifestly covariant way, using differential forms. However, one can check that
the diffeomorphisms are not a subgroup of the gauge symmetry group Gspr given by
Equation (31), but nevertheless can be obtained as a subgroup of the total gauge group (32):

Diff(My) & Gz, but Diff(Ma4) C Giotal = G3BF X GHT - (40)

Let us demonstrate this. Like in the Chern-Simons case, we want to demonstrate that the
form variation of all fields corresponding to diffeomorphisms can be obtained as a suitable
combination of the form variations for the ordinary gauge transformations (30) and the
HT transformations (33). In other words, for an arbitrary choice of the diffeomorphism
parameters ¢#(x) from (24), Equation (25) should hold in the case of the 3BF theory as well:

§0diff¢ — 5Ogauge¢ + 5OHT¢‘ (41)

Indeed, this can be shown by a suitable choice of parameters. Regarding the parame-
ters of the gauge transformations (30), the appropriate choice is given as:

A A A A A
€g" ="y, ehay =- :Bay)u € =—¢"r HVA 1

(42)
emtxy — _(:)\Bzx;ml ena _ ér/\caA .
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Regarding the parameters of the HT transformations (33), we chose the following special
case, with the majority of the parameters equated to zero:

D o | o | o fenm] o | o N g

80C1, 0 0 0 0 | e 0 a5

boD” _ 0 0 0 0 0 | e b7 (43)
oy 1P yon 0 0 0 0 2

S0B" v 0 T 0 0 0 0 ! : ;‘hSM

207 e 0 0 T 0 0 0 3 Mgi/\;‘

Of course, due to antisymmetry, the nonzero i blocks take negative values of the corre-
sponding € blocks, in accordance with (34), (35), and (36). The three independent nonzero e
blocks are chosen as

b

eaﬂyva = ‘:pglxﬁgyvop , e” oA = Cpgabep;um ’ eABa)uj = gpgABea)\Cp- (44)

Finally, substituting (42) and (44) into (30) and (43), respectively, and then substituting all
those results into (41), after a certain amount of work, one obtains precisely the standard
form variations corresponding to diffeomorphisms:

5OdiffB“yv — _Ba/\vayé’/\ _ Bzxw\avg)\ _ é/\a/\BaHV ,
5Odiffcﬂy — _Ca)\ayé')\ o C’Aa/\cuy ,
§0diffDA — _é’)La/\DA ,
. (45)
50d1ffuczxy — _aaAaMCA o g/\a/\“ay ,
5Odiff,5uyv = _,Bﬂ/\vayg)L - ,Bu;t)\avg/\ - ’:;7/\8)\,3’1;11/ ’
50diff"}’A;4vp = *’VA)wpayg/\ - 'YA;t?\pavé'/\ - ’VAyvAapg/\ - ’vz/\a)\')’A;wp .

This establishes both relations (40), as we set out to demonstrate. We note again that the
HT transformations play a crucial role in obtaining the result, since we had to choose the
parameters (44) in a nontrivial manner.

4.4. Symmetry Breaking in 2BF Theory

Let us now turn to the topic of symmetry breaking and the way it influences HT
transformations. To that end, we studied the topological 2BF action, which is a special case
of the 3BF action (29) without the last term:

Sane = [ (BAF)s+(CAG)y. (46)

In order to be even more concrete, let us fix a two-crossed module structure with the
following choice of groups:

G=50(3,1), H=R*  L=/{e}.

In other words, we interpret group G as the Lorentz group, group H as the spacetime
translations group, while group L is trivial, for simplicity. This choice corresponds to
the so-called Poincaré two-group; see [16] for details. Since the generators of the Lorentz
group can be conveniently counted using the antisymmetric combinations of indices from
the group of translations, instead of the G-group indices «, we shall systematically write
[ab] € {01,02,03,12,13,23}, where a,b € {0,1,2,3} are H-group indices, and the brackets
denote antisymmetrization. With a further change in notation from the connection 1-form
« to the spin-connection 1-form w, the curvature 2-form F(«) to R(w), and interpreting
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the Lagrange multiplier 1-form C as the tetrad 1-form ¢, the 2BF action can be rewritten in
new notation as

Sopr = / BIE A Ry + € A Gy 47)
My
The ordinary gauge symmetry group for this action has a form similar to (31):
gZBFZGD((HK(NXM)), (48)
while the total group of gauge symmetries is extended by the HT transformations, so that

Gtotal = G2BF X GHT - (49)

The explicit HT transformations are written as a tensorial 4 x 4 block-matrix equation, in
the form

JOB[ﬂh] w elab][cd] - E[ab]cyvg lab][cd] o e[ub]cw/m\ % 53{);5]”\
doe u fed] HoA eacya efled] Ho eﬂcya/\ (;ZcSU (50)
(50w[ub] " y[ab][cd]’w/\ y[ab]cwr elab[cd] 1o e[ab]chA %&j[fsdl(,
(501311#1/ ya[cd] - ﬂucyva e [ed] o eucw/m\ % 5/{35%/\
where the usual antisymmetry rules apply. Here, we have
éS
_ GMvoA
SBled] | = ¢ Ricajuw
éS .
sl ¢ e (VPBW]VP - e[C|Pﬁ\d]VP) ’
55 1 1)
bec, B Esawpvﬂﬁcvp ’
6S oA
B O Ve

The 2BF action (46) is topological, in the sense that it has no local propagating degrees
of freedom. In this sense, it does not represent a theory of any realistic physics. In order
to construct a more realistic theory, one proceeds by introducing the so-called simplicity
constraint term into the action, which changes the equations of motion of the theory so that
it does have nontrivial degrees of freedom. An example is the action

SGr = /M BIT A Rigpy + €% A VBa — A A (B[ab] - abedee €d> . (52)
4

l6ni2°

where the new constraint term features another Lagrange multiplier two-form A(y,). By
virtue of the simplicity constraint, the theory becomes equivalent to general relativity, in
the sense that the corresponding equations of motion reduce to vacuum Einstein field
equations (see [16] for the analysis and proof). In this sense, constraint terms of various
types are important when building more realistic theories; see [20] for more examples.

However, adding the simplicity constraint term also changes the gauge symmetry
of the theory. In particular, it breaks the gauge group G,pr from (48) down to one of its
subgroups, so that the symmetry group of the action Sgp is

GGr C G2Br - (53)

This is expected and unsurprising. What is less obvious, however, is that the group of HT
transformations Gyt of the action Scy is not a subgroup of the HT group Gy of the original
action Spgr:

Gur ¢ Gur, (54)
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which implies that
Gt & Gionar (55)
despite (53).

Let us demonstrate this. Since the action (52) features an additional field A[*?) uv (%),

the HT transformations (50) have to be modified to take this into account and obtain the
following 5 x 5 block-matrix form:

(SOB[nb]W labl[ed] o e[“b]fyw lab] [Cd]yw e[“b]fw,m g[“b] [Cd];wmj % Jgig]f;
506“;4 u fed] HoA eac;m erled] o €“C,um g" Led] uo¢ (sgsgucf
50w[ub] P _ y[ab] [cd] oA ”[ub]clw e[ub] [cd] e E[ﬂb]c}mA g[ab] [cd] ot % 5‘;5[(641]{” , (56)
a 5S
dop w Vﬂ[Cd]ywA Vﬂcyvo’ Hﬂ[Cd]yw €ucyvm\ éa[Cd]yvmj %;ﬁfii
50A[ab]w glab][cd] o e[ah]cwg plab][cd] e G[ub]cwm\ w[ﬂb] [cd] ot % 5iﬁ§f;
where
0SGRr
_ HvoA _
sBledl T € (R[aﬂw )‘[cd]VV) ’
dSGr b
= puvp _
Seolcdl € (VﬂB[cdlvp e[e\uﬁld]vp) :
0SGRr 1 1 b d
dec,, = EE(TWP (vy,Bcvp + Weabcd)\[u ]yve p) , (57)
p
5SGR
T O Vaee
1o
0SGRr ot 1 b
— = —¢ ”V(B — ——¢&aped€’ue’y ) -
d [ed|pv 5 Cabed€ p€ v
SAled] 87l

We can now investigate the differences in the form of HT transformations for the
topological and constrained theory. First, comparing (56) to (50), we see that the HT
transformations in the constrained theory feature more gauge parameters than are present
in the topological theory. Namely, compared to Sypr, the action Sgr features an extra
Lagrange multiplier two-form Al%), which extends the matrix of HT parameters from
4 x 4 blocks to 5 x 5 blocks, and, therefore, introduces the new parameters ¢ and ¢ (and 6,
which are the negative of { due to antisymmetry). This means that the group G for the
constrained theory is larger than the group Gyt for the topological theory. On the one hand,
this immediately proves (54) and, consequently, (55). On the other hand, one can ask the
opposite question—given that Gy is larger than Gy, is the latter maybe a subgroup of
the former?

The answer to this question is negative:

Gur ¢ Gur, (58)

which together with (54) implies our final conclusion:

Gur # Gur - (59)

In order to demonstrate (58), we can try to set all extra parameters ¢, 1, and 0 to zero
in (56), reducing it to the same form as (50). This would naively suggest that Gy indeed
is a subgroup of Gyr. However, upon closer inspection, we can observe that this is not
true, since the functional derivatives (57) are different from (51). Namely, even taking into
account that the choice { = 1 = 6 = 0 eliminates the fifth equation from (57), the first
four equations are still different from their counterparts (51) because of the presence of the
Lagrange multiplier Ale] in the action. The Lagrange multiplier is a field in the theory, and
generically, it is not zero, since it is determined by the equation of motion:

Al = R,
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Therefore, the HT transformations (56) in fact cannot be reduced to the HT transformations
(50) by setting the extra parameters equal to zero, which proves (58) and (59).

The overall consequences from the above analysis are as follows. The topological
action Sypr has a large ordinary gauge group Gopr and a small HT symmetry group Gyr.
When one changes the action to Sgr by adding a simplicity constraint term, two things
happen—the ordinary gauge group breaks down to its subgroup G¢r, so that it becomes
smaller, while the HT symmetry group grows larger to a completely different group Gyr. In
effect, the total gauge groups for the two actions are intrinsically different:

2BF GR 5
Giotal = 92BF X GHT # Giowal = 9GR X GHT,

in the sense that neither is a subgroup of the other. This conclusion is often overlooked
in the literature, which mostly puts emphasis on the symmetry breaking of the ordinary
gauge group down to its subgroup.

Let us state here, without proof, that the action (52) represents an example of a non-
topological action, for which one can also demonstrate a property analogous to (40), that
diffeomorphisms are not a subgroup of its ordinary gauge group, but are a subgroup
of the total gauge group. Simply put, given that the simplicity constraint term in (52)
breaks the ordinary gauge symmetry group G,pr into its subgroup Ggr (see (53)), one can
expect that diffeomorphisms are not a subgroup of Ggp, since they are not a subgroup of
the larger group G,pr of the topological action (46). Nevertheless, since the action (52) is
written in a manifestly covariant form, diffeomorphisms are certainly a symmetry of the
action and, thus, must be a subgroup of the total gauge group gggl = GGr X Gyr, in line
with the statement analogous to (40). We leave the details of the proof as an exercise for
the reader. The point of this analysis was to demonstrate that the interplay (40) between
diffeomorphisms and the HT symmetry is a generic property of a large class of actions,
including the physically relevant ones, and not limited to examples of topological theories
such as the Chern-Simons or nBF models.

As the last comment, let us remark that, in fact, almost all conclusions discussed for the
cases of the Chern-Simons, 3BF, and 2BF theories are not really specific to these concrete
cases. One can easily generalize our analysis to any other theory, and the conclusions
should remain unchanged, except maybe in some corner cases.

5. Conclusions

Let us review the results. In Section 2, we gave a short overview of HT gauge symme-
try and discussed its most-important general properties. First, the HT group is a normal
subgroup of the total group of gauge symmetries of any given action. Second, HT transfor-
mations exhaust all “trivial” (i.e., vanishing on-shell) symmetries, in the sense that there
are no trivial symmetries that are not of the HT type. Finally, adding additional terms into
the action substantially changes the HT group, often enlarging it. This may be considered
a counterintuitive result, since usually adding additional terms in the action serves the
purpose of fixing the gauge and, thus, is meant to reduce the gauge symmetry, rather than
to enlarge it.

After these general results, in Section 3, we discussed the HT symmetry of the Chern-
Simons action, which is a convenient toy example that neatly displays the general features
from Section 2. Special attention was given to the issue of diffeomorphisms, and it was
shown that, while they are not a subgroup of the ordinary gauge group of the Chern-Simons
action, they nevertheless do represent a proper subgroup of the total gauge symmetry, and
the HT subgroup plays a nontrivial role in demonstrating this.

Section 4 was devoted to the study of HT symmetry in the 2BF and 3BF theories, which
are relevant for the constructions of realistic quantum gravity models within the generalized
spinfoam approach and higher gauge theory. After a brief review and introduction to the
notion of three-groups and the 3BF theory, appropriate HT transformations were explicitly
constructed, complementing the ordinary group of gauge symmetries of the 3BF action
based on a given three-group. This gave us the total gauge symmetry group for this class
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of theories. We again discussed the issue of diffeomorphisms and demonstrated again that
they are a subgroup of the total gauge group, without being a subgroup of the ordinary
gauge group, just like in the case of the Chern-Simons theory. Finally, we introduced a
completely concrete example of the 2BF theory based on the Poincaré two-group, which
becomes classically equivalent to Einstein’s general relativity when one introduces the
additional term into the action, called the simplicity constraint. As argued in general in
Section 2, the presence of this constraint breaks the ordinary gauge group down into its
subgroup, while simultaneously enlarging the HT group, since it introduces an additional
Lagrange multiplier field into the action. This represents an explicit example of the general
statement from Section 2 that the total gauge symmetry group changes nontrivially, as
opposed to simply breaking down to its subgroup.

It should be noted that the analysis and results discussed here do not cover everything
that can be said about HT symmetry. Among the topics not covered, one can mention the
question of an explicit form of finite HT transformations, as opposed to infinitesimal ones.
Can one write down finite HT transformations in closed form, either for some conveniently
chosen action or maybe even in general? A related topic is the explicit evaluation of the
commutator of two HT transformations, or equivalently, the structure constants of the HT
Lie algebra, or in yet other words, the multiplication rule in the group Gyr. Is the group
Abelian or not and for which choices of the action? Finally, one would also like to know the
topological properties of the group Gy, i.e., its global structure. All these are potentially
interesting topics for future research.

As a particularly interesting topic for future research, we should mention the nontrivial
change of the HT symmetry group when additional terms are being added to the action. In
Section 4.4, we briefly demonstrated that HT symmetry does change in a nontrivial way, on
the example action (52). Nevertheless, the precise properties and the physical interpretation
of this change are yet to be studied in full and for a general choice of the action. This topic
is the subject of ongoing research.

Finally, we would like to reiterate the differences in two possible approaches to the
notion of “the gauge symmetry” of a theory. The overwhelmingly common approach
throughout the literature is to factor out the HT group and work only with the ordinary,
nontrivial gauge group as the relevant symmetry. Admittedly, this approach does feature a
certain level of appeal due to its simplicity and economy, since it does not have to deal with
HT symmetry at all. Nevertheless, there are important situations where this is not enough,
and one really needs to take into account the total gauge symmetry group, which includes
HT transformations. As a rule, these situations always involve the gauge symmetry off-
shell, either for the purpose of quantization or otherwise. A typical example is the Batalin—
Vilkovisky formalism, where one needs to explicitly keep track of HT transformations
throughout the whole analysis. Another situation, which was discussed here in more detail,
is the question of diffeomorphism symmetry, where HT transformations are required in
order to prove that diffeomorphisms are a symmetry of the theory even off-shell. This is
especially relevant for building quantum gravity models. Finally, the third scenario would
be the discussion of the Coleman—-Mandula theorem. One of the main assumptions of the
theorem is that the Poincaré group is a subgroup of the full symmetry group of the theory.
Given this assumption, and a number of other assumptions, the theorem implies that the
full symmetry group must be a direct product of the Poincaré subgroup and the internal
symmetry subgroup. In certain cases of theories (such as the 3BF action), the full symmetry
group is not explicitly expressed as such a direct product, and moreover, it is not obvious
that the Poincaré group is a subgroup of the full symmetry group to begin with. Therefore,
in order to verify whether the above assumption of the theorem is satisfied, one needs
to inspect if the Poincaré group is or is not a subgroup of the full symmetry group. At
this point, one may run into a scenario similar to diffeomorphisms: the Poincaré group
may fail to be a subgroup of the ordinary gauge group, but still be a subgroup of the total
gauge group, once the HT symmetry is taken into account. In this sense, HT symmetry
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may become relevant for the proper analysis and application of the Coleman-Mandula
theorem in certain contexts. This topic is the subject of ongoing research [34].

All of the above arguments suggest that it may be prudent to abandon the common
approach of factoring out the HT group and instead adopt the description of the symmetry
with the total gauge group, which includes HT transformations on equal footing as the
ordinary gauge transformations. In the long run, this may be a conceptually cleaner
approach. However, either way, we believe that HT symmetry is relevant for the overall
symmetry structure of a theory and that better understanding of its properties can add
value to and benefit research.
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This work overviews the single-particle
two-way communication protocol recently
introduced by del Santo and Dakié (dSD),
and analyses it using the process matrix
formalism. We give a detailed account of
the importance and the operational mean-
ing of the interaction of an agent with
the vacuum — in particular its role in
the process matrix description. Our anal-
ysis shows that the interaction with the
vacuum should be treated as an opera-
tion, on equal footing with all other in-
teractions. This raises the issue of count-
ing such operations in an operational man-
ner. Motivated by this analysis, we apply
the process matrix formalism to capped
Fock spaces using the framework of second
quantisation, in order to characterise pro-
tocols with an indefinite number of identi-
cal particles.

1 Introduction

In recent years there have been advances in quan-
tum information theory related to new techniques
for discussing quantum circuits and quantum
computation. One of those techniques is the re-
cently developed process matrix formalism [1].
This formalism is general enough to describe all
known quantum processes, in particular the su-
perposed orders of operations in a quantum cir-
cuit. Moreover, its most prominent feature is
that it allows for a description of more general
situations of indefinite causal orders of spacetime
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Nikola Paunkovi¢: npaunkov@math.tecnico.ulisboa.pt
Marko Vojinovié: vmarko@ipb.ac.rs

points. A formal example of such a process has
been introduced and discussed in [1], leading to
the violation of the so-called causal inequalities.
The latter represent device-independent condi-
tions that need to be satisfied in order for a given
process to have a well-defined causal order. It
is still an open question whether such a process
is physical and can be realised in nature. Also,
a lot of attention in the literature has been de-
voted to the quantum switch operation, which has
been discussed through both theoretical descrip-
tions [2, 3, 4, 5] and experimental implementa-
tions [6, 7, 8].

One of the interesting aspects of the quantum
switch is that it gives rise to a superposition of or-
ders of quantum operations. In a recent work [9],
the difference between the superposition of orders
of quantum operations and the superposition of
causal orders in spacetime was discussed in detail,
and it was demonstrated that the latter can in
principle be realised only in the context of quan-
tum gravity (see also [10, 11, 12]). The detailed
analysis of the causal structure of the quantum
switch has revealed one important qualitative as-
pect of the process matrix description — in order
to properly account for the causal structure of
an arbitrary process, it is necessary to introduce
the notion of the quantum vacuum as a possible
physical state. Otherwise, the naive application
of the process matrix formalism may suggest a
misleading conclusion that quantum switch im-
plementations in flat spacetime feature genuine
superpositions of spacetime causal orders. This
demonstrates the importance of the concept of
vacuum in quantum information processing. Re-
garding the general role of the vacuum in quan-
tum circuits and optical experiments, see [13] and
[14, 15], respectively, and the references therein.
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Simultaneously with these developments, an-
other interesting quantum process has been re-
cently proposed [16] by del Santo and Dakié¢
— dSD protocol (see also subsequent theoretical
[17, 18] and experimental work [19]). As it turns
out, while this process enables Alice and Bob to
guess each other’s input bits with certainty by
exchanging a single particle only once, it cannot
be correctly described within the process matrix
formalism without the introduction of the inter-
action between the vacuum and the apparatus as
an operation. Thus, it represents an additional
motivation to introduce the vacuum state into
the process matrix formalism, independent of the
reasons related to the description of the quantum
switch process.

Moreover, while the dSD protocol employs only
one photon, it is also relevant for multiphoton
processes, which opens the question of the treat-
ment of identical particles within the process ma-
trix formalism. Also, taking into account the
presence of the vacuum state, one is steered to-
wards the application of the abstract process ma-
trix formalism to systems with variable number of
identical particles, to the second quantisation and
ultimately generalisation to quantum field the-
ory (QFT). See also a related work on the causal
boxes framework [20].

In this work we give a detailed description and
treatment of dSD protocol within the process ma-
trix formalism. We analyse in detail the role of
the vacuum in the protocol and the formalism,
and its operational interpretation. Specifically,
our aim is to discuss the following question:

Is the interaction with the vacuum an operation,
or not?

Our analysis of dSD protocol leads to a conclusion
that the interaction with the vacuum should be
considered an operation. The alternative would
mean that one could extract information from
the system at the final moment of the protocol
without performing an operation at all. Since
the same physical situation should always be de-
scribed in the same way, we conclude that the
interaction with the vacuum should be treated as
an operation, and thus as a resource, in all quan-
tum information protocols. This includes the op-
tical implementation of the quantum switch pro-
tocol, leading one to infer that it features four,
rather than just two operations, as was claimed in

a number of papers [3, 4, 5, 6, 7, 8]. In addition,
we make use of the dSD protocol as an illumina-
tive example to apply the process matrix formal-
ism to multipartite systems of identical particles.

The paper is organised as follows. In Section 2
we give a short overview of the process matrix
formalism and the dSD protocol. Section 3 is
devoted to the process matrix formalism descrip-
tion of dSD protocol, and to the discussion of the
operational role and importance of the vacuum
state for its description. In particular, in Sub-
section 3.4 we present the argument for our main
conclusion, namely that the interaction with the
vacuum should be considered an operation. In
Section 4 we provide the basic rules for the appli-
cation of the process matrix formalism to identi-
cal multiparticle systems. Section 5 is devoted
to the summary of our results, discussion and
prospects for future research. The Appendix con-
tains various technical details of the calculations.

2 State of the art

In this section, we present an overview of the
relevant background results. First, we give a
short introduction to the process matrix formal-
ism, and then we present the dSD protocol. This
overview is not intended to be complete or self-
contained, but merely of informative type. The
reader should consult the literature for more de-
tails.

2.1 The process matrix formalism

The process matrix formalism is based on an idea
of a set of laboratories, interacting with the out-
side world by exchanging quantum systems. Each
laboratory is assumed to be spatially local in the
sense that one can consider its size negligible for
the problem under discussion. Inside the labora-
tory, it is assumed that the ordinary laws of quan-
tum theory hold. The laboratory interacts with
the outside world by receiving an input quantum
system and by sending an output quantum sys-
tem. Inside the laboratory, the input and output
quantum systems are being manipulated using
the notion of an instrument, denoting the most
general operation one can perform over quantum
systems. Each interaction is also assumed to be
localised in time, such that each operation of a
given laboratory has a separate spacetime point
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assigned to it (see Subsection 3.4 for a discus-
sion of time delocalised laboratories and opera-
tions [21]). Thus, we introduce the notion of a
gate, which represents the action of an instru-
ment at a given spacetime point (see Section 2
of [9]); for simplicity, both the gate and its cor-
responding spacetime point will be denoted by
the same symbol, G. By G and Gp we denote
the Hilbert spaces of the input and the output
quantum systems, respectively. These Hilbert
spaces are assumed to be finite-dimensional or
trivial. The action of the instrument is described
by an operator, ./\/lga : Gr ® G = Go ® G,
which may depend on some classical input in-
formation a available to the gate G, and some
readouts x of eventual measurement results that
may take place in G. Thus, the instrument maps
a generic mixed input state p; into the output
state po = ./\/lga(pf).

Given such a setup, one defines a process, de-
noted W, as a functional over the instruments of
all gates, as

1) (2)
p(@.y,...la,b,...) = WM, e MG @...),

where p(z,y,...|a,b,...) represents the proba-
bility of obtaining measurement results x,y, ...,
given the inputs a,b,.... In order for the right-
hand side to be interpreted as a probability dis-
tribution, the process YW must satisfy three basic
axioms,

W >0,
TrW = Hz dim G , (1)
W =Pa(W),

where Pg is a certain projector onto a subspace
of ®; (G} @ G
ond requirement, ensures the normalisation of the
probability distribution (see [3] for details).

In order to have a computationally manage-
able formalism, one often employs the Choi-
Jamiotkowski (CJ) map over the instrument oper-
ations, such that a given operation Mga is being
represented by a matrix,

) which, together with the sec-

ME, = [(ToME,) (uyqn]
€ (G1®Go)® (Gr @ Go)*,
where

=Y leleGioc @

is the so-called transport vector, representing the
non-normalised maximally entangled state, and
Z is the identity operator. Then, one can de-
scribe the process W using the process matric W
to write

p(z,y,...|la,b,...) =

(4)
Tr [(MSy @ MGz @ .. )W) .

Finally, if an instrument M, is linear, one can
)

also use a corresponding “vector” notation (see
Appendix A.1 in [3]),

(ME)) = [TeME)| 1) € Grato, (5)
so that
M, = [(ME)MMED. (6)

In cases where all instruments are linear, and
in addition the process matrix W is a one-
dimensional projector, one can introduce the the
corresponding process vector |W)), such that W =
|[W)H{(W|, and rewrite (4) in the form:

p(z,y,...la,b,...) =

, (1)
|(AMES* @ (MG @) (W]

2.2 The dSD protocol

In a recent paper [16], del Santo and Daki¢ have
introduced a protocol which allows two agents to
guess each other’s input bits with certainty by
exchanging a single particle only once. The pro-
tocol goes as follows. Initially, a single particle
is prepared in a superposition state of being sent
to Alice and being sent to Bob. Upon receiving
the particle, both Alice and Bob perform unitary
operations on it, encoding their bits of informa-
tion, a and b, respectively, about the outcomes of
their coin tosses. They do this by changing the
local phase of the particle by (—1)¢ and (—1)°.
The particle is subsequently forwarded to a beam
splitter, and after that again to Alice and Bob,
who now measure the presence or absence of the
particle.

This way, the state of the particle stays in co-
herent superposition of different paths in a Mach-
Zehnder interferometer. The interference of its
paths gives rise to deterministic outcome that de-
pends on the relative phase e’ = (—1)*®" be-
tween the two branches: in case ¢ = 0, the parti-
cle will end up in Alice’s laboratory, while other-
wise it will end in Bob’s. Thus, knowing their own
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inputs and the outcomes of their local measure-
ments, both agents can determine each other’s in-
puts, allowing for two-way communication using
only one particle. This is clearly impossible in
classical physics, demonstrating yet another ex-
ample of the advantage of quantum over classical
strategies.

The crucial aspect of the protocol lies in the
fact that the absence of the particle represents
a useful piece of information for an agent. This
gives rise to the notion of the vacuum state as
a carrier of information, playing the central role
in the protocol. Thus, in order to describe the
protocol using the process matrix formalism, one
has to incorporate the notion of the vacuum in
the formalism itself. We show this in detail in
the next section.

It is interesting to note that the crucial role of
the vacuum plays an important part not only in
the dSD protocol, but also in a completely dif-
ferent setup that has been discussed a lot in re-
cent literature, namely the quantum switch |2].
As analysed in detail in [9], if one takes care to
distinguish the two temporal positions of a given
laboratory and introduces the notion of a vac-
uum explicitly, one can demonstrate that the op-
tical implementations of the quantum switch in
flat spacetime do not feature any superposition
of causal orders induced by the spacetime met-
ric. Instead, it was argued that superpositions
of spacetime causal orders can be present only
within the context of a theory of quantum grav-
ity. As we shall see below, the notion of the inter-
action with the vacuum will prove essential to the
process matrix description of the dSD protocol as
well.

3 Process matrix description of the
dSD protocol

3.1 The spacetime diagram

We begin by drawing the spacetime diagram of
the process corresponding to the dSD protocol
(see Figure 1).

At the initial time ¢; the laser L creates a pho-
ton and shoots it towards the beam splitter S,
which at time t; performs the Hadamard opera-
tion and entangles it with the incoming vacuum
state (described by the dotted arrow from the
grey gate V). The entangled state of the pho-

to |

0 Alice Bob Space

Figure 1: The complete spacetime diagram of the pro-
cess corresponding to the dSD protocol.

ton and the vacuum continues on towards Alice’s
and Bob’s gates A and B, respectively. At time
to, Alice and Bob generate their random bits «a
and b, and encode them into the phase of the in-
coming photon-vacuum system. The system then
proceeds to the beam splitter S’ which again per-
forms the Hadamard operation at time t3. The
photon-vacuum system then proceeds to the gates
A" and B’, where it is measured at time ¢; by Al-
ice and Bob, respectively. Note that the spatial
distance Al between Alice and Bob is precisely
equal to the time distance between the generation
of the random bits and the final measurements,

Al = C(tf — tg) y

so that a single photon has time to traverse the
space between Alice and Bob only once. Also,
note that the gate V', which generates the vac-
uum state, corresponds to a “trivial instrument”,
since the vacuum does not require any physical
device to be generated. Nevertheless, the vacuum
is still a legitimate physical state of the EM field,
so the appropriate gate V has to be formally in-
troduced and accounted for in the process matrix
formalism calculations.

3.2 Formulation of the process matrix

Based on the spacetime diagram, we formulate
the process matrix description as follows. All
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spacetime points, where interaction between the
EM field and some apparatus may happen, are
assigned a gate and an operation which describes
the interaction. Each gate has an input and out-
put Hilbert space, as follows:

L: C — Lo, A: A — Ao,
V. C — Vo, B: B[ — Bo,
S : S[ — So, A AII — (C,
S8 = S, B': B, — C.

The initial gates, L and V, have trivial input
spaces and nontrivial output spaces. The final
gates, A’ and B’, have trivial output spaces and
nontrivial input spaces. The gates A and B have
nontrivial input and output spaces. Each non-
trivial space is isomorphic to H1®Ho C F, where
Ho and H; are the vacuum and single-excitation
subspaces of the Fock space F in perturbative
QED. Namely, by design of the dSD protocol, Al-
ice and Bob may exchange at most one photon,
which means that multiparticle Hilbert subspaces
of the Fock space can be omitted. Moreover, the
resulting probability distribution of the experi-
ment outcomes does not in principle depend on
the frequency or the polarisation of the photon in
use, so we can approximate the single-excitation
space as a one-dimensional Hilbert space. Given
that the vacuum Hilbert space Hg is by definition
one-dimensional, we can write

Ho = span{|0)} = C, Hi ~span{|1)} = C,
so that Ho & H1 = C & C. Here, |0) and |1)
denote the states of the vacuum and the photon
in the occupation number basis of the Fock space.
Therefore, we have

Lo VoS A XA
BBy~ A, 2B, ~CaC.

Finally, the input and output spaces of beam
splitters S and S’ are “doubled”, since a beam
splitter operates over two inputs to produce two
outputs. In particular,

Sy = Sfesy, S; = SPesP,
So = Sé‘@Sg, S, = SiesSH,

where again

SE >~ gy >~ gA o~ g8 o~
SAxegBxgl>gB~CeC.

With all relevant Hilbert spaces defined, we for-
mulate the action of each gate, using the CJ map
in the form (5). The gates L and V simply gen-
erate the photon and the vacuum,

Lyt =(nte, v =0, (8)

where * is the complex conjugation. The action
of the beam splitters is

[57)Sife = [1950 @ (H") %S| 1), (9)

and
|S/*>>S}Sb _ {Is;s; ® (H*)SbS}} |]1>>sgsg’ (10)

where the Hadamard operator for S is defined as
HSOSI —

75 (10%8100%8 + 10)%1)8) (% oy
1

[

and analogously for H 5651, The unit operator is
denoted as I. Next, in the gates A and B, Alice
and Bob generate their random bits a and b, and
encode them into the phase of the photon. The
corresponding actions are defined as

(11)%810y%6 — [0)5]1)%3) (0] (1]°7 ,

AFpArto _ [IA,A, 2 (A*)AOAI] )ArAr (11)
and
By BrBo _ [IB,BI ® (B*)BOBI] 1) BB (12)
where
AAoAr _ (_1)a|1>Ao<1|A1 ® |0>AO<O|AI’
and
BBoBr — (—1)b|1yBo (1)B1 & |0)Bo (0| B .

Finally, the gates A’ and B’ describe Alice’s and
Bob’s measurement of the incoming state in the
occupation number basis,

Ayt =la), BT =), ()
where their respective measurement outcomes a’
and b take values from the set {0, 1}, depending
on whether the vacuum or the photon has been
measured, respectively.

After specifying the actions of the gates, the
last step is the construction of the process vector
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|Wasp)) itself. The dSD protocol assumes that
the state of the photon remains unchanged dur-
ing its travel between the gates. Therefore, the
process vector will be a tensor product of trans-
port vectors (3), one for each line connecting two
gates in the spacetime diagram. The input and
output spaces of the gates connected by the line
determine the spaces of the corresponding trans-
port vector. Thus, the total process vector is:

|Wasp)) =
VRS VG DR DR CF)

1) A0S 1) BoSi” 1) 5647 1)) ST

3.3 Evaluation of the probability distribution

Now that the process vector and the operations
of all gates have been specified in detail, we can
evaluate the probability distribution

p(d',V|a,b) = |M]]?, (15)

where the probability amplitude M is obtained
by taking the scalar product of [Wysp)) with the
tensor product of all gates, see (7). It is most in-
structive to perform the computation iteratively,
taking the partial scalar product of [Wygp)) with
each gate, one by one. The explicit calculation
of each step is based on two lemmas from Ap-
pendix A.

We begin by taking the partial scalar prod-
uct of (14) and the preparation gates (8). Using

Lemma 1 from Appendix A, we obtain:
(L7 @ (v*'0) [Wasp) =
[1)5710)°7 1)) %641 1)) S0 Br
VR AIVEC A VAT DECR
Next we take the partial scalar product with the

beam splitter S gate operation (9). Using Lemma
2 from Appendix A, we obtain:

(871550 @ (L¥["0 @ (V*'0) [Wasp)) =
75 (1027107 +10)1)7)

1) 4057 1)) BoSi” | 1) 5847 1) S5’ BT

Now we apply the Alice’s gate operation (11) to
obtain:

(farre @ (500

(L0 @ (V*17°) [Wasp)) =
75 (0705 )%+ j0) 1))
1) P05 1) %6 A1 1)) %6

Similarly, applying Bob’s gate (12) we get:

(48717170 o (a7 ie @ (5750w
(Lr1"e @ (v*]"°) [Wasp)) =
1 a S/A S/B S/A S/B
—5 (D 0+ (-1)710) % 1))
1) %6 4|1 %0’ B
The next step is the application of the second

beam splitter gate (10). After a little bit of alge-
bra, the result is:

(571515 @ (Br|B1B0 @ (a0 @ (5715150 @ ([P0 @ (V%) [Wasp) =

(1) + (-1

Finally, applying the measurement gates (13), we
obtain the complete probability amplitude,

1)+ (=1 b
Méa’ldb’o

2
—1)* — (—1 b
NSNS

M =

and substituting this into (15), we obtain the de-

wyoy\}uﬁ}

141105 4 =

2

sired probability distribution of the dSD process:
14 (=1 a+b
¥5a’15b’0
1— (_1)a+b

t——5 a0y

From the probability distribution we can now
conclude that there are two distinct possibilities:

p(d,b|a,b) =
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either Alice detects the photon and Bob does not,
a = 1,0 = 0, or vice versa, ' = 0,/ = 1. In
the first case, because total probability must be
equal to one, we have

1+ (_1)a+b . 1— (_1)a+b
2 - 2

The only solution to these equations is a = b,
which means that Alice and Bob have initially
generated equal bits. Since both know the prob-
ability distribution and their own bit, they both
know each other’s bit as well, with certainty. In
the second case, when Bob detects the photon,
we instead have

14+ (_l)aer 1— (_1)a+b

— =0, =1
and the only solution is @ # b, meaning that
Alice and Bob have initially generated opposite
bits. Again, both parties know the probability
distribution and their own bit, and therefore each
other’s bit as well, with certainty.

In order to formalise this result, one can also

introduce the parity @ = a ® b and rewrite the
probability distribution in the form

1+ (~1)"

=0.

p(a’,b’]w) = 6a’15b’0

+1(21)5a'05b'1 .
Thus, if Alice detects the photon, then 7 is even,
while if Bob detects the photon, © must be odd.
In both cases, they can “guess” each other’s bits
with certainty by calculating

(16)

r=nw®da, y=mdb,

where x is Alice’s prediction of the value of Bob’s
bit, and y is Bob’s prediction of the value of Al-
ice’s bit. Therefore, the probability of guessing
each other’s input bit is

Psuccess = p(l’ =bAy= CL) =1. (17)

3.4 Analysis of the process matrix description
— operational interpretation of the vacuum

After we have given the detailed process matrix
description of the dSD protocol and derived the
result (17), we analyse in more detail the role of
the vacuum in the formalism, giving its opera-
tional interpretation.

In order to clarify the exposition, let us give an
overview of the argument, as follows:

e In the next paragraph below, we analyse the
role of the vacuum in the dSD protocol, and
conclude that the interaction with the vac-
uum should be regarded as an operation, on
the same footing with all other interactions.

e In the following four paragraphs, we discuss
the optical implementation of the quantum
switch protocol, which also features interac-
tions between the agents and the vacuum.
Since the same physical situation should al-
ways be described in the same way, we con-
clude that the interaction with the vacuum
should be treated as an operation in this pro-
tocol as well. Thus, the protocol features a
total of four, rather than two, operations.

e Finally, in the remaining three paragraphs,
we discuss the alternative point of view,
namely that the interaction with the vacuum
is not regarded as an operation. This is the
case in the method for counting operations
proposed in [22|. We conclude that it would
then mean that in the dDS protocol an agent
could extract information from the system at
ty without performing an operation at all.

In the dSD protocol four operations (gates),
A, A",B and B’ are performed (see Figure 1).
Note that for each choice of input bits a and b
one of the two operations performed, A’ and B/,
is of a special form: it represents the absence of
the particle. This gives rise to an operational in-
terpretation of the vacuum state as a carrier of
information, playing the central role in the proto-
col — the very interaction between the apparatus
and the vacuum (the absence of a particle) plays
ezxactly the same role in this protocol as any other
operation, i.e., not detecting a particle (“seeing
the vacuum”) is an operation on its own. From
the mathematical point of view, supported by the
structure of the process vector (14) that explicitly
features the vacuum state, it is perfectly natural
to consider the interaction between the appara-
tus and the vacuum state on equal footing with
the interaction between the apparatus and the
field excitation (i.e., the particle). Both inter-
actions equally represent operations. Therefore,
one should regard the interaction with the vac-
uum as a resource, in the same way as the inter-
action with the particle.

Let us now consider the optical quantum
switch, a similar protocol in which the notion of
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time

ta{

0 Alice Bob space

Figure 2: The complete spacetime diagram of the pro-
cess corresponding to the optical quantum switch. Upon
receiving the photon, Alice rotates its polarisation by the
unitary U. Analogously, Bob performs rotation V' on the
photon entering his lab.

the vacuum also plays a role. Current optical
implementations of the quantum switch feature
four spacetime points, the same as the dSD pro-
tocol [9, 10, 11, 12|, thus having the similar type
of the spacetime schematic description, see Fig-
ure 2. However, by introducing the notion of time
delocalised operations it was argued that the op-
tical switch implements only two operations, U
in spacetime points A or A’, and V' in spacetime
points B or B’ [21]. Nevertheless, the optical
switch features the same apparatus-vacuum inter-
action as the one from the dSD protocol: when-
ever the particle is in, say, the blue branch, and
the operations U and V are applied at spacetime
points A and B’, respectively, Alice’s and Bob’s
labs experience the interaction with the vacuum
at spacetime points B and A’ (and analogously
for the red branch). Therefore, the treatment of
the vacuum in the optical quantum switch is mu-
tually incoherent with the treatment of the vac-
uum in the dSD protocol.

Our analysis can thus serve as motivation for a
search towards a more coherent treatment of the

vacuum within the operational approach, since
the same physical situation — interaction be-
tween the apparatus and the vacuum — is cur-
rently treated differently in the descriptions of the
two protocols.

One might consider the following possible chain
of inference. From the examples of both the quan-
tum switch and the dSD protocol, we have that
unitary operations (be it “genuine rotations” U
and V', as well as phase flips +1) are considered to
be operations. From the example of the dSD pro-
tocol, we see that the interaction with the vacuum
is an operation as well. Further, in reference [21]
it was argued that the optical switch features two
“time-delocalised operations”, U and V. Thus, by
the same token, it follows that within this opera-
tional approach the optical switch should feature
two additional “time-delocalised operations” in-
teractions with the vacuum, one performed by
Alice, and the other by Bob (see Appendix B).
Therefore, the protocol features a total of four,
rather than two, operations. Note that this is a
possible treatment of the vacuum, which still fea-
tures superposition of orders of operations U and
V in the optical switch.

It is obvious that the interaction with the vac-
uum plays a prominent role in achieving the goal
of the dSD protocol — communication between
Alice and Bob. But interactions with the vac-
uum are also crucial in the optical switch. Indeed,
without those operations, it would be impossible
to achieve superposition of orders of operations
U and V in flat spacetime with fixed causal order
of spacetime points [9].

In [22] the so-called “flag” systems were intro-
duced to count the number of operations per-
formed in a lab without destroying the superpo-
sition, which count only one operation per each
lab of the optical switch. Note though that using
this method, which effectively counts the number
of times a particle enters the lab, one would count
three rather than four operations in the dSD pro-
tocol. This means that either the method is not
appropriate, or in fact the dSD protocol features
three, instead of four operations. In the case of
the former, it would be useful to introduce a for-
mal operational definition of a general method of
counting operations, given that the above “flag”
method cannot count interactions with the vac-
uum. In the case of the latter, it would mean that
one could extract the information from the sys-
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tem at t; without performing an operation at all.

Indeed, if the interaction between the vacuum
and the apparatus would not be considered an
operation, an issue with formulating the process
vector for the dSD protocol would arise. The one
we formulated in (14) contains input and out-
put Hilbert spaces associated with the interac-
tion between the vacuum and the detectors. It is
not possible to formulate a process matrix for the
dSD protocol that would feature three operations,
without the mentioned interaction with the vac-
uum. Namely, depending on the choice of input
bits a and b, the photon will end up either in Al-
ice’s or Bob’s lab, rendering it impossible to know
in advance which of the two agents is supposed
to perform the final operation. Thus, it is not
possible to formulate a process matrix which fea-
tures only one operation at the final moment #;.
Note that the process matrices themselves were
introduced as the main tool for describing quan-
tum processes in the operational approach. In
other words, the impossibility of formulating the
main operational tool for the dSD protocol with-
out introducing the interaction with the vacuum
as an operation, suggests that the latter should
be considered as an operation in that protocol.

Note that, if the dSD and the optical switch
protocols featured incoherent mixtures of the two
possible paths instead of coherent superpositions,
then one could formulate the corresponding pro-
cess matrices without treating the interaction
with the vacuum as an operation, indeed with-
out even mentioning the vacuum at all. These
would be purely classical processes, which would
not feature any interference effects. In general,
ommiting the vacuum is a natural point of view
in classical physics. However, if one wants to de-
scribe quantum physics, the notions of the vac-
uum and its interaction with the apparatus are
unavoidable.

4 ldentical particles

The above analysis shows that the vacuum state
plays a physically relevant role in transmitting
information, and cannot be ignored. From the
point of view of QFT this is a perfectly natu-
ral state of affairs, but from the point of view of
quantum mechanics (QM) it is not, since the no-
tion of vacuum as a physical state does not exist
in QM a priori, and needs to be explicitly intro-

duced by hand. Moreover, in QFT one can natu-
rally study systems of indefinite number of iden-
tical particles. Therefore, as a first step towards
the generalization of the process matrix formal-
ism to QFT, we apply the existing abstract pro-
cess matrix formalism to the representation of the
second quantization.

In this section, we give basic elements of
the process matrix formalism, when applied to
systems of identical particles. In order to
avoid working with (anti-)symmetrised vectors
of multi-particle states that contain non-physical
entanglement whenever two or more identical
particles are fully distinguishable (say, one pho-
ton is in Alice’s, and another in Bob’s lab), we
will use the representation of the second quanti-
sation in which the effects of particle statistics are
governed by the creation and annihilation (anti-
)commutation rules. First, we need to move from
the single-particle Hilbert spaces associated to
the gates and the process matrix to the corre-
sponding capped Fock spaces.

To each gate G, we assign the input/output
Fock spaces, Gr/0, given in terms of the vacuum
state |0) and the single-particle Hilbert spaces
Gr1/0- The single-particle input Hilbert space is
given as

Gr = span{|i) = al|0) | i =1,2,...d;},

such that its creation and annihilation opera-
tors satisfy the standard (anti-)commutation re-
lations,

[TT

al,ally = [ai, 0]l =0, [as,al]e =0, (18)

where [, ]t stands for anti-commutator, and
[, ]- for commutator. The overall bosonic in-
put Fock space is then

G = éam, (19)
/=0

where G7(0) = span{|0)} is the zero-particle,
G1(1) = Gy the single-particle, and

Gr(6) = {[(@})* (af, )*][0) | 514 .. + 54, = £}

are the f-particle orthogonal subspaces of the in-
put Fock space. For fermions, each s; € {0, 1},
and the orthogonal sum in Equation (19) goes un-
til dy, instead of co. For a given gate, the output
Fock space Gp is defined analogously, and we de-
note its creation and annihilation operators as dl-L
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and a;, respectively, in order to distinguish them
from the corresponding operators in Gy.

Our formalism is constructed for quantum cir-
cuits which consist of finite number of gates.
This means that we work in the approximation
of a finite number of spacetime points, as op-
posed to the standard QFT where one works with
an uncountably infinitely many spacetime points.
Thus, given the algebra (18) for the creation and
annihilation operators at a single gate, the full
algebra across all gates is normalised to a Kro-
necker delta, instead of the standard Dirac delta
function. Moreover, the operators in (18) are op-
erators in coordinate space, as opposed to the
momentum space operators which are standard
in QFT, since they create and annihilate modes
at a given gate (i.e., a given spacetime point),
instead of modes with a given momentum. Tak-
ing into account our assumption of finite number
of gates, the single-particle Hilbert spaces G0
are finite-dimensional, i.e., dj;o € N. Since the
gates are distinguishable, the modes assigned to
different gates always (anti-)commute.

We restrict ourselves to the Minkowski space-
time, so that the global Poincaré symmetry im-
plies that the vacuum state |0) is identical across
different gates, as well as between input and out-
put Fock spaces for a given gate. In this sense,
each gate is assumed to be stationary in some
inertial reference frame, since the Fock spaces of
non-inertial gates would be subject to the Un-
ruh effect. We leave the discussion of non-inertial
gates and spacetimes with more general geome-
tries for future work.

Once the Fock spaces have been defined, we
pass on to the process matrix description of gate
operations. Since a process matrix has to sat-
isfy the normalisation rule (1), the correspond-
ing input and output spaces have to be finite-
dimensional. To that end, we restrict ourselves
to capped Fock spaces, which contain only a fi-
nite number of elements in the sum (19), denoted
N € N. Together with the fact that dr /o is finite,
it follows that the capped Fock spaces are finite-
dimensional. A gate operation is represented via
a CJ isomorphism of the corresponding operator
between the input and the output capped Fock
spaces, defined in equation (2),

T
M=|ZeM)(1)(p] , (20

where the transport vector

N
1) = 1w, (21)
k=0

is given in terms of k-transport vectors defined as

d aJ[ S; d CLT si
mk>>=z[iﬂl(jsli!}®[ﬂ( o). @2

|
=1 S;-

where the sum is taken over all s; satisfying the
constraint s1 + ... + sg = k.

One special case of the general formula (20)
is the case where gates destroy all coherence be-
tween k-particle sectors, for example by measur-
ing the number of particles,

N

M= [@e M (] . (29

k=0

where M, represents the k-particle operator for
the gate. The above gate represents a classical
mixture of operations on each k-particle sector,
as opposed to coherent superpositions of them.
Another special case of (20), which does pre-

serve the coherence between k-particle sectors, is
represented by linear operations. For a linear gate
operation, one can analogously use the “vector”
formalism, and the generalisation of the CJ vec-
tor (5). With a slight abuse of notation, using M
to denote the operator instead of its superopera-
tor, we can now write

M) = [Zem]n)

N
= Y [mempliw)

kK k=0
N

= Y [me ML),

k=0
since it is assumed that by definition
Zi o ML) =0, K¢ k).

Now, using (6) one can rewrite (20) into the form

M

MO M

- Y [meo Ml m e M)
k,k'=0

which is clearly different from the case (23), since
it contains off-diagonal elements which preserve
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coherence between k-particle sectors. One con-
crete example of this special case is the dSD pro-
tocol, discussed in the previous Section. Another
example is a single-particle unitary operator

_ =1
U= Z uijaiaj .
i?j

Then, its capped Fock-space generalisation is
given as

N
1
M:];)Mk:|0><0\+];H:U®’“:,

where : U®F : is the normal ordering of U®*.

Given the capped Fock spaces and actions of
instruments in all gates, a process matrix is de-
fined in the same way as in Section 2, according to
Eq. (4). A process matrix maps the tensor prod-
uct of output spaces for all gates into the tensor
product of input spaces for all gates. For exam-
ple, if the process under consideration is a quan-
tum circuit (see Section 2 of [9]), the correspond-
ing process matrix can be represented as a tensor
product of transport vectors, each corresponding
to a wire connecting two gates. Transport vec-
tors are defined in the same way as (21), where
in (22) the first set of creation operators corre-
sponds to the input space of the wire, while the
second set corresponds to its output space. Given
that a wire is connecting two gates, its input and
output spaces correspond to the output and input
subspaces of the two gates, respectively. A gate
can in general have multiple incoming or outgoing
wires attached to it. Therefore, its input (output)
space is a tensor product of all output (input)
spaces of the corresponding wires.

5 Conclusions

5.1 Summary of the results

In this work we have presented a detailed account
of the dSD protocol, formulating it within the
process matrix formalism. Analysing the role of
the vacuum state in the dSD protocol and its pro-
cess matrix description, we gave the operational
interpretation of the vacuum. Our analysis shows
that the interaction with the vacuum should be
treated as an operation, on equal footing with all
other interactions, thus representing a resource
in quantum information protocols (including, for

example, [23, 24]). As a consequence, the opti-
cal implementation of the quantum switch proto-
col features four rather than just two operations,
in contrast to what was claimed in the literature
[3,4,5,6,7,8]. Furthermore, we have applied the
process matrix formalism to the second quantisa-
tion framework restricted to capped Fock spaces,
providing the description of systems of identical
particles.

5.2 Discussion

The first important point of this work is the ne-
cessity of explicitly introducing the interaction
with the vacuum as a legitimate operation in the
dSD protocol, on equal footing with any other op-
eration. Indeed, the very lack of detection of the
particle in the protocol provides an equal amount
of information as its detection (explicit interac-
tion). As a consequence, instead of interpret-
ing the absence of particle as noninteraction, one
should interpret it as the interaction between the
vacuum and the apparatus, and thus as an oper-
ation. Including the interaction with the vacuum
as an operation poses a question of the method of
counting operations in a given protocol, since the
operations corresponding to the interaction with
the vacuum cannot be counted.

The introduction of the vacuum into the pro-
cess matrix formalism gives a natural motivation
to extend the latter to the case of identical par-
ticles, both bosons and fermions, which is the
second important point of this work. However,
note that while employing the formalism of sec-
ond quantisation, our construction still features
only a discrete number of gates. This discrete-
ness means that we still work in particle ontology
(i.e., mechanics). Nevertheless, our construction
is an important first step towards defining the
process matrix formalism in field ontology, i.e.,

fully fledged QFT.

5.3 Future lines of investigation

As mentioned in the discussion, a natural next
line of investigation would be a generalisation of
the process matrix formalism to full, or at least
perturbative, QFT. This would include an anal-
ysis of non-inertial gates and the corresponding
Unruh effect. In addition, a mathematically rig-
orous formulation of the axioms for the process
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matrix description in Fock spaces is also an im-
portant topic to be addressed. While the primary
interest in process matrices lies in their applica-
tion to higher order processes [25, 26|, their gen-
eralisation to QF T would also be of great interest.
Finally, addressing in more detail the interaction
between the agent and the vacuum within the op-
erational approach is an interesting topic of future
research.
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A Two lemmas for the process matrix evaluation
Lemma 1. Let |[U*)*© = |*)X0 represent a gate which has no input, while it prepares the state

|W) € Xo as its output. Then, the scalar product of that vector and the transport vector |1

given as:

)Y ks

Xo (1)) X0 = |w)"7

Proof. Using the fact that the transport vector is an unnormalized maximally entangled state, the
explicit calculation goes as follows:

Xo () or

(@0 Y (k)0 Ik

2 (v

k

k
k) |k)

> (K|w) [k)

k
o),

where we have used the unit decomposition I = Z |k) (k| and the fact that (U*|k) = (V|k)* = (k|V).

k
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Figure 3: Two branches of the coherent superposition of the optical switch protocol.

Lemma 2. Let
‘U*»XIXO — |:IX]X] ® (U*)XOX11| ‘]l>>X[X]

represent a gate which performs the operation U : X; — X, and let [W)) = |®)*7|1)*°*7. Then the

scalar product of the two is
Yr

XiXourwy = (U)w))

Proof. Again using the expansion of the transport vectors as unnormalized maximally entangled states,
the explicit calculation goes as follows:

XiXo(uHwy = (X [1X%5 @ (UT)XiXo] w) Xy Yot
= > R [P @ (U)X )X S ) e )

k
(kXXX )X (X @) XX0 m) Y0 ) ) ¥

where we have again used the unit decomposition and the fact that (k|U”|m) = (m|U|k).

B Time-delocalised operations in the optical switch

Figure 3 depicts two branches coherently superposed in the optical switch. The left diagram represents
the branch in which the photon first enters Alice’s lab, and then Bob’s. On the right, the photon first
visits Bob’s lab, and then Alice’s. Whenever the photon enters Alice’s lab, she applies unitary U (in
A, left diagram, or A’, right diagram), while Bob interacts with the vacuum (in B, left diagram, or B’,
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right diagram). Analogously, whenever the photon enters Bob’s lab, he applies unitary V' (in B, right
diagram, or B’, left diagram), while Alice interacts with the vacuum (in A, right diagram, or A’, left
diagram).

Since applying the unitaries in a quantum protocol are operations, and since in the optical switch
they are applied by Alice (U) and Bob (V) at two different times, we say that the optical switch
features two time-delocalised operations U (at A and A’) and V' (at B and B’).

Since the interaction with the vacuum in the dSD protocol is an operation, and since in the optical
switch it is applied by Alice and Bob at two different times, one can say that the optical switch
features two time-delocalised operations of the interaction with the vacuum (at A and A’ as well as
at B and B').
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Abstract: We give a general overview of various flavours of the equivalence principle in classical
and quantum physics, with special emphasis on the so-called weak equivalence principle, and
contrast its validity in mechanics versus field theory. We also discuss its generalisation to a theory of
quantum gravity. Our analysis suggests that only the strong equivalence principle can be considered
fundamental enough to be generalised to a quantum gravity context since all other flavours of
equivalence principle hold only approximately already at the classical level.

Keywords: equivalence principle; general relativity; quantum gravity

1. Introduction

Quantum mechanics (QM) and general relativity (GR) are the two cornerstones of
modern physics. Yet, merging them together in a quantum theory of gravity (QG) is still
elusive despite the nearly century-long efforts of vast numbers of physicists and mathe-
maticians. While the majority of the attempts were focused on trying to formulate the full
theory of quantised gravity, such as string theory, loop quantum gravity, non-commutative
geometry, and causal set theory, to name a few, a number of recent studies embraced a
rather more modest approach by exploring possible consequences of basic features and
principles of QM and GR, and their status, in a tentative theory of QG. Acknowledging that
the superposition principle, as a defining characteristic of any quantum theory, must be fea-
tured in QG as well, led to a number of papers studying gravity-matter entanglement [1-7],
genuine indefinite causal orders [8-15], quantum reference frames [16-20] and deforma-
tions of Lorentz symmetry [21-25], to name a few major research directions. Exploring
spatial superpositions of masses, and in general gravitational fields, led to the analysis of
the status of various versions of the equivalence principle, and their exact formulations in
the context of QG. In particular, in [26], it was shown that the weak equivalence principle
(WEP) should generically be violated in the presence of a specific type of superpositions of
gravitational fields, describing small quantum fluctuations around a dominant classical
geometry. On the other hand, a number of recent studies propose generalisations of WEP
to QG framework (see for example [16,20,27-31]), arguing that it remains satisfied in such
scenarios, a result seemingly at odds with [26] (for details, see the discussion from Section 5).

The modern formulation of WEP is given in terms of a test particle and it’s trajectory:
it is a theorem within the mathematical formulation of GR stating that the trajectory of a
test particle satisfies the so-called geodesic equation [32-46], while it is violated within the
context of QG, as shown in [26]. In this paper, we present a brief overview of WEP in GR
and a critical analysis of the notions of particle and trajectory in both classical and quantum
mechanics, as well as in the corresponding field theories.Our analysis demonstrates that
WEP, as well as all other flavours of the equivalence principle (EP) aside from the strong
one (SEP), hold only approximately. From this we conclude that neither WEP nor any other
flavour of EP (aside from SEP) can be considered a viable candidate for generalisation to
the quantum gravity framework.
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The paper is organised as follows. In Section 2, we give a brief historical overview of
various flavours of the equivalence principle, with a focus on WEP. In Section 3, we analyse
the notion of a trajectory in classical and quantum mechanics, while in Section 4 we discuss
the notion of a particle in field theory and QG. Finally, in the Conclusion, we briefly review
and discuss our results, and present possible future lines of research.

2. Equivalence Principle in General Relativity

The equivalence principle is one of the most fundamental principles in modern physics.
It is one of the two cornerstone building blocks for GR, the other being the principle of
general relativity. While its importance is well understood in the context of gravity, it
is often underappreciated in the context of other fundamental interactions. In addition,
there have been numerous studies and everlasting debates about whether EP holds also in
quantum physics, if it should be generalised to include quantum phenomena or not, etc.
Finally, EP has been historically formulated in a vast number of different ways, which are
often not mutually equivalent, leading to a lot of confusion about the actual statement of
the principle and its physical content [47-53]. Given the importance of EP, and the amount
of confusion around it, it is important to try and help clarify these issues.

The equivalence principle is best introduced by stating its purpose—in its traditional
sense, the purpose of EP is to prescribe the interaction between gravity and all other fields in
nature, collectively called matter (by “matter” we assume not just fermionic and scalar fields,
but also gauge vector bosons, i.e., nongravitational interaction fields). This is important
to state explicitly since EP is often mistakenly portrayed as a property of gravity alone,
without any reference to matter. In a more general, less traditional, and often not appreci-
ated sense, the purpose of EP is to prescribe the interaction between any gauge field and all
other fields in nature (namely fermionic and scalar matter, as well as other gauge fields,
including gravity), which we will reflect on briefly in the case of electrodynamics below.

Given such a purpose, let us for the moment concentrate on the gravitational ver-
sion of EP, and provide its modern formulation, as it is known and understood today.
The statement of the equivalence principle is the following:

The equations of motion for matter coupled to gravity remain locally identical to the
equations of motion for matter in the absence of gravity.

This kind of statement requires some unpacking and comments.

¢  When comparing the equations of motion in the presence and in the absence of
gravity, the claim that they remain identical may naively suggest that gravity does not
influence the motion of matter in any way whatsoever. However, on closer inspection,
the statement is that the two sets of equations remain locally identical, emphasising
that the notion of locality is a crucial feature of the EP. While equations of motion are
already local in nature (since they are usually expressed as partial differential equations
of finite order), the actual interaction between matter and gravity enters only when
integrating those equations to find a solution (see Appendix A for a detailed example).

* In order to compare the equations of motion for matter in the presence of gravity
to those in its absence, the equations themselves need to be put in a suitable form
(typically expressed in general curvilinear coordinates, as tensor equations). The state-
ment of EP relies on a theorem that this can always be achieved, first noted by Erich
Kretschmann [54].

*  Despite being dominantly a statement about the interaction between matter and grav-
ity, EP also implicitly suggests that the best way to describe the gravitational field is as
a property of the geometry of spacetime, such as its metric [55]. In that setup, EP can
be reformulated as a statement of minimal coupling between gravity and matter, stating
that equations of motion for matter may depend on the spacetime metric and its first
derivatives, but not on its (antisymmetrised) second derivatives, i.e., the spacetime
curvature does not explicitly appear in the equations of motion for matter.
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¢  The generalisation of EP to other gauge fields is completely straightforward, by re-
placing the role of gravity with some other gauge field, and suitably redefining what
matter is. For example, in electrodynamics, the EP can be formulated as follows:

The equations of motion for matter coupled to the electromagnetic field remain locally
identical to the equations of motion for matter in the absence of the electromagnetic field.

This statement can also be suitably reformulated as the minimal coupling between
the electromagnetic (EM) field and matter, i.e., coupling matter to the electromagnetic
potential A, but not to the corresponding field strength F,, = d,A, — d,A,. This
is in fact the standard way the EM field is coupled to matter (see Appendix A for
an illustrative example). Even more generally, the gauge field sector of the whole
Standard Model of elementary particles (SM) is built using the minimal coupling pre-
scription, meaning that the suitably generalised version of the EP actually prescribes
the interaction between matter and all fundamental interactions in nature, namely
strong, weak, electromagnetic and gravitational. In this sense, EP is a cornerstone
principle for the whole fundamental physics, as we understand it today.

Of course, much more can be said about the statement of EP, its consequences, and var-
ious other details. However, in this work, our attention will focus on the so-called weak
equivalence principle (WEP), which is a reformulation of EP applied to matter which consists
of mechanical particles. To that end, it is important to understand various flavours and
reformulations of EP that have appeared through history.

As with any deep concept in physics, EP has been expressed historically through
a painstaking cycle of formulating it in a precise way, understanding the formulation,
understanding the drawbacks of that formulation, coming up with a better formulation,
and repeating. In this sense, EP, as quoted above, is a modern product of long and
meticulous refinement over several generations of scientists. Needless to say, each step in
that process made its way into contemporary physics textbooks, leading to a plethora of
different formulations of EP that have accumulated in the literature over the years. This
can bring about a lot of confusion about what EP actually states [47-50] since various
formulations from old and new literature may often be not merely phrased differently,
but in fact substantively inequivalent. To that end, let us comment on several of the
most common historical statements of EP (for a more detailed historical overview and
classification, see [56,57]), and their relationship with the modern version:

*  Equality of gravitational and inertial mass. This is one of the oldest variants of EP,
going back to Newton’s law of universal gravitation. The statement claims that the
“gravitational charge” of a body is the same as the body’s resistance to acceleration,
in the sense that the mass appearing on the left-hand side of Newton’s second law
of motion exactly cancels the mass appearing in Newton’s gravitational force law on
the right-hand side. This allows one to relate it to the modern version of EP, in the
sense that a suitably accelerated observer could rewrite Newton’s law of motion as the
equation for a free particle, exploiting the cancellation of the “intertial force” and the
gravitational force on the right-hand side of the equation. Unfortunately, this version
of EP is intrinsically nonrelativistic, and applicable only in the context of Newtonian
gravity since already in GR the source of gravity becomes the full stress-energy tensor
of matter fields, rather than just the total mass. Finally, this principle obviously fails
when applied to photons, as demonstrated by the gravitational bending of light.

*  Universality of free fall. Going back all the way to Galileo, this statement claims that the
interaction between matter and gravity does not depend on any intrinsic property of
matter itself, such as its mass, angular momentum, chemical composition, temperature,
or any other property, leading to the idea that gravity couples universally (i.e., in the
same way) to all matter. Formulated from experimental observations by Galileo, its
validity is related to the quality of experiments used to verify it. As we shall see below,
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in a precise enough setting, one can experimentally observe direct coupling between
the angular momentum of a body and spacetime curvature [32-46], invalidating
the statement.

*  Local equality between gravity and inertia. Often called Einstein’s equivalence principle,
the statement claims that a local and suitably isolated observer cannot distinguish
between accelerating and being at rest in a uniform gravitational field. While this state-
ment is much closer in spirit to the modern formulation of EP, it obscures the crucial
aspect of the principle — coupling of matter to gravity. Namely, in this formulation,
it is merely implicit that the only way an observer can attempt to distinguish gravity
from inertia is by making local experiments using some form of matter, i.e., studying
the equations of motion of matter in the two situations and trying to distinguish them
by observing whether or not matter behaves differently. Moreover, the statement is
often discussed in the context of mechanics, arguing that any given particle does not
distinguish between gravity and inertia. This has two main pitfalls—first, the reliance
on particles is very misleading (as we will discuss below in much more detail), and sec-
ond, it implicitly suggests that gravity and inertia are the same phenomenon, which is
completely false. Namely, inertia can be understood as a specific form of gravity, but a
general gravitational field cannot be simulated by inertia, since inertia cannot account
for tidal effects of inhomogeneous configurations of gravity.

*  Weak equivalence principle. Stating that the equations of motion of particles do not
depend on spacetime curvature, or equivalently, that the motion of a free particle is
always a geodesic trajectory in spacetime, WEP is in fact an application of modern
EP to mechanical point-like particles (i.e., test particles). One can argue that, as far
as the notion of a point-like particle is a well-defined concept in physics, WEP is
a good principle. Nevertheless, as we will discuss below in detail, the notion of a
point-like particle is an idealisation that does not actually have any counterpart in
reality, in either classical or quantum physics. Regarding a realistic particle (with
nonzero size), WEP never holds, due to the explicit effect of gravitational tidal forces
across the particle’s size. In this sense, WEP can be considered at best an approximate
principle, which can be assumed to hold only in situations where particle size can be
approximated to zero.

*  Strong equivalence principle. This version of the principle states that the equations of
motion of all fundamental fields in nature do not depend on spacetime curvature
(see [55], Section 16.2, page 387). To the best of our knowledge so far, fields are indeed
the most fundamental building blocks in modern physics (such as SM), while the
strength of the gravitational field is indeed described by spacetime curvature (as in
GR). In this sense, the statement of SEP is actually an instance of EP applied to field
theory, and as such equivalent to the modern statement of EP. So far, all our knowledge
of natural phenomena is consistent with the validity of SEP.

As can be seen from the above review, various formulations of EP are both mutually
inequivalent and have different domains of applicability. Specifically, only SEP holds
universally, while all other flavours of EP hold only approximately. In the remainder of
the paper, we focus on the study of WEP since recently it gained a lot of attention in the
literature [20,27-29,31], primarily in the context of its generalisation to a “quantum WEP”,
and in the context of a related question of particle motion in a quantum superposition of
different gravitational configurations, the latter being a scenario that naturally arises in
QG. Since WEP is stated in terms of a test particle and its trajectory, in order to try and
generalise it to the scope of QG one should first analyse these two notions in classical and
quantum mechanics and field theory in more detail.

3. The Notion of Trajectory in Classical and Quantum Mechanics

A trajectory of a physical system in three-dimensional space is a set of points that form
a line, usually parameterised by time. More formally, a trajectory is a set { (x (), y(t),z(t)) €
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R3|t € [t;, tf] CRAt; < tf}, given by three smooth functions x,y,z : R — R. Depending
on the nature of the system, the choice of points that form its trajectory may vary.

In classical mechanics, one often considers an ideal “point-like particle” localised in one
spatial point (x(f),y(t),z(t)) at each moment of time ¢, in which case the choice of the points
forming the system’s trajectory is obvious. In the case of systems continuously spread
over certain volumes (“rigid bodies”, or “objects”) or composite systems consisting of
several point-like particles or bodies, it is natural to consider their centres of mass as points
that form the trajectory. While this definition is natural, widely accepted, and formally
applicable to any classical mechanical system, there are cases in which the very notion of a
trajectory loses its intuitive, as well as useful, meaning.

Consider for example an electrical dipole, i.e., a system of two point-like particles
with equal masses and opposite electrical charges, separated by the distance ¢(t). As long
as this distance stays “small” and does not vary significantly with time, the notion of a
trajectory of a dipole, defined as the set of centres of mass of the two particles, does meet
our intuition, and can be useful. Informally, if the trajectories of each of the two particles
are “close” to each other, they can be approximated, and consequently represented, by the
trajectory of the system’s centre of mass. However, if the separate trajectories of the two
particles diverge, one going to the “left”, and another to the “right”, one could hardy talk
of a trajectory of such a composite system, although the set of locations of its centres of
mass is still well defined. In fact, the dipole itself ceases to make physical sense when the
distance between its constituents is large.

Moving to the realm of quantum mechanics, due to the superposition principle, even
the ideal point-like particles do not have a well-defined position, which is further quantified
by the famous Heisenberg uncertainty relations. Thus, the trajectory of point-like particles
(and any system that in a given regime can be approximated to be point-like) is defined as
a set of expectation values of the position operator. Like in the case of composite classical
systems, here as well the definition of a trajectory of a point-like particle is mathematically
always well defined, yet for a very similar reason is applicable only to certain cases. Namely,
in order to give a useful meaning to the above definition of trajectory, the system considered
must be well localised. Consider for example the double-slit experiment, in which the point-
like particle is highly delocalised so that we say that its trajectory is not well defined, even
though the set of the expectation values of the position operator is.

We see that, while in mechanics both the notions of a particle and its trajectory are
rather straightforward and always well defined, the latter make sense only if our system
is well localised in space (see for example [58], where the authors analyse the effects of
wave-packet spreading to the notion of a trajectory).

4. The Notion of a Particle in Field Theory

While in classical mechanics a point-like particle is always well localised, we have
seen that in the quantum case one must introduce an additional constraint in order for it to
be considered localised—the particle should be represented by a wave-packet. The source
for this requirement lies in the fact that quantum particles, although mechanical, are
represented by a wavefunction. Thus, it is only to be expected that when moving to the realm
of the field ontology, the notion of a particle becomes even more involved and technical.

In field theory, the fundamental concept is the field, rather than a particle. The notion
of a particle is considered a derived concept, and in fact in QFT one can distinguish two
vastly different phenomena that are called “particles”.

The first notion of a particle is an elementary excitation of a free field. For example,
the state

¥) = a*(§)]0),

is called a single particle state of the field, or a plane-wave-particle. It has the following properties:

e Itis an eigenstate of the particle number operator for the eigenvalue 1.
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¢  Ithas a sharp value of the momentum k, and corresponds to a completely delocalised
plane wave configuration of the field.

e It has no centre of mass, and no concept of “position” in space since the “position
operator” is not a well-defined concept for the field.

*  States of this kind are said to describe elementary particles, understood as asymptotic
free states of past and future infinity, in the context of the S-matrix for scattering
processes. An example of a real scalar particle of this type would be the Higgs particle.
For fields of other types (Dirac fields, vector fields, etc.) examples would be an electron,
a photon, a neutrino, an asymptotically free quark, and so on. Essentially, all particles
tabulated in the Standard Model of elementary particles are of this type.

Note that all the above notions are defined within the scope of free field theory,
and do not carry over to interacting field theory. In other words, free field theory is a
convenient idealisation, which does not really reflect realistic physics. One should therefore
understand the concept of a plane-wave-particle in this sense, merely as a convenient
mathematical approximation. Moreover, the particle number operator is not an invariant
quantity, as demonstrated by the Unruh effect. We should also emphasise that in an
interacting QFT, the proper way to understand the notion of a particle is as a localised
wave-packet, interacting with its virtual particle cloud, which does have a position in space
and whose momentum is defined through its group velocity. In this sense, the particle as a
wave-packet could be better interpreted as a kink, discussed below.

The second notion of the particle in field theory is a bound state of fields, also called a
kink solution. This requires an interacting theory since interactions are necessary to form
bound states. This kind of configuration of fields has the following properties:

* Itis not an eigenstate of the particle number operator, and the expectation value of
this operator is typically different from 1.

e  Itis usually well localised in space, and does not have a sharp value of momentum.

*  Aslong as the kink maintains a stable configuration (i.e., as long as it does not decay),
one can in principle assign to it the concept of size, and as a consequence also the
concepts of centre of mass, position in space, and trajectory. In this sense, a kink can play
the role of a test particle.

e  States of this kind are said to describe composite particles. Given an interacting theory
such as the Standard Model, under certain circumstances quarks and gluons form
bound states called a proton and a neutron. Moreover, protons and neutrons further
form bound states called atomic nuclei, which together with electrons and photons
form atoms, molecules, and so on.

For a kink, the notions of centre of mass, position in space and size are described
only as classical concepts, i.e., as expectation values of certain field operators, such as the
stress-energy tensor. Moreover, given the nonzero size of the kink, its centre of mass and
position are not uniquely defined, even classically, since in relativity different observers
would assign different points as the centre of mass.

Given the two notions of particles in QFT, one can describe two different corresponding
notions of WEP. In principle, one first needs to apply SEP in order to couple the matter
fields to gravity, at the fundamental level. Assuming this is completed, the motions of
both the plane-wave-particles and kink particles can be derived from the combined set of
Einstein’s equations and matter field equations, without any appeal to any notion of WEP.
In this sense, once the trajectory of the particle in the background gravitational field has
been determined from the field equations, one can verify as a theorem whether the particle
satisfies WEP or not.

Specifically, in the case of a matter field coupled to general relativity such that it locally
resembles a plane wave, one can apply the WKB approximation to demonstrate that the
wave 4-vector k* (x), orthogonal to the wavefront at its every point x € R*, will satisfy a
geodesic equation,

K (x) Vb (x) = 0. (1)
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However, given that the plane-wave-particle is completely delocalised in space, the fact
that the wave 4-vector satisfies the geodesic equation could hardly be interpreted as “the
particle following a geodesic trajectory”, and thus obeying WEP. Indeed, identifying the
vector field orthogonal to the wavefront to the notion of “particle’s trajectory” is at best an
abuse of terminology.

Next, in the case of the kink particle coupled to general relativity, one assumes the
configuration of the background gravitational field is such that the particle maintains its
structure and that its size can be completely neglected. One can then apply the procedure
given in [26,32-46] to demonstrate that the 4-vector u*(7), tangent to the kink’s world line
(i.e., its trajectory), will satisfy a geodesic equation (7 € R represents kink’s proper time),

u”(r)Vyu)‘(T) =0. 2)

Thus, one concludes that the kink obeys WEP as a theorem in field theory, without the
necessity to actually postulate it.

Note the crucial difference between Equations (1) and (2)—while the former features
4-dimensional variable x, the latter is given in terms of only 1-dimensional proper time
7. This reflects the fact that the plane-wave-particle is a highly delocalised object, with no
well-defined position and trajectory, while the kink is a highly localised object, with a
well-defined position and trajectory. As a consequence, WEP can be formulated only for
the kink, and not for the plane-wave particle.

In the case of the kink, it is also important to emphasise that the zero-size approxi-
mation of the kink is crucial. Namely, without this assumption, the particle will feel the
tidal forces of gravity across its size, effectively coupling its angular momentum J*¥(7) to
the curvature of the background gravitational field [32-46] (see also [59] for a more refined
analysis of tidal effects). This will give rise to an equation of motion for the kink of the form

W (1) V1t (1) = RY ot (T)JP (1) @)

which features explicit coupling to curvature (absent from (2)) and thus fails to obey WEP.
In this sense, for realistic kink solutions WEP is always violated, and can be considered to
hold only as an approximation when the size of the particle can be completely neglected
compared to the radius of curvature of the background gravitational field. If in addition
the kink has negligible total energy, it can be used as a point-like test particle.

In the above discussion, while matter fields are described as quantum, using QFT,
the background gravitational field is considered to be completely classical. It should
therefore not be surprising that WEP may fail to hold if one allows the gravitational field to
be quantum, such as matter fields, and one needs to revisit all steps of the above analysis
from the perspective of QG. In fact, the case of the kink particle has been studied in precisely
this scenario [26], and it has been shown that if the background gravitational field is in a
specific type of quantum superposition of different configurations, the kink will fail to obey
WEP even in the zero size approximation. Simply put, the equation of motion for the kink
will contain extra terms due to the interference effects between superposed configurations
of gravity, giving rise to an effective force that pushes the kink off the geodesic trajectory.
Moreover, of course, similar to the case of classical gravity, the resulting conclusion is a
theorem, which follows from the fundamental field equations of the theory. One of the
assumptions of that theorem is that the field equations allow for kink solutions in the first
place. Namely, it is entirely possible that in quantum gravity particles cannot be localised at
all, as opposed to the classical case where such an approximation can be feasible. If that is
the case, then one cannot even formulate (i.e., generalise from classical theory) the notion of
WEP in a quantum gravity setup. However, one can instead assume that kink solutions do
exist, as was performed in [26], where a particular superposition of gravitational fields was
considered, describing small quantum fluctuations around a dominant classical geometry.
It was then argued that such superpositions are compatible with the approximation of a
well-defined localised particle (see the discussion around Equations (2.2) and (3.15), as well
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as Section 3.4 of that paper). As it turns out, even in such cases the trajectory of the kink
fails to obey WEP. Therefore, the generalisations of WEP and other approximate versions
of EP are not the best candidates for analysing the properties of quantum gravity.

Moreover, the assumption of a well-defined notion of a particle in the QG framework
can also be supported from the point of view of nonrelativistic limit. Namely, in [4,5]
an experiment was proposed in which the effects of QG fluctuations are expected to be
observable, by measuring the motion of nonrelativistic particles. Furthermore, an exten-
sion of this experiment was also suggested [60], which aims to determine the potential
difference between gravitational and inertial masses of those particles in such a setup.
In fact, the relation between the two types of masses in the nonrelativistic limit has also
been previously analysed in [26], predicting their difference due to quantum fluctuations
of geometry. In this sense, the notion of a kink should make sense even in the QG setup,
at least in the nonrelativistic limit.

For the case of the plane-wave-particle travelling through the superposed background
of two gravitational field configurations, the analysis of the equation of motion for the
wave-vector field k¥ (x), in the sense of [26,32-46], has not been performed so far (to the
best of our knowledge). However, in principle, one can expect a similar interference term to
appear in the WKB analysis, and give rise to a non-geodesic equation for the wave 4-vector
as well. In this sense, it is to be expected that generically even the wavefronts of such
plane-wave-particles would fail to obey WEP.

5. Conclusions and Discussion

In this paper, we give an overview of the equivalence principle and its various flavours
formulated historically, with a special emphasis on the weak equivalence principle. We
performed a critical analysis of the notions of particle and trajectory in various frameworks
of physics, showing that the notion of a point-like particle and its trajectory are not always
well defined. This in turn suggests that WEP might not be the best starting point for
generalisation to QG, as we argue in more detail below.

As discussed in Section 4, in [26] it was shown that if superpositions of states of
gravity and matter are allowed, WEP can be violated. It is important to note that the cases
considered in [26] feature a specific type of superposition of three groups of states: the first
consists of a single so-called dominant state—a classical state whose expectation values of
the metric and the stress-energy tensors satisfy Einstein field equations; the second consists
of states similar to the dominant one, with arbitrary coefficients; and the third consists of
states quasi-orthogonal to the dominant one, but with negligible coefficients. Only then
one may talk of a (well-localised) trajectory of the test particle in the overall superposed
state and consequently about the straightforward generalisation of the classical WEP to
the realm of QG. Considering that for the dominant state, being classical, the trajectory of
the test particle follows the corresponding geodesic, we see that in the superposed state its
trajectory would deviate from the geodesic of the dominant state, thus violating WEP. Note that,
as discussed in Section 4, this deviation, in addition to classically weighted trajectories of
the individual branches, also features purely quantum (i.e., off-diagonal) interference terms.

On the other hand, a number of recent studies propose generalisations of WEP to
QG framework, arguing that it remains satisfied in such scenarios, a result seemingly at
odds with [26]. For example, in [29-31], the authors consider superpositions of an arbitrary
number of classical quasi-orthogonal states with arbitrary coefficients, arguing that since
WEP is valid in each classical branch, it is valid in its superposition as well. If taken as a
definition of what it means that a certain principle is satisfied in a superposition of different
quantum states, then the above statement is manifestly true. As such, being a definition,
it tells little about physics—it merely rephrases one statement (“principle A is separately
satisfied in all branches of a superposition”) with another, simpler (“principle A is satisfied
in a superposition”). Namely, note that in [29,30], such a generalised version of EP plays no
functional role in the analyses conducted in those papers. What does play a functional role
is the statement of one version of classical EP (specifically, local equality between gravity
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and inertia) applied to each particular state in a superposition. All physically relevant (and
otherwise interesting) conclusions of the two papers could be equally obtained without
ever talking about the generalised EP. In addition, in [31] EP itself is not even the main
focus of the paper, and its generalisation is just introduced in analogy to the analysis of
the conservation laws, which is itself an interesting topic. On the other hand, in the case of
weakly superposed gravitational fields, such as in proposed experiments [4,5], the violation
of the equality of inertial and gravitational masses is to be expected [26,60]. Moreover,
following the spirit of the above definition, one could be misled to conclude that the notions
of the particle’s position and trajectory are always well-defined, as long as they are defined
in each (quasi-classical) branch of the superposition.

An alternative approach to the generalisation of EP to the quantum domain was
proposed in [16,20,27,28]. In those works, the authors discuss the coupling of a spatially
delocalised wave-particle to gravity, with the aim of generalising such a scenario to QG.
To that end, they prove a theorem which essentially states that for such a delocalised
wave-particle, even when it is entangled with the gravitational field, one can always find a
quantum reference frame transformation, such that in the vicinity of a given spacetime point
one has a locally inertial coordinate system. The theorem employs the novel techniques
of quantum reference frames (QRF) to generalise to the quantum domain the well-known
result from differential geometry, that in the infinitesimal neighbourhood of any spacetime
point one can always choose a locally inertial coordinate system.

The authors then employ the theorem to generalise one flavour of EP to the quantum
domain. Specifically, even if the wave-particle is entangled with the gravitational field, one
can use the appropriate QRF transformation to switch to a locally inertial coordinate sys-
tem, and then in that system “all the (nongravitational) laws of physics must take on their
familiar non-relativistic form”. Here, to the best of our understanding, the phrase “non-
gravitational laws of physics” refers to the equations of motion for a quantum-mechanical
wave-particle, while “non-relativistic form” means that these equations of motion take the
same form as in special-relativistic context.

Our understanding is that the above wave-particle generalisation of EP lies somewhere
“in between” mechanics and field theory, i.e., it is in a sense stronger than WEP, which
discusses particles, but weaker than SEP, which discusses full-blown matter fields. Since
it refers to wave-particles rather than kinks, our analysis of WEP and its reliance on the
particle trajectory does not apply to this version of EP.

The methodology in [16,20,27,28] is that one should try to generalise even approximate
flavours of EP, as a stopgap result in a bigger research programme, in the hope that they
may still shed some light on QG. This is of course a legitimate methodology, and from
that point of view these kinds of generalisations of EP to the quantum domain represent
interesting results. Nevertheless, we also believe it would be preferable to formulate a
generalisation of SEP, and in a way which does not appeal to reference frames at all, since
that would be closer to the essence of the statement of EP, as discussed in Section 2.

To conclude, our analysis suggests that, instead of trying to generalise various ap-
proximate formulations of EP, one should rather talk of operationally verifiable statements
regarding the (in)equality of gravitational and inertial masses, possible deviation from the
geodesic motion of test particles, the universality of free fall, etc., and study other principles
and their possible generalisations to QG, such as SEP (see Section 4.2 in [26]), background
independence, quantum nonlocality, and so on.
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Appendix A

Here, we provide a detailed example of the two applications of the EP. First, we discuss
the gravitational EP and apply it to a real scalar field, giving all mathematical details and
discussing various related aspects such as locality, symmetry localisation, and so on. Then,
we turn to the application of the gauge field generalisation of EP, using electrodynamics
as an example. We describe how one can couple matter to an EM field, mimicking the
previous gravitational example, and emphasize the analogy between the gravitational and
EM case at each step. Note also that the non-Abelian gauge fields can be studied in exactly
the same way. Finally, we discuss the case of test particles, and the violation of the WEP in
both gravitational and electromagnetic cases.

Throughout this section, we assume that the Minkowski metric 7, has signature
(—+++).

Appendix A.1. The Gravitational Case

Let us begin with an example of a real scalar field in Minkowski spacetime, and apply
the equivalence principle by coupling it to gravity. The equation of motion in this case is
the ordinary Klein-Gordon equation,

(qﬂ”ayav - m2)<p(x) =0. (A1)

As it stands, it describes the free scalar field in Minkowski spacetime, in an inertial
coordinate system. In order to couple it to gravity (in the framework of GR), we first rewrite
this equation into an arbitrary curvilinear coordinate system, as

(g%“fvﬁv - m2)¢(f) —0. (A2)

Here the covariant derivative V u is defined in terms of the Levi-Civita connection,

1
F/\;u/ = Eg/\g (aygua + avgya - aagyv) 7 (A3)

which is in turn defined in terms of the curvilinear Minkowski metric ;. Note that the tilde
symbol denotes the fact that this metric has been obtained by a coordinate transformation
f# = ¥ (x) from the Minkowski metric in an inertial coordinate system, 7 s

oxP ox?

Sy = wwﬂpa ’ (A4)
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and, therefore, if one were to evaluate the Riemann curvature tensor using ¢, and I v,
according to the equation

Ry = 0T oy — 00Ty + T Ty — T T, (A5)

one would obtain that R*;,, = 0 at every point in spacetime since transforming into a
different coordinate system cannot induce the curvature of spacetime.

Now one can apply EP (in this example specifically SEP) in order to couple the scalar
field to gravity. The statement of SEP is that, in the presence of a gravitational field (i.e.,
in curved spacetime), the equation of motion for the scalar field should locally retain
the same form as in the absence of the gravitational field (i.e., in flat spacetime). Since
Equation (A2) depends only on the field at a given spacetime point and its first and
second derivatives at the same point, the equation is in fact local—it is defined within an
infinitesimal neighbourhood of a single point. Given this, EP states that the corresponding
equation of motion in the presence of gravity should have precisely the same form:

(g”"VyVV — m2)<p(x) =0. (A6)

The absence of the tilde now denotes the fact that the covariant derivative V, is
defined in terms of a generic Levi-Civita connection I}, which is in turn defined in
terms of a generic metric guv, Which does not necessarily satisfy (A4). In other words, EP
postulates that the Equation (A6) now holds even in curved spacetime since for a generic
metric and connection, the Riemann curvature tensor need not be equal to zero everywhere.
The interaction between the scalar field and gravity, as postulated by EP and implemented
in Equation (A6), is also known in the literature as the minimal coupling prescription [61].

In order to convince oneself that the preparation step of transforming (A1) to (A2)
is trivial in the sense that it does not introduce any substantial modification of (A1),
one can additionally demonstrate that (A6) is in fact locally equivalent to (A1) as well.
Namely, according to a theorem in differential geometry (see for example the end of
Chapter 85 in [62]), at any specific spacetime point xy one can choose the locally inertial
coordinate system, in which the generic metric g;,1, the corresponding connection I A uv and
consequently also the covariant derivative V, take their usual Minkowski values,

gw(x0) =mw,  Tw(x) =0, V, T Oy, (A7)
so that in the infinitesimal neighbourhood of the point xy Equation (A6) obtains the form
precisely equal to (Al).

However, note that when integrating (A6), one must take into account that spacetime is
curved since integration is a nonlocal operation, and the locally inertial coordinate system
cannot eliminate spacetime curvature. Therefore, the solutions of (A6) will in general be
different from solutions of (A1), indicating the physical interaction of the scalar field with
gravity, despite the fact that the form of the equation of motion is identical in both cases.

Another thing that should be emphasised is that EP itself is not a mathematical
theorem, but rather a principle with physical content, since it can be either satisfied or
violated. Specifically, we could have prescribed a different coupling of the scalar field to
gravity, such that in curved spacetime its equation of motion takes for example the form

(8"VuVy —m? 4+ R2 + K2) p(x) =0, (A8)

where R = R*),, and K = RFP7Ryp are the curvature scalar and Kretschmann invariant,
respectively. This equation is not equivalent to (A2) and there is no coordinate system
in which it can take the form (A1) since R and K are invariants. In this sense, (A8) is an
example of a scalar field coupled to gravity such that EP is violated. This type of interaction
between matter and gravity is also known in the literature as non-minimal coupling [61].
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Finally, we should note that the transformation from (A1) to (A2) amounts to what
is also known in the literature as symmetry localisation [61]. In particular, one can verify
that (A1) remains invariant with respect to the group R* of global translations,

X g =2, (CERY), (A9)

while (A2) remains invariant with respect to the group Diff(R*) of spacetime diffeomor-
phisms, obtained by localisation of the translational symmetry group,

xt — g =t + 7F(x) = 3 (x), (A10)

which represent general curvilinear coordinate transformations, used in (A4). One can
explicitly verify that all three Equations (A2), (A6) and (A8) remain invariant with respect
to local translations (A10) while describing no coupling to gravity, coupling to gravity that
satisfies EP, and coupling to gravity that violates EP, respectively. In this sense, contrary to
a common misconception (often stated in the literature) that symmetry localisation gives
rise to interactions, one can say that the process of symmetry localisation does not introduce
nor prescribe interactions in any way whatsoever. In particular, a direct counterexample is
the Equation (A4), which manifestly does obey local translational symmetry, while it does
not give rise to any interaction whatsoever (see below for the analogous counterexample in
electrodynamics).

Appendix A.2. The Electromagnetic Case

Let us begin with an example of a Dirac field in Minkowski spacetime, and apply the
generalised equivalence principle by coupling it to the EM field. The equation of motion in
this case is the ordinary Dirac equation,

(iv"0y — m)y(x) =0, (A11)

where ¢/ are standard Dirac gamma matrices, satisfying the anticommutator identity of the
Clifford algebra {y#,7"} = —25"". As it stands, Equation (A11) describes the free Dirac
field, not coupled to an EM field in any way. Note that it is invariant with respect to global
U(1) transformations, defined as

poy =Ny, e reul), AeR. (A12)

In order to couple it to standard Maxwell electrodynamics, we first rewrite this equa-
tion into a form which is invariant with respect to local U(1) transformations,

poy = My, 9, oDy =0y, +iduA(x), (A13)
so that the equation takes the form
(i Dy — m)p(x) =0, (A14)

Note that here, D denotes the covariant derivative with respect to the “pure gauge”
connection
Ay = 0uA(x), (A15)

where A(x) denotes the arbitrary gauge function. Moreover, note that (A11) is analogous
to (A1), (A14) is analogous to (A2), while the global and local U(1) gauge transforma-
tions (A12) and (A13) are EM analogues of the global and local spacetime translations (A9)
and (A10) from the gravitational case. Finally, note that if one were to evaluate the electro-
magnetic Faraday field strength tensor using A, from (A15), according to the equation

Fu = 0,A, — 93,4, (A16)
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one would obtain that F,, = 0 at every point in spacetime since the potential that is a pure
gauge cannot induce an EM field. Here (A16) is analogous to (A5).

Once the Dirac equation in the form (A14) is in hand, one can apply the electromagnetic
generalisation of EP in order to couple the Dirac field to an EM field. The statement of EP,
in this case, is that in the presence of an EM field, the equation of motion for the Dirac field
should locally retain the same form as in the absence of the EM field. Since Equation (A14)
depends only on the field at a given spacetime point and its first derivatives at the same
point, it is therefore defined within an infinitesimal neighbourhood of a single point—in
other words, it is local. Given this, electromagnetic EP states that the corresponding
equation of motion in the presence of EM field should have precisely the same form (the
analogue of (A6)):

(iv" Dy —m)p(x) = 0. (A17)

The absence of the tilde now denotes the fact that the covariant derivative
Dy = a,l + iAH is defined in terms of a generic U(1) connection Ay which does not
necessarily satisfy (A15), but does obey the usual gauge transformation rule,

Ay = Al = Ay + A (x). (A18)

In other words, electromagnetic EP postulates that the Equation (A17) holds even in
the presence of an EM field since for a generic connection A, the Faraday tensor may not
be equal to zero everywhere. The interaction between the Dirac field and the EM field as
postulated by the electromagnetic EP and implemented in Equation (A17) is again known
in the literature as the minimal coupling prescription [61,63].

If one wishes to convince oneself that the preparation step of transforming (A11) to (A14)
is trivial in the sense that it does not introduce any substantial modification of (A11), one
can additionally demonstrate that (A17) is in fact locally equivalent to (A11). To do this,
at any specific spacetime point xo one can choose the following U(1) gauge,

Ax) = —Ay(xo)", (A19)
so that, according to (A18)

Ay (x) = Ap(x) — 9, (Au(x0)x") = Au(x) =0, Dy e du.  (A20)
This choice of gauge is the EM analogue of the choice of a locally inertial coordinate
system (A7). Substituting this into the primed version of (A17) and evaluating the whole
equation at x = x, it reduces precisely to the form (A11) in the infinitesimal neighbourhood
at that point, despite the presence of nonzero EM field.

Again note that when integrating (A17), one must take into account that the EM
field is nonzero since integration is a nonlocal operation, and the choice of gauge (A19)
eliminates the EM potential from (A17) only at the point x(, while the Faraday tensor is
gauge invariant. Therefore, the solutions of (A17) will in general be different from solutions
of (A11), indicating the physical interaction of the Dirac field with EM field, despite the
fact that the form of the equation of motion for the Dirac field is identical in both cases.

As in the case of gravity, we should emphasise that the electromagnetic EP is not a
mathematical theorem, but rather a principle with physical content, since it can be either
satisfied of violated. Specifically, we could have prescribed a different coupling of the Dirac
field to electrodynamics, such that in the presence of an EM field its equation of motion
takes for example the form (analogue of (A8))

(iv'Dy —m+ 1L+ L)p(x) =0, (A21)

where Iy = FF'F,, and I = e"P7F,, Fy, are the two fundamental invariants of the Faraday
tensor. This equation is not equivalent to (A14), and there exists no local U(1) gauge in
which it could take the form (A11), since I; and I, are invariants. In this sense, (A21) is
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an example of a Dirac field coupled to the EM field such that the electromagnetic EP is
violated. This is also known in the literature as non-minimal coupling [61,63].

Finally, we should also note that the transformation from (A11) to (A14) amounts
to what is also known in the literature as symmetry localisation [61,63]. Specifically, one
can explicitly verify that all three Equations (A14), (A17) and (A21) remain invariant with
respect to local U(1) gauge transformations, while describing no coupling to an EM field,
coupling to an EM field that satisfies the electromagnetic EP, and coupling to an EM field
that violates electromagnetic EP, respectively. In this sense, one can again say that the
process of symmetry localisation does not introduce nor prescribe interactions in any way
whatsoever. In the case of electrodynamics and other gauge theories, this is quite often
misrepresented in literature—the step of symmetry localisation is silently joined together
with the step of applying the electromagnetic version of EP; thus, in the end, giving rise
to an interacting theory, and the resulting presence of the interaction is then mistakenly
attributed to the localisation of symmetry, rather than to the application of EP. Similar to
the gravitational case above, the equation of motion (A14) is an explicit counterexample to
such an attribution, since it does have local U(1) symmetry, but does not have any interaction
with an EM field.

Appendix A.3. The Test Particle Case

The last topic we should address is the context in which the statement of electromag-
netic EP is compatible with the existence of the Lorentz force law, acting on charged test
particles. Namely, one often distinguishes the motion of a test particle in a gravitational
field from a motion of a test particle in an EM field, by comparing the geodesic Equation (2)

u”(r)Vyu)‘(T) =0, (A22)
where u# is the 4-velocity of the test particle, with the Lorentz force equation

W (1) Vit (1) = %F)‘P 1y (T), (A23)
where q/m is the charge-to-mass ratio of a test particle moving in an external EM field,
described by the Faraday tensor Fy,. A typical conclusion one draws from this comparison
is that the interaction with the EM field gives rise to a “real force”, while the interaction
with the gravitational field does not.

However, it is highly misleading to compare (A22) to (A23) in the first place. Namely,
as we have discussed in detail in Section 4, in field theory the notion of a particle can be
defined only approximately, and this applies equally for electrodynamics as well as for
gravity. Specifically, given the example discussed above, of a Dirac field coupled to an
EM field via Equation (A17), we have seen that in the infinitesimal neighbourhood of a
given point xy one can completely gauge away any presence of the coupling to EM field
from (A17). In this sense, the notion of a test particle that satisfies (A23) cannot be identified
with an idealised point-particle, that has exactly zero size. Instead, the realistic test particle
is a wave-packet configuration of a Dirac field (a kink), and as such has a small but nonzero
size. As it evolves, the different parts of the wave-packet are subject to interaction with the
EM potential A, at different points of spacetime, giving rise to an effective non-minimal
coupling with the Faraday tensor F,,. This is completely analogous to the case of a test
particle with small but nonzero size interacting with spacetime curvature due to tidal
forces—both effects are equally nonlocal since both kinks have nonzero size. On the other
hand, a test particle that satisfies (A22) represents an idealised point-particle (a leading
order approximation in the multipole expansion of the matter field), i.e., a kink which thus
has precisely zero size.

In this sense, the Lorentz force Equation (A23) rather ought to be compared with the
Papapetrou Equation (3),

u”(T)VyuA(T) = R’\WW ut ()]’ (7). (A24)
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Indeed, one can see quite a reasonable analogy between (A23) and (A24). There are
of course small technical differences due to the precise nature of the coupling to various
moments of the kink, but nevertheless, the two equations are strikingly similar. Given this,
while one can still draw the conclusion that the interaction of a kink with the EM field gives
rise to a “real force”, one can draw precisely the same conclusion for the interaction of a kink
with the gravitational field. There is no distinction between gravity and the other gauge
interactions at this level—all four interactions in nature (strong, weak, electromagnetic
and gravitational) are equally “real”. In addition, all four interactions satisfy EP at the
fundamental field theory level (i.e., in the sense of strong generalised EP), while at the level
of mechanics, a corresponding weak generalised EP is manifestly violated in all four cases.
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1 Introduction

Within the Loop Quantum Gravity framework, one studies the nonperturbative quantiza-
tion of gravity, both canonically and covariantly, see [1-4] for an overview and a compre-
hensive introduction. The covariant approach focuses on defining the path integral for the
gravitational field by considering a triangulation of a spacetime manifold and specifying
the path integral as a discrete state sum of the gravitational field configurations living on
the simplices in the triangulation. This quantization technique is usually referred to as the
spinfoam quantization method, and it can be divided into three major steps:

1. first, one writes the classical action S[g| as a topological B F-like action plus simplicity
constraints,

2. then one uses the algebraic structure underlying the topological sector of the action
to define a topological state sum Z,



3. and finally, one deforms the topological state sum by imposing simplicity constraints,
thus promoting it into a path integral for a physical theory.

Spinfoam models for gravity are usually constructed by constraining the topological gauge
theory known as BF' theory, obtaining the Plebanski formulation of general relativity [5].
For example, in 3 dimensions, the prototype spinfoam model is known as the Ponzano-
Regge model [6]. In 4 dimensions there are multiple models, such as the Barrett-Crane
model [7, 8], the Ooguri model [9], and the most sophisticated EPRL/FK model [10, 11]
(see also [12-14]). All these models aim to define a viable theory of a quantum gravitational
field alone, without matter fields. The attempts to include matter fields have had limited
success [15], mainly because the mass terms cannot be expressed in the theory due to the
absence of the tetrad fields from the topological BF sector of the theory.

In order to overcome this problem, a new approach has been developed within the
framework of higher gauge theory (for a review of higher gauge theory, see [16, 17], and
for its applications in physics see [18-29]). Within higher gauge theory formalism, one
generalizes the BF' action, based on some Lie group, to an 2BF action based on the
2-group structure. Within this approach [30], one rewrites the action for general relativity
as a constrained 2BF action, such that the tetrad fields are present in the topological
sector. This result opened up the possibility to couple all matter fields to gravity in
a straightforward way. Nevertheless, the matter fields could not be naturally expressed
using the underlying algebraic structure of a 2-group, rendering the spinfoam quantization
method only half-implementable, since the matter sector of the classical action could not
be expressed as a topological term plus a simplicity constraint, which means that the steps
2 and 3 above could not be performed for the matter sector of the action.

This final issue has recently been resolved in [31], where one more step in the categorical
ladder is performed in order to generalize the underlying algebraic structure from a 2-
group to a 3-group (see also [32] for the 4-group formulation). This generalization then
naturally gives rise to the so-called 3BF' action, which proves to be suitable for a unified
description of both gravity and matter fields. The first step of the spinfoam quantization
program is carried out in [31] where the suitable gauge 3-groups have been specified, and the
corresponding constrained 3BF' actions constructed so that the desired classical dynamics
of the gravitational and matter fields are obtained. A reader interested in the construction
of the constrained 2B F' actions describing the Yang-Mills field and Einstein-Cartan gravity,
and 3BF actions describing the Klein-Gordon, Dirac, Weyl, and Majorana fields, each
coupled to gravity in the standard way, is referred to [30, 31].

In this paper, we focus our attention on the second step of the spinfoam quantization
program: we will construct a triangulation independent topological state sum Z, based on
the classical 3BF action for a general 3-group and a 4-dimensional spacetime manifold M.
This state sum coincides with Porter’s TQFT [33, 34] for d = 4 and n = 3. In order to
verify that the constructed state sum is topological, we analyze its behavior under Pachner
moves [35]. Pachner moves are local changes of a triangulation that preserve topology,
such that any two triangulations of the same manifold are connected by a finite number of
Pachner moves. In 4 dimensions, there are five different Pachner moves: the 3 — 3 move,



4 — 2 move, and 5 — 1 move, and their inverses. After defining the state sum, we calculate
its behavior under these Pachner moves. We obtain that the state sum Z remains the
same, proving that it is a topological invariant of the underlying 4-dimensional manifold.
This construction thus completes the second step of the quantization procedure. Our result
paves the way for the third step of the covariant quantization procedure and a formulation
of a quantum theory of gravity and matter by imposing the simplicity constraints on the
state sum. We leave the third step for future work.

The layout of the paper is as follows. In section 2 we review the pure and the con-
strained nBF theories describing some of the physically relevant models — the constrained
2BF actions describing the Yang-Mills field and Einstein-Cartan gravity, and constrained
3BF actions describing the Klein-Gordon and Dirac fields coupled to Yang-Mills fields and
gravity in the standard way. In section 3, we review the relevant algebraic tools involved
in the description of higher gauge theory, 2-crossed modules, and 3-gauge theory. Start-
ing from the notion of Lie 3-groups, we generalize the integral picture of gauge theory
to a 3-gauge theory that involves curves, surfaces, and volumes labeled with elements of
non-Abelian groups. In section 4, we define the discrete state sum model of topological
higher gauge theory in dimension d = 4. The model is defined for any closed and oriented
combinatorial 4-dimensional manifold My. The proof that the state sum is invariant un-
der the Pachner moves and thus independent of the chosen triangulation is presented in
appendix B.

Notations and conventions throughout the paper are as follows. The local Lorentz
indices are denoted by the Latin letters a,b,c, ..., that take values 0,1, 2,3, and are raised
and lowered using the Minkowski metric 7,4, with signature (—,+,+,+). The spacetime
indices are denoted by the Greek letters pu, v, ..., and are raised and lowered by the space-
time metric g, = nabeaueby, where e?,, denotes the tetrad fields. If G is a finite group,
Jadg = 1/|G| 3 e denotes the normalized sum over all group elements, while d denotes
the corresponding d-distribution on G. The J-distribution is defined for every element
g € G such that 0¢(g) = |G| if g is the unit element of the group, i.e., g = e, and dz(g) =0
if it is not, i.e., g # e. If G is a Lie group, [, dg and g denote the Haar measure and the
d-distribution on G, respectively. The set of all k-simplices, 0 < k < d, is denoted by Ay.
The set of vertices Ay is finite and ordered, and every k-simplex is labeled by (k+ 1)-tuples
of vertices (ig...14), where ig,...,ix € Ag such that ig < --- < iy.

2 Review of the classical theory

2.1 Topological nBF theories

For a given Lie group G whose Lie algebra g is equipped with the G-invariant symmetric
nondegenerate bilinear form (_, ), and for a given 4-dimensional spacetime manifold
My, one can introduce the BF action as

Spp — /M (BAF),, (2.1)

where 2-form F' = da + a A « is the curvature for the g-valued connection 1-form a €
AY(My,g) and 2-form B € A%*(My,g) is an g-valued Lagrange multiplier. Varying the



action (2.1) with respect to the Lagrange multiplier B and the connection «, one obtains
the equations of motion of the theory,

F=0, VB=dB+aANB=0. (2.2)

From the first equation of motion, one sees that « is a flat connection, which then, together
with the second equation of motion, implies that B is constant. Therefore, the theory given
by the BF action has no local propagating degrees of freedom, i.e., the theory is topological.
For more details about the BF' theory see [5, 36, 37].

Within the framework of Higher Gauge Theory, by passing from the notion of a gauge
group to the notion of a gauge 2-group, one defines the categorical generalization of the
BF action, called the 2BF action. A 2-group has a naturally associated notion of a 2-
connection (a, 3), described by the usual g-valued 1-form o € A'(My,g) and an h-valued
2-form B € A%(My,b), where b is a Lie algebra of the Lie group H. The 2-connection
gives rise to the so-called fake 2-curvature (F,G), where F is a g-valued fake curvature
2-form F € A%(My,g) and G is an h-valued curvature 3-form G € A3(My, ), defined as

F=da+aAha—-093, G=dB+an"p. (2.3)

Representing the 2-group as a crossed-module (H 2 a ,>), and seeing the next section for
the definition and notation, one introduces a 2BF action using the fake 2-curvature (2.3) as

Sonr = /M (BAF)g+(CAG, (2.4)

where the 2-form B € A%(My, g) and the 1-form C € A'(My, ) are Lagrange multipliers,
and (_, )gand (_, ), denote the G-invariant symmetric nondegenerate bilinear forms
for the algebras g and B, respectively. Similarly as in the case of the BF' theory, varying
the 2BF action (2.4) with respect to the Lagrange multipliers B and C one obtains the
equations of motion,

F=0, G=0, (2.5)

i.e., the conditions that the curvature 2-form F and the curvature 3-form G vanish, while
varying with respect to the connections a and § one obtains

VB+CATB=0, VC-9(B)=0. (2.6)

Similar to the case of the BF action, the 2BF action defines a topological theory, i.e., a
theory with no propagating degrees of freedom, see [38-41] for review and references.
Continuing the categorical ladder one step further, one can generalize the 2BF ac-
tion to the 3BF action, by passing from the notion of a 2-group to the notion of a 3-
group. Representing the 3-group with a 2-crossed module (L Sl G,>.{ , }p),
and seeing next section for definition and notation, one can define a 3-connection as an
ordered triple («, 8,7), where «, 3, and «y are appropriate algebra-valued differential forms,
a € A (My,g), B € A2 (My,b), and v € A3(My,l). The corresponding fake 3-curvature



(F,G,H) is defined as:

F=da+aAha—083, G=dB+an” B —dy, 27)

H=dy+aAN"v+{BAB}p.

Then, similar to the construction of BF and 2BF actions, one defines the 3BF action as
sgBF:/M (BAF)g+(CAGYy+ (DAH), (2.8)
4

where g, b, and [ denote the Lie algebras corresponding to the Lie groups G, H, and L and
the forms (_, ) o (, 7),), and (_, ), are G-invariant symmetric nondegenerate bilinear
forms on g, b, and [, respectively. The variables B € A%(My,g), C € A'(My,b), and
D € A%(My, 1) are Lagrange multipliers, and their associated equations of motion are the
conditions that the 3-curvature (F, G, ) vanishes,

F=0, G=0, H=0. (2.9)

Additionally, varying with respect to the 3-connection variables «, 3, and v one gets:

VB+CAT B—DAS~=0, (2.10)
VC —9(B) — D Abatx2) g — ¢, (2.11)
VD +6(C)=0. (2.12)

For further details see [22, 42, 43] for the definition of the 3-group, and [31] for the definition
of the pure 3BF action.

All the above actions are topological, in the sense that they do not contain any local
propagating degrees of freedom [44, 45]. In this sense, they are not very interesting for the
description of realistic physics, which should feature nontrivial dynamics. Nevertheless, by
choosing the convenient underlying 2-crossed module structure and imposing the appropri-
ate simplicity constraints onto the degrees of freedom present in the 3BF' action, one can
obtain the nontrivial classical dynamics of the gravitational and matter fields, as we will
see in the following subsection.

2.2 Models with relevant dynamics

Let us review how one can employ the n-group structure to introduce the topological nBF
actions corresponding to gravity and matter fields, as well as the form of the appropriate
simplicity constraints to be imposed on these fields to obtain the classical dynamics.

First we review the most important constrained 2BF' actions. We begin by rewriting
general relativity as a constrained 2BF action based on the underlying Poincaré 2-group.
The Poincaré 2-group is equivalent to a crossed module (H 2a ,>), where the groups are
choosen as G = SO(3,1) and H = R*, and the map 0 is trivial. The action > is a natural
action of SO(3,1) on R*, defined as

Mgy > P, = n[bcPa] R (2.13)



where My, and P, are the generators of groups SO(3,1) and R*, respectively. The ac-
tion > of SO(3,1) on itself is given via conjugation, by definition of a crossed module.
Then, Poincaré 2-group gives rise to the 2-connection («, ), given by the algebra-valued
differential forms

a=w®My, B =3P, (2.14)

where we have interpreted the connection 1-form a® as the ordinary spin connection w®.

Also, the corresponding 2-curvature (F,G) is given as

F = (dw® + w Aw® My, = R® M,
(2.15)
G = (dB"+wy AP, =V Py =GPy,

where we can recognize the standard Riemann curvature 2-form R* in F. Having these
variables in hand, one defines 2BF' action (2.4) for the Poincaré 2-group as

SQBFZ/ B® A Rgy + eq ANVB. (2.16)
My

Here, the crucial insight is that the Lagrange multiplier fields C'* can be identified with the
tetrads [30], since one can show that 1-forms C® transform in the same way as the tetrad
1-forms e® under the Lorentz transformations and diffeomorphisms. One can now construct
the action for general relativity by simply adding the additional simplicity constraint term
to the action (2.16):

S = B“b/\Rab+ea/\V6a—)\ab/\(B“b—

gbede, A ed) : (2.17)
My

16712
Here )y is a Lagrange multiplier 2-form associated to the simplicity constraint term, and
l, is the Planck length. It is straightforward to show that the corresponding equations
of motion reduce to vacuum Einstein field equations. Thus the action (2.17) is classically
equivalent to general relativity. The construction of the action (2.17) is analogous to the
Plebanski model, where general relativity is constructed by adding a simplicity constraint
to the BF theory based on the Lorentz group. However, one clear advantage of this model
over the Plebanski model is that the tetrads are explicitly present in the topological sector
of the action. Upon the covariant quantization, tetrads are therefore fundamental, off-shell
quantities, in contrast to the Plebanski model where they appear only on-shell, as solutions
of the classical equations of motion. The off-shell presence of the tetrads facilitates the
straightforward coupling of the matter fields to gravity, and thus overcomes the problems
present in the spinfoam models [15].

The Poincaré 2-group can be easily extended to include the coupling of the SU(V)
Yang-Mills fields to gravity [31]. To achieve this, one constructs the crossed module (H LN
G,1>), where the groups are chosen as G = SO(3,1) x SU(N) and H = R?*, while the map
0 remains trivial, as before. The action > of the group G on H is such that the SO(3,1)
subgroup acts on R* via the vector representation (2.13), while the action of the SU(N)
subgroup is trivial,

1> P, =0, (2.18)



where 77 are the SU(N) generators. This crossed module yields the 2-connection (a, f3),
where algebra-valued 1-form « and algebra valued 2-form [ are defined as follows,

a=w®M, + Alr, B8 =pP,, (2.19)

where we can identify the gauge connection 1-form A’. This connection gives rise to the
2-curvature (F,G), where F as defined as

F=R®My+Flrp,  FI=dAl + fiTA7 A AKX (2.20)

while the curvature G for 5 remains the same as before. Given these variables, the Lagrange
multiplier B in the first term of the topological action (2.4) also splits into two pieces
corresponding to the direct product of the group G, giving

SQBFZ/ BabARab—i-Bl/\F]—i-ea/\Vﬁa, (2.21)
My

where 2-form B! € A?(My,s5u(N)) is the second piece of the Lagrange multiplier. To
obtain the non-trivial classical dynamics for gravity and the Yang-Mills field, we add the
appropriate simplicity constraint terms to the action (2.21), and construct the constrained
2BF action:

S = B“b/\Rab+BIAFI+ea/\V6“—)\ab/\(B“b—

gabedg A ed>
My

16712
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+ AT A (BI — ?Mablea A eb) + ¢ob! (Mabjgcdefec Aed et Aef — grsF? Neg A eb) .

(2.22)

Here, the first row is the topological sector and the familiar simplicity constraint for gravity
from (2.17), while the second row contains the appropriate simplicity constraints for Yang
Mills field, featuring the Lagrange multipliers A’ and ¢?*. The action (2.22) provides two
dynamical equations — the equation for A?,

vaIpu = 8pFIp# + Fp)\pFD\# + fJKIAJPFKpM =0, (2'23)

where I' /\;w is the standard Levi-Civita connection, and an equation for e® which is the
Einstein field equation with the SU(N) gauge field source term,

R — %g’“’R =8al2 T, T = —419 (Foo P 19" + 4FM BT (2.24)
In this way, we see that both gravity and gauge fields can be successfully represented within
a unified framework of higher gauge theory, based on a 2-group structure. A generalization
from SU(V) Yang-Mills case to the more complicated cases, such as SU(3) x SU(2) x U(1),
is straightforward.

Let us now review how one can use the 3-group structure and the corresponding con-
strained 3BF theory to describe general relativity coupled to Klein-Gordon and Dirac
fields. To describe a single real Klein-Gordon field coupled to gravity, one begins by spec-
ifying a 2-crossed module (L Spla ,>,{_, }p), as follows. The groups are given as



G =S0(3,1), H=R* and L = R. The group G acts on H via the vector representation,
and on L via the trivial representation. The maps 9 and § are chosen to be trivial, as well
as the Peiffer lifting. Given this choice of a 2-crossed module, the 3-connection («, 3 ,7)
takes the form

a=w’My, B=pBP, v=11, (2.25)

where I is the sole generator of the Lie group L. This 3-connection gives rise to the fake
3-curvature (F,G,H),

F = R®M,;, G =VpP,, H=dry. (2.26)

The importance of the 3BF' theory for this choice of the 2-crossed module lies in the fact
that the Lagrange multiplier D can transform as a scalar with respect to Lorentz symmetry,
Mgy, > 1 =0, and it transforms as a scalar with respect to diffeomorphisms since D is also
a O-form. In other words, one can interpret the Lagrange multiplier D to be a real scalar
field, D = ¢, and write the topological 3BF action (2.8) as:

Sypp — / B® A Rup + €0 A VB + ddy . (2.27)
My

In order to obtain the Klein-Gordon field ¢ of mass m coupled to gravity in the standard
way, the appropriate simplicity constraints are imposed, and the constrained 3BF' action
takes the form:

S — B“b/\Rab+ea/\Vﬁa+¢d7—)\ab/\(Bab—

Eabcdec A ed)
My

167Tlg

1
+ AN [y — “Haypee® NP A ef) + AP A (Hupee®Teg Nee Nep —dd Aeg A ey
2 f

1
— ﬁm2¢2€abcde“ AeP Aef Ael.
(2.28)

The first row is the topological sector (2.27) and the simplicity constraint for gravity from
the action (2.17), the second row contains two new simplicity constraints featuring the
Lagrange multiplier 1-forms A and A® and the 0-form Hy,., and the third row features the
mass term for the scalar field. The action (2.28) has two dynamical equations of motion
— the equation for the scalar field ¢ is the covariant Klein-Gordon equation,

(VuvH —m?) o =0, (2.29)

while the equation for the tetrads e is the Einstein field equation with the scalar field
source term,

Ruy _ %g,uuR — 87Tl§ T,u,z/7 T,u,l/ = 8,u¢8l/¢ _ %guv (8p¢8p¢ + m2¢2) . (230)

We see that the obtained theory is classically equivalent to general relativity coupled to a
scalar field. Most importantly, one sees that the choice of the group L dictates the matter



content of the theory, while the action > of G on L specifies the transformation properties
of the matter fields.

Finally, in order to describe the Dirac field coupled to Einstein-Cartan gravity, the
2-crossed module (L Sab%a ,>,{_, }p) has to be chosen as follows. The groups are
G =S50(3,1). H=R* and L = R¥(G), where G is the algebra of complex Grassmann
numbers. The maps 0, J, and the Peiffer lifting are trivial, as before. The action of the
group G on H is via vector representation, and on L via spinor representation, in the
following way. Denoting the eight generators of the Lie group R¥*(G) as P, and P®, where
the bispinor index « takes the values 1,...,4, the action > of G on L is given explicitly as

1 1
My > Py = 5(aab)ﬁaPﬂ, My, > P* = —§(aab)aﬂpﬂ, (2.31)

where o4 = i[’ya,fyb}, and v, are the usual Dirac matrices. This choice of the 2-crossed
module gives rise to the 3-connection (a, 3,7), defined as

a = Wabjwab ) B = BaPa , Y= 7aPa + ﬁapa ) (2'32)

where the 3-connection 3-forms v* and 7, should not be confused with the Dirac matrices
vo due to different types of indices. The 3-curvature (F,G,H) is given as:

F = R®My, G=VpB"P.,
« 1 ab a B = 1 ab= B « - a i lo'
H= (dv + 5w (0w) sy )Pa + (dva — 5w 5(0w) a)P = (V)*Pa+ (WV)a P
(2.33)

As in the case of the scalar field, the choice of the group L and action > of G on L dictates
the matter content of the theory and its transformation properties. The group L prescribes
that D contains eight independent real anticommuting matter fields as its components.
Then, since D is a 0-form and it transforms according to the spinorial representation of
SO(3,1), these eight real Grassmann-valued fields can be identified with the four complex
Dirac bispinor fields, and one can write the corresponding topological 3BF' action as:

— =
Sypr = /M B™ A Rap + ea A VB + (7V)ath® + a(V7)° (2.34)
4

In order to obtain the action that gives us the dynamics of Einstein-Cartan theory of
gravity coupled to a Dirac field, we add the following simplicity constraints:

b ha e b
=) BUARag+ea VA + (V) o™ + e (VA)* = Agp A (B“ -
4

_ 1 - _ i
— YA (’ya — geabcdea Ael A ec(w’yd)a) + Ao A (’yo‘ + 6€ab0d€a Ael A ec(’yd@b)o‘)

bed
——W%e. Ne )
1671'[12) ¢/t bd

1 _
— 5™ D) Egpeae® N el A e A el + 2m’l§, V57 Eapeac® A €€ A B2

(2.35)

The topological sector is in the first row, as well as the gravitational simplicity constraint,
the second row contains the new simplicity constraints for the Dirac field, while the third



row contains the mass term for the Dirac field and a term that ensures the correct coupling
between the torsion and the spin of the Dirac field. Varying the action (2.35), one obtains
the following dynamical equations of motion — the equations for 1 and ¢ which are the
standard covariant Dirac equation and its conjugate,

— _
(e oV —m)p = 0, $(iV,er" +m) =0, (2.36)

and the differential equation of motion for e® which is the Einstein field equation with a
Dirac field source term,

1
RW — —g"™ R =8rl> T, TH =

- & 1 _ A
2 Yy el i — §g“”w (i'yavpe”a — 2m>w, (2.37)

i

2
& = =

where V =V — V. Moreover, one obtains the desired equation of motion for the torsion,

T,=Ve, = 27711273(1, Sa = i€apege” N ePysytp (2.38)

where s, is the Dirac spin 2-form. The equations of motion (2.36), (2.37), and (2.38) are
precisely the equations of motion of the Einstein-Cartan-Dirac theory.

The natural presence of a scalar and Dirac field in the 3BF action is an essential
property of the specific choices of the 3-group structures in a 4-dimensional spacetime,
just like the existence of the tetrad field e® in the topological 2BF' action is an essential
property of the 2BF' action and the Poincaré 2-group. In this way, both the scalar field
and the Dirac field appear in the topological sector of the action, making the quantization
procedure feasible. Similarly, one can introduce Weyl and Majorana fields as well, see [31].

3 A review of 2-groups and 3-groups

As we have seen in the previous section, the gauge symmetry of 3-gauge theory is described
by an algebraic structure known as a 3-group. In this section, we present the relevant
definition of the 3-group, and we briefly explain how this structure is used to equip curves,
surfaces, and volumes with holonomies. The results obtained in this section are necessary
for the construction of the topological invariant, which will be studied in section IV.

3.1 3-Groups

In the category theory, a 2-group is defined as a 2-category consisting of only one object,
where all the morphisms and 2-morphisms are invertible. It has been shown that every
strict 2-group is equivalent to a crossed module (H LY ).

A pre-crossed module (H e ,I>) of groups G and H, is given by a group map
0: H — G, together with a left action > of G on both groups, by automorphisms, such
that the group G acts on itself via conjugation, i.e., for each g1,g2 € G,

g1>g2= 919291_1 ;

and for each hi,ho € H and g € G the following identity holds:

gdhg ™t =09(g>h).

~10 -



In a pre-crossed module the Peiffer commutator is defined as:
(h1,ha)p = hihahytO(h1) > hyt. (3.1)

A pre-crossed module is said to be a crossed module if all of its Peiffer commutators are
trivial, which is to say that the Peiffer identity is satisfied:

(Oh1) > hg = hihoh !, (3.2)

Continuing the categorical generalization one step further, one can generalize the no-
tion of a 2-group to the notion of a 3-group. Similar to the definition of a group and a
2-group within the category theory formalism, a 3-group is defined as a 3-category with
only one object, where all morphisms, 2-morphisms, and 3-morphisms are invertible. More-
over, in analogy with how a crossed module encodes a strict 2-group, it has been proved
that a semistrict 3-group — Gray group is equivalent to a 2-crossed module [42, 46].

A 2-crossed module (L Sl G, >, { , }p)is achain complex of groups, given by
three groups G, H, and L, together with maps 9 and 6,

L>a%aq,

such that 96 = 1¢, an action > of the group G on all three groups, and a map {_, },
called the Peiffer lifting:
{ , }p:HxH—L.

The maps 0 and §, and the Peiffer lifting are G-equivariant, i.e., for each g € G and h € H
g 9(h) =0d(g>h), g o(l) =d(g>1),
and for each hq, ho € H and g € G:
g>{h1,hatp ={g> hi, g ha}yp.

The action of the group G on the groups H and L is a smooth left action by automorphisms,
e., for each g,91,92 € G, hi,ho € H, l1,lo € Land k€ H, L,

1> (g2>k) = (1g2) >k, g (hih) = (g>h1)(g>h2), g (hil2) = (9>h)(g>12).

The action of the group G on itself is again via conjugation. Further, the following identities
are satisfied:

5({h1,h2}p) = < 1, > Vhi,hy € H; (3.3&)
[11,12] = {6(l1),6(12) }p Vii,le € L, where [I,k] = lki" 'k

(3.3b)

{hiha, hs}p = {h1, hahshy ' }p0(h1) > {ha, hs}p Vhy, ho,hs € H ;
(3.3c)

{h1, hahs}p = {h1, ha}p{hy, ha}p{(h1, h3), ", O(h1) > haly, Vhi, ho,hs € H;
(3.3d)
{5(1), R} p{h,6(D)}p = 1L(A(R) > 1Y), Vhe H, VielL. (3.3¢)

- 11 -



In a 2-crossed module the structure (L S H , ) is a crossed module, with action of the
group H on the group L defined for each h € H and [ € L as:

B! L= 1{3(0) ™), b
and it follows that the Peiffer identity is satisfied for each ly,ly € L:
S(l) > =11t

However, the structure (H % a ,>>) in the general case does not form a crossed module, but
a pre-crossed module, and for each h,h’ € H the Peiffer commutator does not necessarily
vanish.

The following identities hold, for each hi, ho, hg € H [42]:

{h1ha, hs}p = (h1 &' {h2, hs}p){h1,0(ha) > hs}p,
{hl, hghg}p = {hl, hz}p(a(hl) > hg) D/ {hl, h3}p,

and are of prime importance for the proof of the Pachner moves invariance. By using the
condition (3.3e) of the definition of a 2-crossed module, it follows that for each h € H and
l € L the following identity holds:

{h, ()" = (A" I"H(O(h) > 1) . (3.6)

Moreover, for each hi,ho € H,

{h1,ha}yt = by ' {hi',0(h1) > ha}y, (3.7)
{h1,ha}y ' = O(ha) > {hi', hihahi'}p (3.8)
{h1, ho}yt = (hahohi') &' {1, by 'y, (3.9)
{h1,ha}y' = (O(h1) > ha) &' {h1,h3 "}y . (3.10)

A reader interested in more details about 3-groups is referred to [43].

3.2 3-gauge theory

In this subsection, we will describe how the language of 3-gauge theory can be used in
order to define compositions of labeled paths, surfaces, and volumes. In a 3-gauge theory,
one labels geometric objects at three levels. Curves are labeled by elements of G. Their
composition and orientation reversal is defined as in conventional gauge theory. In addition,
surfaces are labeled with elements of H, and volumes are labeled with the elements of L.
The reader interested in the formulation of a 2-gauge theory is referred to [47].

Curves are labeled with the elements of G, and the elements are composed as in the
ordinary gauge theory, i.e., for each g1, g2 € G,

g1 92 g192
P2 PZa N PZam N
[ ] [ ] e — o [

the composition of the elements results in the element g1go € G. The orientation of a curve

1

can be reversed if it is labeled by the inverse element g~ instead.

- 12 —



Surfaces are labeled with the elements h € H. For each surface, we choose two reference
points on the boundary, and split the boundary into two curves, the source curve labeled
with g1 € G, and the target curve labeled with go € G, as demonstrated in the diagram

The 2-arrow h € H maps the curve g; € G to the curve d(h)g; € G,

1o g1 g1
. /\U,\ . /\ﬂ/lg\ . — o /h\ .
oh g1 o(h)g1

so that the label h € H of the surface is required to satisfy the following condition:
a(h) = gagi " - (3.11)

The orientation of the surface can be reversed and labeled with the inverse element instead,

while the orientation reversal of the curves leads to the surface element labeled with h =
-1 1
g, D> h™

One can now compose 2-morphisms vertically. Let us denote the source and the target of
the k-arrow (k = 1,2) of the 2-morphism h as 9, (h) and 9;" (h), respectively. Then, the
vertical composition of 2-morphisms (g1, k1) and (ge, h2), when they are compatible, i.e.,
when 8j(h1) = 82_ (hg),

g

o =~ e [} thhl [ ]

93
results in a 2-morphism (g1, hohy),
(92, h2)#2(g1, h1) = (g1, h2h1) . (3.12)

An important operation is known as whiskering. One can whisker a 2-morphism h
with a morphism g; by attaching the whisker g; to the surface h from the left, i.e., such

~13 -



that 9y (91) = 9y (h),

92 9192
g1 /—/_\ /—\
e<—eo ﬂh o — o ﬁglwz L
\_/ \_/
ab 9195

which results in the 2-morphism with the source curve g; g, and target curve gy g4, carrying
the label g1 > h. Similarly, by attaching whisker g2 to a surface h from the right, i.e., such
that 0y (h) = 97 (¢2),

g1 9192
/\ g2 /—\
° ﬂh e<———0 = o ﬂh .
\\_/ \_/
94 9192

one obtains the 2-morphism with the source curve g1 g2 and target curve ¢} go, carrying the
label h.

The volumes are labeled with the elements [ € L. Let us denote the source and the
target of the k-arrow (k = 1,2,3) of the 3-morphism [ as d; (1) and 8; (1), respectively.
For each volume, we split the boundary into two surfaces, the source surface labeled with
93 (1) = hy and the target surface labeled with 03 (I) = hs. On the common boundary of
the source and target surface, we choose two reference points, and split the boundary into
two curves, the source curve labeled with 9, (I) = g1 and the target curve labeled with
0y (1) = g2, as demonstrated in the diagram below

NN

¢
¢

92 g2

so that the volume label | € L is required to satisfy the following condition:
5(1) = hahyt. (3.13)

The orientation of the volume can be reversed if one labels it with the inverse element [~

l—l
° ﬂhlo E e ﬂhg.,

g2 92

>‘e
)

S
¢

while the orientation reversal of the curves and surfaces leads to the surface element labeled
with [ = g7 ' > 1,
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One can compose two 3-morphisms via the upward composition (visualizing a third
axis, orthogonal to the plane of the paper, as the direction up). The upward composition
of 3-morphisms (g1, h1,11) and (g1, he,ls), when they are compatible, i.e., when 85 (I;) =
95 (I2),

g1 g1 g1 g1 g1
I l2 /\ laly /\
° hi1e = e hoe = e hs ® = ° hi1e = e hs ® |
g2 g2 g2 92 92

results in a 3-morphism (g1, h1, l2l1):

(91, ha, l2)#3(g1, 1, 1) = (91, P, laly) . (3.14)

The upward composition of 3-morphisms is associative, and for every h € H there is a
3-morphism that is an identity for the upward composition of 3-morphisms

/1\ 1p k/gl\
° ﬂh' = e ﬂho.

The vertical composition of two 3-morphisms (g1, h1,01) and (go2, he,l2), when they are
compatible, i.e., when 95 (I1) = 95 (I2),

g1 g1
m I m
S — -
* 92 = o 92 °
la
. g2 o« 2 . 92 . .
ha N S
g3 gs

results in a 3-morphism (g1, hohy, lo(he ' 11)),

g1 a1
/\ lg(h2l>/l1)
g3 g3

One can write, for (g1, h1,01) and (g2, ha,l2),

(92, ha, la)#2(g91, ha,11) = (g1, haha,la(he > 1h)) . (3.15)

The vertical composition of 3-morphisms is an associative operation. Composition of 3-
morphisms is invariant under the change of order of upward composition and vertical
composition of 3-morphisms, i.e.,

((g2, ha, 1) #3(g2, ha, 12)) #2 (g1, Ry, 1) #3 (g1, has 1))

- ;o (3.16)
=((g2, h, 15)#2(g1, Py, 1)) #3((92, ha, l2)#2(g1, h1,11))
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which is demonstrated in the diagram notation, where the diagram

g1 g1 g1
N A AT
o<—o0o = o<—eo = o<—o
g2 92 g2
!
g2 la g2 b g2
° <T o = ° W ° ° W °
g3 g3 g3

uniquely determines the 3-morphism. The proof of the equation (3.16) is given in the
appendix A.

One can whisker the 3-morphisms with morphisms and 2-morphisms. Whiskering of a
3-morphism by a morphism from the left is the composition of a volume [ € L and curve
g1 € G from the left, when they are compatible, i.e., when 9{ (1) = 9; (g1),

g2 g2 9192 9192
91 /\ ! g1 /\ g1>1
e<—o hi1® = e<—e ho® = @ gi>hi ¢ = e gi>ha @
95 95 915 9195

The composition results in a 3-morphism:

g1#1(g2, h1,1) = (9192, 91 > h1,g1 > 1) . (3.17)

Similarly, one can whisker a 3-morphism by a morphism from the right, when they are
compatible, i.e., 9y (1) = 07 (g2),

9192 g192

9192

g1 g1

/Hh\L 4 /ﬂh\L _. th
v/ >/ NS

9192

/ /

91 91

which results in the 3-morphism:

(91, h1, D#192 = (9192, ha, 1) - (3.18)

Whiskering of a 3-morphism with a 2-morphisms from below, when they are compatible,
i.e., 95 (1) = 05 (hg), is formed as a vertical composition of 3-morphisms (g1, h1,!) and
(92, h2, 1n,),

g1

o\

°
92
g2

[ ]

ha
93

l

° =

1hy

=
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which results in a 3-morphism

g1 g1

h2[>/l
[ ] hoh1 ® 3 ® (5(h2>’l)h2h1 o .
g3 93

One writes,
(92, ho)#2(g1, h1, 1) = (g1, hohy, ha ' 1) (3.19)

Whiskering a 3-morphism by 2-morphism from above, when they are compatible, i.e.,
when 95 (1) = 05 (h1), is formed as a vertical composition of 3-morphisms (g1, h1, 15, ) and

(g2, ha, 1),

g1 g1
m Lny m
o<— —""-860 oO<———"-0
g2 = g2

l
92 . &
ha

which results in a 3-morphism,

g1 g1

3 [ ] 6(l)h2h1 o .

NS

g3

One obtains
(92, ho, )#2(g1, 1) = (g1, hah1, 1) . (3.20)

The interchanging 3-arrow is the horizontal composition of two 2-morphisms h; and ho,
when they are compatible, i.e., when 0y (h1) = 95 (ha),

g1 g2
/_\ /_\
° uhl ° U}Q o
A G W
g 95

that results in a 3-morphism [, with source surface

95 (1) = ((g1, h1)#195) #2(91#1 (g2, ha))

and target surface
05 (1) = (91#1(g2, ha)) #2((91, h1)#192) ,

g1 g2 9192 9192

o e hy _® = e higichy @ = g\>hohy @ .
\_/ \_/
9 95 9,95 9195
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One obtains,
(91, h1)#1(92, ha) = (9192, hagr > ha, 1), (3.21)

where the 3-morphism [ is Peiffer lifting {h1, g1 > ha}, 1. Using the condition (3.13), one
obtains

((a(hl)gl) > hg)hl = 5(Z)h1 (91 > h2) s (3.22)

and from the definition of the Peiffer commutator, the identity (3.1), and the property (3.3a)
of the 2-crossed module, i.e., 6({h1, ha}p) = (h1,h2)p, one obtains

(5(l)71 = h191 > hghl_l(a(hl)gl) > hgil = <h1,91 > h2>p = 5({h1,91 > hg}p) . (3.23)

Given any collection of curves, surfaces, and volumes, a configuration of 3-gauge theory
is an assignment of elements of G to the curves, elements of H to the surfaces, and elements
of L to volumes so that the following conditions hold:

1. For each surface labeled by h € H, one has that d(h) = g2g; ! where g1 and go are
the source and target curve, respectively;

2. For each volume labeled by I € L, one has that §(1) = thfl, where h; and hoy are
the source and target surface, respectively;

3. For each 4-simplex labeled by (jk¢mn) € A4, the volume holonomy around it is
trivial.

The defined configurations can be viewed as the classical configurations of 3-gauge theory
or, in a path integral quantum theory, these are the configurations over which one integrates
in the path integral.

3.3 Gauge invariant quantities

In subsection 3.2, we have introduced a number of operations by which we can combine
labeled paths, surfaces, and volumes, in order to calculate the composition of elementary
paths, surfaces, and volumes, to arbitrarily large ones. In this subsection, we will make use
of these compositions in order to construct gauge invariant quantities that are associated
with closed paths, surfaces, and volumes. In Lemmas 3.1, 3.2, and 3.3, this procedure is
used for the boundary path of a triangle, the boundary surface of a tetrahedron, and the
boundary volume of the 4-simplex. The result of Lemma 3.1 is already derived for the case
of 2-groups and remains unchanged in the 3-gauge theory, see [38]. The higher flatness
condition for the boundary surface of a tetrahedron derived in [38], is generalized for the
case of 3-groups is Lemma 3.2. One of the main results of the paper is Lemma 3.3 where
we derived the higher flatness condition for the boundary volume of the 4-simplex.

Lemma 3.1. Let us consider a triangle, (jk¢). The edges (jk),j < k, are labeled by group
elements g;, € G and the triangle (jk¢),j < k < {, by element hjy € H. Consider the
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diagram (3.24).

9kl 9jk 1le 9kl 9jk 9kl 9jk
2N PZ N V2N 2SS V2 P2
lo ke o] = lo@lo ke o] = e ke o] .
N P [ N
ot IkiGjk O(hjr1) gr19jk
(3.24)

The curve y1 = gieg;ji is the source and the curve 7o = g, is the target of the surface
morphism Y : 41 — 72, labeled by the group element 5y, i.e.,

gje = O(hjre) gregijn. - (3.25)

Lemma 3.2. Let us consider a tetrahedron, (jk¢m). The edges (jk),j < k, are labeled
by group elements gj; € G and the triangles (jk¢),j < k < £, by elements hj, € H,
and the tetrahedron (jkfm),j < k < ¢ < m by the group element l;xe, € L. We have
oriented the triangles (jk¢) so that they have the source is greg;r and the target is gjy, i.e.
gje = O(hjke) gregij -

Let us first cut the tetrahedron surface along the edge (jm). This determines the
ordering of the vertical composition of the constituent surfaces. One just has to make
sure that all surfaces are composable, i.e., they have the suitable reference points and the
correct orientation in order to compose them vertically.

Consider the diagram (3.26). We first move the curve from ggeg;r to the curve gj.
At this stage, one cannot compose the result with the triangle (j¢m), and one first has to
whisker it from the left by gg,. Now the two morphisms are vertically composable, and
this moves the curve to gj,,. The following 2-morphism is obtained

9ke 9ik
9om g V2N k; P2 .j
me <——e [ ]
I = (gemjes Djem)#2 (9em#1(gregin, Pjke)) (3.26)
e .
- = (9em9reGjk> Njem (Gem > hjre)) -

gim
Let us then consider the diagram (3.27). We first move the curve from g¢g,gxe to

the curve gg,,. At this stage, one cannot compose the result with the triangle (jkm),

and one first has to whisker it from the right by g;z. Now the two morphisms are verti-

cally composable, and this moves the curve to g;,,. The following 2-morphism is obtained
9em 9ke

i 9k .
me ok <——ej

o/
J . = (Gem9jks Pjrm)#2 ((GemGre, hem)#195k)
hiom, \\\1 jkm,

(3.27)
= (9emIreGjks NjrmPiem) -

gim
The two surfaces have the same source and target, X1 : grmgregjx — gjm and 2o :
9emGkegik — Gjm- Now, transition from the surface shown on the diagram (3.26) to
the surface shown on the diagram (3.27) is given by the volume morphism V : ¥ — X9
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determined by the group element [;ze,, i.e.,

(GemGregik: Nikmhiem) = (Gemregik, 6 (Ligem) hjom (Gem > hjke)) (3.28)

that gives the relation,

RjkemPiem = 0(Likem ) Njem (Gem > hijke) - (3.29)

Lemma 3.3. Let us consider a 4-simplex, (jkfmn). The edges (jk),j < k, are labeled
by group elements g;i, € G, the triangles (jk(),j < k < ¢, by elements hji, € H, and the
tetrahedrons (jkfm),j < k < £ < m, by the group element l;xs, € L. We have oriented
the triangles (jk¢) so that the source curve is girrgjr and the target curve is gj¢, i.e., gje =
O(hjre)gregjr » and the tetrahedrons (jk¢m) so that the source surface is hjem (gem > hjke)
and the target surface is hjgmhiem, 1-€., RjkmPiem = 0(Lkem ) jom (gem > hijke)-

Let us first cut the 4-simplex volume along the surface hjmngmn > (Rjem3em > Rjke)-
This surface determines the ordering of the vertical composition of the constituent vol-
umes. We have to make sure that all volumes are composable, i.e., they have the suitable
reference points and the correct orientation in order to compose them vertically. First,
let us consider the diagram (3.30). We first move the surface from hjemgem > hjre to
surface hjgmhpem with the 3-arrow ljp,. To compose the resulting 3-morphism with the
surface Ny, one must first whisker it from the left with g,,,. The obtained 3-morphism
(Gmn9em9rediks Gmn > (NjemGem > Pjke), Gmn > Likem) can be whiskered from below with the
2-morphism (gmngjm, Pjmn), and the resulting 3-morphism is (grmngem9regjns MjmnGmn >
(Rjemem ™ Rjke), Bjmn ™' (Gmn ™ Likem)), with the source surface R jmngmn > (RjemGem ™ hjke)
and the target surface RjmnGmn > (RjkmPrem),

9jin 9jin

(3.30)
Let us move the surface to hjrnhkmngme™ hiem, see diagram (3.31). To do that, we consider
the 3-morphism (grngkmjks PjmnGmn™Mjkm, Likmn) With the source surface A jpn gmn™> Pjkm
and target surface hjpphpmn. This 3-morphism can be whiskered from above with the 2-
morphism (grngem9rejks Gmn > hrem), and the obtained 3-morphism is (gmngem9redjks hjmn
Grmn > (NjkmPrem), Likmn), with the source surface R jmnGmn > (Rjgmhiem) and target surface
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hjk:n hkmngmn > hk£m7

gjn 9jn
(3.31)
Next, we want to move the surface hjxnhrmngmn > hiem to surface hjrnhienhimn, as shown
on the diagram (3.32). We whisker the 3-morphism (gmn9em3re, Pkmnmn = Pkems Ueemn ),
with the source surface himngmn > hiem and target surface hgenhemn, with the morphism
gji from the right, obtaining the 3-morphism (gmngem9redjk, PmnGmn > Piem leemn)- Now,
we whisker this 3-morphism with the 2-morphism (gkngjk, hjkn) from below, and we obtain

the 3-m01“phism (gmngémgklgjka h]knhkmngmn > hk:[m: hjkn >’ lkﬂmn)y

9jn Jjn
(3.32)
The mapping of the surface hjg,hrenhemn to the surface hjp,gen > hjrehemn in shown on
the diagram (3.33). The 3-morphism with the appropriate source and target is constructed
by whiskering the 3-morphism (gengregjk, PjknPien, lﬁclen) with 2-morphism (gmngemgredik,
hemn) from above. The obtained 3-morphism is (gmngemgredik, PjknPkenPemn, l_ﬁclﬂn)?

9jin gjn

(3.33)
Next we map the surface hjemgen > hjkehemn to the surface hjonhomn (Gmngem) > hijke, see
the diagram (3.34). We use the inverse interchanging 2-arrow composition to map the
surface gpn > Rjkehemn to the surface hymn(gmngem) > hjke, resulting in the 3-morphism
(GmnGem9regik> 9en > jkehomns {Pemns (Gmngem) > hjke}p). Next, we whisker the obtained 3-
morphism with the 2-morphism (gengje, hjen) from below. The obtained 3-morphism with
the appropriate source and target surfaces is (gmngemredik, Pim9en > Njkehomn, Pjen >/
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{hfmru (gmngfm) > hjk‘@}p)7

gmn 9em ke 9jk gmn Gem ke 9jk

Yjn

(3.34)

Finally, we construct the 3-morphism that maps the surface e homn (Gmngem) > hjke to the

starting surface R jmngmn> (hjemgem™hjke). To obtain the 3-morphism with the appropriate

source and target surfaces we first move the surface hjp,hemn to the surface hjmngmn >

hjem with the 3-arrow (gmnggmgjg,hjgnhgmn,lj_[}nn). Next, we whisker the 3-morphism

(gmngﬁmgjéahj@nhémnvlj_ginn) with the 2-morphism (gmngfmgkégjb (gmngfm) > hjkﬂ) from

above. The obtained 3-morphism (gmngemgredik, PjenPemn(Imngem) > hjkg,lj_g}m) moves
the surface to the starting surface, as shown on the diagram (3.35),

gjn 9jn

(3.35)
After the upward composition of the 3-morphisms given by the diagrams (3.30)—(3.35), the
obtained 3-morphism is:

Imn9emIkegjk, hjﬂnhfmn(gmngfm) > hjk€7 l]_girm)#S
GrmnGemGkedjks 9en > Njkeheomn, Njon ' {hemns (GmnGem) &> Rjke}p)#3

Imn9emIkeTiks Pjknhkenemn, lj_k-lgn)#?)

(

(

(

(gmngﬁmgkfgjkv hjknhkmngmf > Agom, hjkn >’ ljk:mn)#3
(gmngﬁmgkégjh hjmngmn > (hjkmhkfm)a ljkmn)#S
(gmngémgkfgjb hjmngmn > (hjfmgém > hjkf)a hjmn > (gmn > ljkém))

= (GmnGemTkeTik MjmnGmn > (jemGem > Rike), Ugt - ion &' {Pomn, (Gmngem) > Rjketp

J
lj_klgn(h]kn D, lk@mn)ljkmnhjmn l>/ (gmn > ljk@m)) .
(3.36)

The obtained 3-morphism is the identity morphism with source and target surface V; =
V2 = hjmngmn > (hjﬂmgém > hjkf)a Le. )

l]_g}nn hjén |>/ {hfmn) (gmngfm) > hjk@}p lj_klgn(h]k:n |>/ lkémn)ljkmnhjmn [>I (gmn > ljkfm) =€.
(3.37)
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4 Quantization of the topological 3BF' theory

In conventional BF theory, one chooses the action in such a way that the theory does not
depend on any background field, but only the spacetime manifold. The classical field equa-
tions of the theory require the gauge connection to be flat, i.e., in terms of the holonomy
variables, that any null-homotopic closed curve corresponds to the identity of the gauge
group. In the framework of higher gauge theory, specifically 2-gauge theory, one general-
izes this idea by imposing the higher flatness condition requiring that the surface holonomy
around the boundary 2-sphere of any 3-ball be trivial instead. One can continue further
categorical generalization by choosing a 3-group structure to describe the gauge symmetry
of the theory, and formulate a 3B F' theory whose equations of motion impose a higher flat-
ness condition for a 3-curvature (F,G,H). In this section, a combinatorial description of
such model for any triangulation of any smooth manifold of dimension d = 4 is presented.
This model coincides with Porter’s abstract definition of a TQFT [33] for d =4 and n = 3,
which is itself a generalization of Yetter’s work [48, 49].

Let us show how to construct a state sum model from the classical action (2.8) by
the usual heuristic spinfoam quantization procedure. We consider the path integral for the
action S3pp,

Z = /DQDBDWDBDC’DD exp (z/ (BAF)g+(CAG)y+ (DA ’H>[> . (4.1)
My
The formal integration over the Lagrange multipliers B, C, and D leads to:
Z=N / DaDB Dy §(F)5(G)5(H). (4.2)

Similarly to conventional gauge theory, the connection 1-form a € A'(My, g) is discretized
by colouring the edges € = (jk) € A; of the triangulation with group elements g. € G. The
connection 2-form 3 € A%(My,b) is represented by group elements ha € H coloring the
triangles A = (jk¢) € Ay. The connection 3-form v € A3(My,[) is represented by group
elements [, € L coloring the tetrahedrons 7 = (jkfm) € As.

The path integral measures of (4.1) are discretized by replacing

/Da — H /Gdgjk, (4.3)

(k) e

/ DB 11 / dh;ke, (4.4)
(jkO)ens T H

/D’y — H /dljkgm, (4.5)
(jkem)eAs L

where dgji, dhjre, and dljiey, denote integration with respect to the Haar measures of
G, H, and L, respectively. The vanishing fake curvature condition is discretized on each
triangle (jkl) € Ag by discretizing §(F). When passing from a smooth manifold to its
triangulation, the § distribution is defined over the appropriate set of simplices as follows,

§(F)= TI dclgie), (4.6)
(jkO)EA2
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where for each (jkl) € Ay the d-function dg (g ) is given by:

8c:(gjne) = 8¢ (O(Pike) gre Gk 934') - (4.7)
Similarly, on the triangulated manifold the condition §(G) on the fake curvature 3-form
reads
5G)= II duhjrem), (4.8)
(jk@m)EAg

where for every tetrahedron (jk¢m) € As one has:
011 (hjtem) = O11 (O Usem) hjem (Gem & hje) g Mg - (4.9)
Finally, the condition 6(H) is discretized as

SH)= JI  0r(jkemn) (4.10)
(jktmn)€EAy

where for each 4-simplex (jk¢mn) € A4 one has:

8L (Ljkemn) = 6L (gmup jn ™ {Ptmns (GmnGem) ™ Rie o Uin (Pien ™ Uetmn ) ikmn Agmn ' (Gmn ™ Uikem)) -
(4.11)
The identities (4.7), (4.9), and (4.11) are the results of Lemmas 3.1, 3.2, and 3.3, respec-
tively.
After substituting the expressions for discretized measures (4.3)-(4.5) and
0-functions (4.6), (4.8), and (4.10) into the equation (4.2) one obtains:

z=N 1] /dgjk II /dhjke 11 /dljklm< 11 5G(gju)>< II 5H(hjum))< 11 5L(l_7‘kenm)>~

(Jk)EAL G (jkO)EN2 |1 (jktm)eAs T, (jkL)eA2 (jktm)eAs (jkmn)eAy
(4.12)

By inserting (4.7), (4.9), and (4.11) into (4.12), we obtain an explicit expression for the
state sum over a given triangulation of the manifold My. This expression can be made
independent of the triangulation if one appropriately chooses the constant factor A, ob-
tained after the integration over the Lagrange multipliers B, C, and D. This is done by
requiring that the state sum is invariant under the Pachner moves, which leads us to the
appropriate form of the constant factor A/, as given by the definition 4.1.

Definition 4.1. Let M, be a compact and oriented combinatorial d-manifold, d = 4, and
(L SHS G,>,{ _, }pr) be a 2-crossed module. The state sum of topological higher
gauge theory is defined by

7 — ‘G|*|Ao|+|/\1|*|A2\‘H‘\Ao\*\/\t\ﬂ/\z\*\/\s\ |L‘*\AU\+\A]|*\A2|+|A3|*|A4|
x <H(jk)eA1.C£dgjk> (H(jké)eAzl![‘dhjkf> <H(jk€m)eA3{dl.ik€m>
X <H(jke)eA2 06 (0(hjke) ge 9k 9}/)) (H(ijm)EA3 511 (5 (Ljkem) jem (Gem ™ Pijke) iy, hfklm)>

X (H(jktfmn)eA4 6L(l]'7£17m hjln >’ {hlmnv (gmngém) > hjk‘l}p l;klg,L(h]kn >’ lklmn)ljk‘mnhjmn >’ (gmn > ljkim))) .

(4.13)
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Here we integrate over g;r € G for every edge (jk) € Ay, over hjy € H for ev-
ery triangle (jkf) € Ao and over lj,, for every tetrahedron (jk¢m) € Az . The J-
distributions under the integral impose the following conditions. First, the condition
that O(hjke) gre ik = gj¢ for each triangle (jk¢) € Ag, i.e., that each surface label hjiy
has got the appropriate source and target, see Lemma 3.1. Second, the condition that
Rjkem ke = 0(Ljkem ) jem (gem ™ hjie) for each tetrahedron (jkém) € As, i.e., that each
volume label /54, has got the appropriate source and target, see Lemma 3.2. Finally, the
condition that the volume holonomy around every 4-simplex (jkémn) € Ay is trivial, i.e.,
that Ly hien ' {homns (9mngem) ™ Piketo Lo (Ptn ™ Detmn) Ligmn Pjmn ™' (gmn ™ Likem)
is equal to the neutral element of the group L for each 4-simplex (jkfmn) € A4, see
Lemma 3.3.

Theorem 4.2. Let My be a closed and oriented combinatorial 4-manifold and (L SHS
G,>,{ _, }pt) be a 2-crossed module. The state sum (4.13) is invariant under Pachner
moves.

The statements of Pachner move invariance are formulated in the following subsections,
while corresponding proofs are given in the appendix B.

4.1 Pachner move 1 < 5

(3) (3)
(2) 44
@) Vﬂ} @
X,
(5) Les (5)

Let us verify that the state sum (4.13) is invariant under 1 — 5 Pachner move. Since
the partition function is independent of the total order of vertices, let us fix the ordering
and verify the move in only one case. Let us denote the vertices of the 4-simplex on the
left hand side of the 1 — 5 Pachner move as (23456). Then, adding a vertex 1 on the
right hand side of the Pachner move one obtains five 4-simplices My = {(13456), (12456),
(12356), (12346), (12345)}. On the r.h.s. there are tetrahedrons Mz = {(1234),(1235),
(1236), (1245), (1246), (1256), (1345), (1346), (1356), (1456)}, triangles (jk¢) € My = {(123),
(124), (125), (126), (134), (135), (136), (145), (146), (156)}, edges (jk) € My = {(12),(13),
(14),(15),(16)} and vertices (j) € My = {(1)}. All other simplices are present on both
sides of the move.
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| Ao| |y [As| |As] | A4
L.h.s. 5 10 10 5% 1
r.h.s. 6 15 20 15 5

Table 1. Number of vertices |Ag|, edges |A1]|, triangles |As|, tetrahedrons |A3|, and 4-simplices |A4]
on both sides of the 1 <+ 5 move.

If the 1 — 5 Pachner move does not change the state sum (4.13), then the state sum of
the right hand side,

zigi =1 e [T dgw [ TT dbae / I dban

(jk)eMr (jk€)e Mo m)EMs3

: ( 11 5G(gjk£)> ( 11 5H(hjkém)> < 11 6L(ljk£mn)> Zremainder »
(jk€)e My (jkem)€eMs (jkemn)eMy
(4.14)
should be equal to the state sum of the left hand side,
Zigi? = |G|7°|H|°| L] =" 0L (123456) Zremainder - (4.15)

Here, the prefactors |G|~1Aol+IAu=IA2] | prilAol=[Arl+IA2[=IAs] apd ||~ [Aol+Arl=[A2]+[As]—[Ad]
are |G| H|4|L|~! on the r.h.s. and |G|~°|H|°|L|~! on the Lh.s., as obtained by counting
the numbers of the k-simplices on both sides of the 1 — 5 move, shown in the table 1. The
Zremainder denotes the part of the state sum that is the same on both sides of the move,
and thus irrelevant for the proof of invariance. The proof that Ziey = Ziight is given in the
appendix B.

4.2 Pachner move 2 < 4

(2) 3) (2) 3)

@ 6 ) @ 6

In order to verify the state sum (4.13) invariance under 2 — 4 Pachner move, we order
the vertices in such a way that on the l.h.s. of the move we have two 4-simplices M, Alfft =
{(23456), (12345)}, while on the r.h.s. we have four 4-simplices Mfght {(12346), (12356),
(12456), (13456)}. On the Lh.s. we have one tetrahedron M = {(2345)}, whereas on the
r.h.s. there are six tetrahedrons Mj®™ = {(1236), (1246), (1256), (1346), (1356), (1456)}.
All other tetrahedrons appear on both sides of the move. On the r.h.s. there are triangles
M3EM" — {(126), (136), (146), (156)}, and one edge M8 = {(16)}, while the rest of the
triangles and edges appear on both sides of the move.
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| Ao| |y [As| |As] | A4
L.h.s. 6 14 16 9 2
r.h.s. 6 15 20 14 4

Table 2. Number of vertices |Ag|, edges |A1], triangles |As|, tetrahedrons |A3|, and 4-simplices |A4]
on both sides of the 2 <+ 4 move.

On the Lh.s. there is the state sum,

Zl%;f—g‘l = ‘G’B‘H’1‘L|1/Ldl23455H(h2345)< H

5L(ljk:[mn)> Zremainder 5 (4‘16)
(jkemn)€eMlett

whereas on the r.h.s. the state sum reads:

ZE = |G|_11|H|_3|L|_1/Gd916 /H4 dh126dh136dh146dh156/Ldl1236dl1246d11256d11346d11356d11456

( 11 5G(9jk£)> ( 1T 5H(hjk/zm)) ( 1T 5L(ljk:zmn)) Zremainder-
(jke)ejwéight (jkfm)EMéight (jkhmi)eMiight

(4.17)
Here the prefactors |G|~8|H|7!|L|7! on the Lh.s. and |G|~ H|™3|L|~! on the r.h.s. are
obtained by counting the numbers of k-simplices on both sides of the 2 — 4 move, as shown
in the table 2. The term Ziemainder denotes the part of the state sum that is identical on
both sides of the move, as before. The proof that Zjes = Zyignt is given in the appendix B.

4.3 Pachner move 3 < 3

©  ® 5o ©  ®

In order to verify the state sum invariance under 3 — 3 Pachner move, we order the
vertices in such a way that on the lLh.s. of the 3 — 3 move, we have three 4-simplices
M = {(23456), (13456), (12456)}, whereas on the r.h.s. we have the 4-simplices Mfght =
{(12356), (12346), (12345)}. On the Lh.s. there are tetrahedrons M = {(1456), (2456),
(3456)}, and on the r.h.s. M;ght = {(1234),(1235),(1236)}. Omne notices that the six
tetrahedrons form the common boundary of both sides of the move, whereas on each side
there are three tetrahedrons shared by two 4-simplices. On the Lh.s. one has the triangle
MLt — {(456)} and on the r.h.s. the triangle ME8™ = {(123)}. All other triangles appear
on both sides of the move.
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Therefore on the 1.h.s. there is the state sum,

Zigd = /H dhyse /L \ dlia56dl2456d134560G(ga56) Or (h3ase )0 m (h2ase )0 (h14se)

(4.18)
61.(l23456 )1 (113456 )0 1. (112456 ) Zremainder »
whereas on the r.h.s. the state sum reads
ARSES / dh123/ dli234dl1235d112360G(9123) Orr (h1234) 01 (h1235) 0 (R236)
H L3 (4.19)

01, (Li2356)01 (112346 )91, (112345 ) Zremainder -

The numbers of k-simplices agree on both sides of the 3 — 3 move for all k, and the
prefactors play no role in this case, therefore they are part of the Ziemainder- 1The proof
that Zieft = Zright is given in the appendix B.

We obtain that the state sum given by the definition 4.1 is invariant under all three
Pachner moves, and thus independent of triangulation of the underlying 4-dimensional
manifold (see appendix B for the proof).

5 Conclusions

Let us summarize the results of the paper. In section 2 we reviewed the pure the constrained
2BF actions describing the Yang-Mills field and Einstein-Cartan gravity, and constrained
3BF actions describing the Klein-Gordon and Dirac fields coupled to Yang-Mills fields
and gravity in the standard way. In section 3, we reviewed the relevant algebraic tools
involved in the description of higher gauge theory, 2-crossed modules, and 3-gauge theory
and generalized the integral picture of an ordinary gauge theory to a 3-gauge theory that
involves curves, surfaces, and volumes labeled with elements of non-Abelian groups. We
have also proved three key results, stated in Lemmas 3.1, 3.2, and 3.3, which are crucial
for the construction of the invariant state sum. In section 4, we have presented the two
main results of the paper. First, we constructed a triangulation independent state sum Z
of a topological higher gauge theory for a general 3-group and a 4-dimensional spacetime
manifold My. Second, we proved the theorem that the constructed state sum is indeed
independent of the choice of triangulation, i.e., that it is a genuine topological invariant.

The constructed state sum coincides with Porter’s TQFT [33, 34] for d = 4 and
n = 3. The proof that the state sum is invariant under the local changes of triangulation
called the Pachner moves and thus independent of the chosen triangulation is presented in
appendix B. It is obtained that the state sum is invariant under all five different Pachner
moves: the 3 — 3 move, 4 — 2 move, and 5 — 1 move, and their inverses. The state sum
constructed this way can be thought of as a combinatorial construction of a topological
quantum field theory (TQFT) in the sense of Atiyah’s axioms, a topic that is beyond the
scope of this paper and will be studied in a future work.

In order to finish the second step of the spinfoam quantization procedure, however, the
generalizations of the Peter-Weyl and Plancharel theorems to 2-groups and 3-groups are
required, which so far represent open problems. Namely, these theorems should provide
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a decomposition of a function on a 3-group into a sum over the corresponding irreducible
representations of a 3-group. In this way, the spectrum of labels for the simplices, i.e., the
domain of values of the fields living on the simplices of the triangulation, would be specified.
Nonetheless, one can still try to guess the irreducible representations of 3-groups, as was
done for example in the case of 2-groups in the spincube model of quantum gravity [30],
or obtain the state sum using other techniques, see for example [50-52]).

However, if one wants to describe a real physical theory, i.e., the theory which contains
local propagating degrees of freedom, one needs to construct the nontopological state sum,
with the non-trivial dynamics. To do so, once the topological state sum is constructed, the
final third step of the spinfoam quantization procedure is to impose the constraints that
deform the topological theory into a realistic theory of gravity coupled to matter fields (as
defined in [31]) at the quantum level. We leave the construction of the constrained state
sum model for future work.

In addition to the above topics, there are also many other possible applications of the
invariant state sum, both in physics and mathematics.
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A Proof of the invariance identity

Let us prove the identity (3.16). Using the definitions of the upward composition (3.14)
and the vertical composition (3.15) of the 3-morphisms, one obtains that the left-hand side
of the equation (3.16) is equal to:

(g2, W, 15)#3 (g2, b2, 12))#2((g1, Ky, 1) #3(g1, k1, 1)) = (92, ha, 15l2) #2 (g1, ha, 1i11)

B , L (A.1)
= (gl, hghl, l2l2 h2 > (llll)) .

The right-hand side of the equation (3.16) is equal to:

((g2, Ry 15)#2(g1, hh, 1) #3 (g2, has l2)#2(g1, h1, 1)) = (g1, hohy, 15k ' 10) #5 (g1, haha, lahe ' 1)
= (g1, hohu, By B U Ly ha ' 1) (B = 8(Ia)ha)
= (g1, hoh1, 15 (8(I2)he) ' 1 la ha ' 11)  eq. (A.3)
= (g1, hoh1, 15, 8(l2) &' (ha " 1) I ha > 11)  (Peiffer identity)
= (g1, hah1, thla(ha " 1)l 1o ho > 11) (I3'9 = e)
= (g1, hohn, B lsha 5 L ha ' 1) eq. (Ad)
= (g1, haha, I laho ' (111))
(A.2)
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where in the third and sixth line we use the identities
(hlhz) >/ = h1 >’ (hg >’ l), Vhl, hy € H, Vi € L, (A3)
h I>/ (lllg) =h I>/ i h I>/ lQ, Vh € H, Vll,lg eL. (A4)

This proves the equation (3.16).

B Proof of Pachner move invariance

In this section, a self contained proof in terms of Pachner moves that the partition func-
tion (4.13) is independent of the chosen triangulation is presented.

B.1 Pachner move 1+ 5

On the left hand side of the move there is the integrand dr,(l23456):

81.(l23as6) = 01 (lazas ™ (hase ™' l3456)l2ssehase ' (956 D> losas )loase ™ hoae ' {hase, (956945) > hosalp)-

(B.1)
Let us examine the right hand side of the move, given by the equation (4.14). First, one
integrates out g2 using dg(g123), 913 using dg(g134), g14 using dg(g145), and g15 using
dc(g156), and obtains:

gi2 = 923 A(h123) " 13,

913 = g33 0(h134) "' gu4, (B.2)
g1a = 945 A(has) ' 915, .
915 = g5 O(h1se) " g16

One integrates out hjoz using 5H(h1234), h124 using (5H(h1245), h125 using 5H(h1256)7 hi34
using (5H(h1345), h135 using 6H(h1356), and h145 using 5H(h1456)7 and obtains:

1

-1 -1 -1 -1 -1
hi23 = g34 > hi34 934 > 0(l1234) " g3 > 124 g4 > hosa ,

(l1234)”
hi2s = ggs B higs 9as > 0(l1245) " gus > Rios g5 > haas
hi2s = gag > hisg 956 > 0(l1256) " gsg B> h126 gsg > hase
hi3s = ggs & higs 9as > 0(l1345) " gus > Pass g5 © haas
h13s = gag > hisg 9sg > 0(11356) " gsg > h136 gsg > hase »
hiss = gg > hisg 95 D> 0(l1456) " gsg > P46 gag B> hase -
The §-functions on the group G now read dg(e)%. Let us show this. First, for dg(gi124) one
obtains
dc(g124) = 0 (O(h124) 924 912 914 )
d(h124) 924 gz A(h123) "' 913 91_41)
O(h124) 924 g3 g4 O(haza) 1 O(h124) "' 0(h134) g34 913 917;1) (B.4)
)

¢ (0(h124) 924 933 934 (934 933 94 ) O(ha2a) ™ 6)

— 30 —



Next, for §-function dg(gi25) one obtains,

dc(g125) = 0c(O(h125) 925 G912 9715 )

I
(o9

c(0(h125) ga5 9oz O(h123) ™" 9139{51)

((h2s)
((h12s)
= da (3(h125) 925 933 G31 O(haza) "' O(h124) 'O (h134) 934 913 91_51)
(0(h1s)
(0(h1s)

I
[e%)

¢ (0(h125) 925 953 934 3(h234)719251(3(h245)713(h125)713(h145))94591491_51>

G (0(h125) 925 953 934 (934953 951 )9a5 (945 94" 9551)5(h125)_16)

=da(e).
(B.5)

Similarly, dg(g12¢) becomes

(h126)
(h126)9269%3 (h123)_19139f61)
9(h126) 926923 931 O(hosa) "' O(h124) " O(h134) 934913916 )
(h126) 926953 931 0(hasa) "' ga5' (O(haas) "' O(ha2s) "' 0(h145)) ga50(h134) 93491391 )
¢ (9(h126) 926953 931 O(hasa) 15 (O(hoas) " g5 O(hase) " O(hi2e) O (his6)gs6
A(h145)) 945914976 )
= 0¢:(0(h126) 926923 934 (934953 924 ) 915 (945924 925 ) 956 (956925 9a6 )0 (hnas) !
(916915 956 ) 956915916 )

- 6G(e)>
(B.6)
and 0 (g135) now reads,

h13s) 935 913 91_51) ,
h1ss) 935 931 O(h13a) ™" g14 gf51)

h13s) 935 934 935 O(haas) ' O(h1ss) " O(h1as) gas 914 91_51)

I

>,

Q
o N N R TR
—~ —~ g —~ —~

= 6c(0(h135) 935 931" 915 O(hzas) 1 0(h13s) ™" O(h1as) 9as 9as O(h1as) ' 915 91_51)
= 66(0(h13s) 935 931" 915 (945 934" 93},1)3(h135)_1>
=da(e),
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while 0G(g136) reads:

5c(g136) = 6 (0(h13) 936 913 916 )
= 06:(0(h136) 936 934 O(h13a) ™" 14 916)
= 06(0(h136) 936 931 935 O(has) "' O(huss) O (hias) 945 914 916 )
(0(h136)
(0(h136)
(

= 0 (0(h136) 936 934 945 L O(has) " g5g (O(hase) " 0(hize) " 0(his6)) 9560 (h14s) gas 914 916 )
= 0¢:(0(h136) 936 951 9as (945 951 935 ) 956 (956 935 936 )0 (haze) "e)
=dg(e).
(B.8)
Finally, the d-function d¢(g146) reads:
dc(g146) = b (3(h146) 946 914 91_61)
= 66 ((h116) 916 (935 D(hrss) " g15) 915’ )
= 0q (3(h146) 946 915 O(h1a5) " (956 O(hase) " g16) 91_61)
= i¢ (a(h146) 946 915 956-0(hase) " 0(h14s) "1 0(h1s6) 956 (956 O(h1ss) " g16) 91_61>
= dal(e)

(B.9)

Next, one integrates out 11235 using 6L(ll2345)7 11236 using 5L(l12346)7 11246 using 6L(ll2456)7
and [ly34¢ using 5L(113456), and obtains

liazs = (hi2s ' la3as)l1245h1a5 B (945 > 11234) 1345 P13 B {haas, (9a5934) &> h1as}p, (B.10)

l1936 = (hi26 ' l2346) 1246146 B (ga6 D 11234) 11246 P136 B {h346, (9a6934) > h123}p, (B.11)

L1246 = (hi26 ' l2as6) 12560156 B (956 D> l1245) 11456+ haae B {hase, (956945) & h12a}p
(B.12)

lisa6 = (hise ' l3456) 1356156 B (956 ™ l1345) 11456+ haae B {hase, (956945) > hisa}p -
(B.13)

Let us now show that the remaining J-functions on the group H equal dx(e). First,
0r7(h1235) becomes:

511 (h1235)=01 (8(11235)h135(g35>h123) higgs s )
=0 (5((}1125 >'l2345) 1245 P45 (9455 11230) L5 P13 {haas, (945930) > haza }p) hass (935'>h123)h2_315h1_215>
=0n ( (h1258(12345) 1250 (li2a5) has (94550 (11234) )50 (11345) " hssd({haas, (945934)>Ras ) hiss)
h135(g3s >h123)h§315hf215>
. <h235h345 (945> higy ) hais his 125 hoas (9as™hisy ) hiis hias (455> (ha2ahasa (g3a>hiss ) hisy )
his (h1as (945> h134) s hiah ) hassd ({hsas,(945934)>ha2s }p) higs h135(9351>h123)h£315)

=611 (h345 ((945934)> T 193) hiyis 0 ({haas, (945934) > Pa2s }p) (355> hi2s).
(B.14)

Here, one uses the following identity

§{h1,ha}p(0(h1) > ha)hhythit =e. (B.15)
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Substituting gss = 9(hsa5)945934, and applying the (B.15) identity for hy = hsss and
ho = (ga5934) > hi23, one obtains

0 (h1235) = dm(e). (B.16)

Similarly, one obtains for dz(h1236):
11 (h1236) =0 (8 (11236) P136 (936> P123) hams hiog)
=0n (5((h126>/12346)11246h146>/(946l>l12361f3146h136l>'{h3467(g46934)>h123}p)h136(936>il123)h53lfsilf2lfs>
:6H<(h1265(l2346)}Lf21($5(11246)h146(946|>5(11234))h;4165(11346)71h1365({h3467(g46934)>h123}p)hf31(3)
h136(936>fl123)h531<;hf216)
=0 <h236h346 (946> P31) haishissh126h246 (946> 120) Piighias (as™> (hizahasa (934> higs) hizy))
hf41<3(h146(946>h134)h§416hf31<3)h1365({h346,(g46934)>h123}p)ilf31(;h136(936>h123)h5316>

=61 (h3a6((946931)>h13) 160 ({haae,(946934) > 123 o) (936> Te123).
(B.17)

Substituting gss = 9(hs6)g46934, and applying the (B.15) identity for hy = hsse and
ho = (g46934) > hi23, one obtains

0r (h1236) = 0 (e) . (B.18)

Similarly, one obtains that dz(hi246) = 0r(hisas) = dm(e). The remaining J-function on
the group L d1,(l12356) reads:

61 (l12356) = 01 (l1236 ™~ " (ha2e ' lasse ) 1256156 > (56 > l1235) 1356~ hase ™ {hss6, (956935) > haastp) -
(B.19)

After substituting the equations (B.10), (B.11), (B.12), and (B.13), one obtains:
01 (l12356) =01, (h136 >' {3, (946934) > h12s}y  (Ruse ' I3as6)l1356h156 > (g56 ™ 1345) 1456

hiae ' {hase, (956945) > h1sa}phise ' (gas ™ li2sa) ™ haas >’ {huse, (956945) > hi2a}y Hiase
hise B (956 D 11245) ok (P26 B l2ase) ' (hi26 ' lazas ") (haae & I2a56) 1256

hise ' (956 > ((R12s ' 12345)l1245h145 B (945 > l1934) 1345135 ' {h3as, (9a5934) B> P12 }p))

li3s6~ "hase >’ {hase, (956935) > h123}p> .
(B.20)

Using the identity (3.4) the delta function d7,(l12356) becomes:

0r(li2356) = 0L ((h136 > I3456) 113567156 > (956 > 11345) 1456~

h1465>" {hase, (956945) > h13a tphias > (960> 11234) ™ haas > {huss, (956945) > P12}y Hase
§(h1s6 D> (956> l1245) 1) > ((5@1256)71}1126) > (Iyiselomael23se) s > (956> (h1as >/12345)))
h1s65>" (956> (P15 > (950> 11234) 1345) 1356~ ' (hasehaas) >’ {h3h356 956> haas,

(956945934) >h123}p) .
(B.21)
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Commuting the elements, one obtains
01 (li23s6) =61 ((hlsﬁ >’ (g565>6(l1245) )8 (l256) " hi2e) >’ (Iasselomasl2ss6hase > (56> la345) )

156> (956> (hias >’ (945> 11234) 1545 ) ) lizse ' (Razehaas) >’ {h3u6h356956 > haas, (956945934) > haos b
136" lsasel13s6 P 156> (956> 11345) (6 (L1ase) ™ hiae) >’ ({Puse, (956945)>R13a}p)
(6(l1ase) ™ hiae) > ((9a6>11234) ") (6 (l1ase) " hias) > {huse, (956945)|>h124};1) .
(B.22)
The tetrahedron (3456) is part of the integrand on both sides of the move, so using the
condition (49) for 5H(h3456) one can write h§416h356g56 > hgys = h??416 >/ 5(l3456)_1h456-
Then, using the identity (3.4) one obtains that
{h3ish356956 > haas, (956945934) > ha2a }p = {haye B 0(l3456) ™ hase, (956 945934) > h123 }p
= (h346>"0(I3456) ") > {hase, (956945934) > h123 }p
{h3165>"6(Isas6) ™", (9a6934) > Pa2s}p (B.23)
= hi6>" Isgn6{Pase, (956945934) > Paas )} p
((g16934) > hi123hasg) > 13456 »

where in the last row the definition of the action >’ is used. Substituting the equation (B.23)
in the equation (B.22) one obtains

5L<l12356):5L((h156|>l(956Dé(l1245)71)6(l1256)71h1265(l2456)71)|>I(12_3146l2356h256D/(g56|>12345>12_4156>
has6>' (9565 (h1as>' (9a5>l1234))) (haseD>' (956506 (11345) ™1 )0 (l1356) ™ h1360 (I3456) ™ higae ) >’
({has6,(956945934) > h123 }p ((9a6934)>h123) > 13456) (6 (1156) " h1as) > ({hase,(956945) > 134 }p)
(5(l1456)71h146)\>/((9461>l1234)71)(5(l1456)71h146)>/{h4567(956945)|>h124};1>-
(B.24)
Commuting the element 3456 to the end of the expression, one obtains

61.(l12356)=01 ((h156> (95650 (l1245) )3 (l1256) " h1260 (laase) ™) (Iozasl2ssehase™' (956512345 ) aise)
haset>' (9565 (h14s>' (gas>l1234))) (P56 (95620 (11345) ™) (la3s6) " hased (lsase) ~ haag) >’
({ha56,(956945934)>h123 }p) (6 (11a56) " 1a6)> ({huse,(g56945) > 134 }p )
(6(11as6) ™ haae)> ((gas>li234) ) (5(l1456)71h146>D/{h4567(g56g45)|>h124};1

(h1569565> P 145h246 946> haszaha s ) B> 13456 ) ) -
(B.25)

Acting to the whole expression with (hise >’ (956 > 6(l1245) 1) (l1256) ~ h1260(l2as6) ~1) 1>,
one obtains,

1(112356) =01 (Ig3y6l2356 h2565> (95612345 ) losse (246 has56 (956945 ) > iy ) B>
((956945)>11234 ((956945)>h134hg55) > {hase,(956945934) > P123 }p
a6t { hase,(956945) > 134} phigs > 946> 11054 (P56 946> h124) > { huse, (956945)‘>h1_214}p)

(haasgast>hasahag)>'l3as6.
(B.26)
Using the identity (3.5) for {has6, (956945) > (h134g34 > h123) }p,

{has6, (956945)> (h134g34>h123) }p = {hase, (956945)>N134 }p(9a6>N134) > { hase, (956945934)>h123 }p
(B.27)
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one obtains:
51(l23se) = 01 (Iza6l2356h256 ' (956 B> L2345 ) 55616 D> ((h456(956945) > hipy)>’
((956945) D> l1234hms B {hase, (956945) &> (h134g34 D> hi123) bp

hisg > 946 B> lf2134) {has6, (956945) > hf214}p) (hoaegas > hazahajs) ' l3456) -
(B.28)

Using the identity (3.5) for {h4s6, (956945) > (h1_214(5(l1234>h134g34 > h123) }p one obtains the
terms featuring l1934 cancel, i.e.,

1.(112356) =01, (Ig34612356 h2s6 > (956512345 ) lonse
hoa6B>"{ has6,(956945) > (h1530 (11234) h13a934>h123) Yo (hoaegast>hasahass ) > 13456
=01, (I2346 23562565 (9565> 12345 ) 2456~ h2a6D>'{huse, (956945 ) >h23a tp (3(123a6) " hase)>"l3456))

=07,(l23456),

(B.29)
the delta function dr(l12356) on the r.h.s. reduces to the delta function 0 (l2sss6) of the
L.h.s. The integrations over l1234, l1245, ll256, l1345, l1356, and l1456 are trivial, and ﬁnally
one obtains,

r.h.s. = 5@(6)65H(6)45L(l23456> = ’G‘6‘H’45L(123456) . (B.30)

The prefactors |G|~ |H|~#|L|~! on the r.h.s. and |G|~®|H|°|L|~! on the Lh.s., compensate
for left-over factors.

B.2 Pachner move 2 < 4

On the left hand side of the move one has the following integrals and the integrand,

/Ldl23455H(h2345)5L(123456)5L(l12345). (B.31)

Integrating out losss using dr,(l12345), one obtains

ly3as = hias " >’ (liasshass ' {haas, (9a5934) > haas}y lisashias 7 (ga5 > lizsa) ™ ligys) -
(B.32)
The o-function dz (h23s5) now reads,

51 (hazas) = 0 (5(l23as)haas (gas > haza) hajs h§315)
=0y (h125_15(l1235)h1355({h345> (945934) > h123}y Vhig50 (lisas) haas (gas > 6(li2sa)) " Ry

8(l1245) " Pa2shoas (945 B hosa) hags hogs) -
(B.33)
Using the identity (4.9) for the tetrahedrons (1235), (1345), (1234), and (1245), the equa-
tion (B.33) reduces to:

O (hosss) = 0m <h125_1h125 hass (935 B hiss) Pigshissd ({hsas, (gasgsa) > h123};1)hf315h135 hsas (gas > hisy)
hiishiasgas & (Risa(gsa B hi23)hogyhisy)higshias(gas > hi2a) hagshisshioshoas (a5 & hoga) hags hags)

= 5H<(935 D> hing) 6({haas, (g9a5934) > haas}y ') haas (9asgsa) > huas) hiys) -
(B.34)
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Here, one uses the following identity
5{h1,ha}p(d(h1) > ho)hihy *'hit = ¢, (B.35)
for hy = hsss and hg = (g45934) > h123, and the identity gs5 = O(hs45)g45934, and obtains
O (hasas) = dm(e). (B.36)

The remaining d-function 07, (l23456), reads

61.(I23456) = 01, (12346~ " (haze &' I3456)I2356 P56 & (956 > l2345) 12456~ haae ' {hase, (956945) > hazatp) -
(B.37)
Substituting the equation (B.33), one obtains

01, (lagase) = 01, (Z234671(h236 > I3456) 2356 h2s6 > (956 > (hizs ' > (lizsshass & {hsas, (945934) B> h123};1

lizashias > (ga5 > 11234)7”172145)))l245671h246 > {huse, (g56945) > h234}p) .
(B.38)

Commuting the elements one obtains

d1.(lazase) = 6L, <12456_1l2346_1l2356(h256956 > higs ) B gs6 D L1235 (hasegse > Pi2s~ gse > hiss) >’
((935 B> hioshiag) B 13456) {956 > hsas, (956945934) > h123};1

(956 = h3a5(g56945) > (h123hasy)hass) B {hase, (956945) > h234}p)
(hasegse > hi2s ) B gs6 B li3as (h2segse &> hi2s~ gs6 & his) B ((956945) > li234)
(

hasegse > hias ) B>’ gse > lf2145) .

(B.39)
Finally, the Lh.s. reads:

Lh.s. = 5H(€)6L(l23456) == ’H|5L(l23456) . (B.40)

Let us now examine the right hand side of the move, i.e., the integral (4.17). First,
one integrates out g1 using dg(gi126), and obtains

916 = 9(h126) g26 g12 - (B.41)

Next, one integrates out higg using dg(hi236), h136 using 0 (hi346), and hige using d g (h14s6),
and obtains

hi26 = 8(l1236)P136 (936 > P123) hogs
h13e = 0(l1346)P146 (9a6 ™ P134) hajs | (B.42)
h1as = 8(l1a56) P56 (956 > h1as) hysg -

The remaining §-functions on the group G reduces to dg(e)3. The d-function dg(g136)

c(9136) = 9c (O(h136) 936 913 91g. ) » (B.43)
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after substituting the equation (B.41) reads:

6c:(9136) = 6¢:(0(h13s) 936 913 912 9a6 O(h126) ') - (B.44)

Using the equations (B.42) for hi96, and hisg, and hi46, and the identity 9(dl) = 0 for every
element | € L, the d-function dg(g136) reduces to d;(e) after implementing the identity (4.7)
for the triangles (156), (145), (456) (134), (346), (236), and (123). Similarly, one obtains

dc(g146) = dc(g156) = da(e).
One integrates out ly236 using 0r,(l12346) and obtains

l1236 = (h126 >’ lo36) 12460146 > (9a6 > 11234) 1546 11136 > {ha46, (ga6934) > P12z }p,  (B.45)

l1246 using 5L (112456) and obtains

l1246 = (h1265>"l2456) 1256156 > (956 >11245) 1456 P1a6™>' {Pas6, (956945)>P12a}p,  (B.46)

and 11346 using 01, (l13456) and obtains

lisae = (h136>"l3456) 13560156 > (956> 11345) 1456 P46 D> {hase, (g56945)>h1satp.  (B.AT)

The remaining J-functions on H reduce on dz(e)3, similarly as in the case of 1 —5 Pachner
move, i.e., one obtains 5H(h1256) = 5H(h1356) = 5H(h1456) = 5H(€) For the remaining
d-function 5L(l12356>7

dr(l12356) = oL (l1236_1(h126 > la3s6) 112561156 B (956 D> l1235) 1356~ “h1se &' {hsse (956935) B> h123}p> ,
(B.48)
one obtains, after substituting the equations (B.45), (B.46), and (B.47), the following

dr,(li2sss) = 01, (h136 >’ {h346, (9a6934) > h123}p~ iza6h1a6 B (ga6 B> l1234)  inys(P126 B l23a6) "
(h126 B I2356)l1256h156 &' (956 > l1235) 11356 h1ze ' {hase, (956935) > h123}p>
= 5L((h126 > loas6) ™" (h2e ' lasas) ™" (haze ' lasse) (hasegse > hizs ') B’ liass
§(lgse) >’ <6(11356)71 >’ (h13e ' {hase, (956935) B> P23 }p(h1sehaas) & {hats, 936 &> h123}p
(h13e B 13456) ) P1se B (956 D li3as) 1456~ R1ae B {hase, (956945) B> hazatphias &' (gas > l123a) "

h1ae ' {hase, (956945) > ha2a}p lasehise > (g56 ™ 11245)_1>> .
(B.49)

Commuting the elements in order to match the Lh.s. of the move, i.e., the §-function given
by the equation (B.39), and using the identity (3.4), i.e.,

{h3a6hss6, (956935) B> h123}p = hags &' {hase, (956935) > h123}p{hass, 936 > haos}p, (B.50)
one obtains
01 (l2356) = 5L((h126 > l2456) " (ha2e ' losas) ™ (Ra26 &' lagse ) (ha26hasegse > hizs ™) ' L1235
d(l12s6) >’ (5(11356)71 > ((hasshaas) > {hzishsse, (956935) > h123}p(hiss ' 13456))
hise B (956 & 11345) (6 (11as6) ™" h1ae) ' ({hase, (956945) B> P13 }p(gae > l1234) "

{h4567 (956945) > h124}_1>hl56 >’ (956 > 11245)_1 .
P
(B.51)
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Using the identity (3.4) again one rewrites the following term as

(hisshsas) ' {haashase, (956935) & hizs}p(hise B l3a56) =
(h3ehsae) ' {hzis > 6(I3a56) ~  hasegse & hags, (956935) & hizs }p(hise B l3456) =

(hass ' 6(Isas6) *Pasehaas) B ({hasegs6 & hits, (956935) & P23 tp((946934) B> haashais) &' 3iks) »
(B.52)

and substituting it in the equation (B.51) the d-function becomes:

dr(l12356) = 01, ((h126 > loase) " (R126 B l2sae) " (hage &' lasse) (hi26h2s6956 & hi2s 1) &' L1235
§(lase) > ((5(l1356)_1h136 >’ §(I3456) ~ h3ehaas)>’
({has6956 ™ hass, (956935) > h123}p((g46934) > hi2ahajs) B 13456))
(h1s6956 > h13sgss > (hasgas > hisy)hiss) ' ({hase, (956945) > hasa}p(gas > li2sa) "
{hase, (956945) > h124};1))(h126h256956 > hios ™) B (hase B (956 > l1345) (956 > 11245)71)> .
(B.53)

Commuting the elements l3456 and {hasegs6 > h3as, (956935) > h123}p, and using the iden-
tity (3.4) to rewrite this Peiffer lifting, one obtains

01 (l12356) = 5L((h126 > loase) " (haze > l236) " (has ' lasse) (h1ashasegse > hizs ™) >’ liass
(hashasegse > hi2s ™ hiss(gs69ss) > h123gs6 B hisg) > gs6 & laase
(h126h256956 > hiasg56 > h135956 > haas) >’ ({956 > hijs, (956935) > hiashp
hiss ' {hase, (956945934) > has}p((956945) > higahing) &' ({hase, (956945) & hisa}p(gas > li2sa) ™"

{hase, (956945) > h124};1)) (h126h2s6g56 > hias 1) &' (hase ' (gs6 > l1345) (g56 & 11245)71)) .
(B.54)
After the similar transformations as in the case of 1 —5 move, commuting the element /1934
so that the order of the elements matches the order in the expression (B.39), and acting
to the whole expression with hi, one obtains

dr(l12356) = 0L <l245671123467112356(}1256956 > hias 1) B gs6 & L1235 (hasegse > hios ™~ 'gse > hizs)>’

((935 B> hiashisg) B l3as6) {g56 > hsas, (956945934) > haas}, ' (gs6 > haas(gs6945) > (ha23hisy) himg)>'

{hase, (956945) > h234}p> (hasegse > hizs 1) &7 gs6 > lizas

(hasegse > hi2s ' gs6 > hias) B ((g56945) B li234) " (hasegse &> hias ) B gse > llezls) .

(B.55)
which is precisely the equation (B.39). The remaining integration over the element hjss of
the group H and remaining integration over the three elements of the group L, l1246, (1256,
and ly356, are trivial, yielding the result on the r.h.s. to:

r.hs. = dg(e) 0 (e)® 61 (lasse) = |GI® |H[? 51 (liasse) - (B.56)

The prefactors are |G|~8|H|~!|L|~! on the Lh.s., and |G|~ |H|73|L|~! on the r.h.s. com-
pensate for the left-over factors.
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B.3 Pachner move 3+ 3

Let us first investigate the r.h.s. of the move. First, one integrates out the /1235, exploiting
01 (l12345) and obtains

l1235 = (h1255> 12345 ) 12450145 (ga5>11234) 11345 P35> {h3as, (ga5g34)>hi2s}p,  (B.57)

and one integrates out l1236, exploiting dz,(l12356) and obtains

li2ss = (126> lass6) 1256 P56 > (956> 11235) 1356 Piset> {hase, (956935) > haas}p.  (B.58)
Next, one integrates out hi23, exploiting dz(l1234) and obtains:
hias = g1 > higy 931 & 0(li23a) " g3 © P24 g3, © hasa. (B.59)
The J-function dc(g123), when using the equation (B.59) reads

6c(g123) = 0 (935" > O(h13a) ™' gzi > (5 (l1234)) " gi' > O(h124) g3 > O(hasa) go3 12 9731 5
(B.60)
which then using the condition 96 = 0, reduces to

66(9123) = 0 (O(h134) " O(h124) O(hasa) 934 923 912 913 934) - (B.61)

Using the condition (4.7) for the triangles (134), (124), and (234), it finally reduces to

da(g123) = o (e) - (B.62)

For the é-function df(hi235), one obtains, after using the equation (B.57):

O (hi23s) = Om ((h1255(12345)}11_2%)5(11245)(h145(g45 > §(l1234))h1is)0 (l1345)

hiss ' {h3as, 935 > h123}p h13s (935934 ) > (hiay 0(11234) " h12a hosa)) hags h1_215> .
(B.63)
Using the é-functions 07, (ha3as5), 01 (h1245), and 01, (h1345), that appear on both sides of the
move, and are thus part of the integrand,
6(la345) = has haas (gas > hogy) hogs »
6(l1245) = h12s hoas (945 ™ hiy) higs (B.64)
0(l13a5) " = haas (9as > haza) higs higs

one obtains:

dr(hi23s) = 0m (h125h235 345 (9as B hogy) hoisPiashi2s hoas (gas B hiay) hiashias(gas & 0(l1234) ) hiss
145 (g5 © h1sa) hags higshiss & 0({haas, (945934) > R123}p)
hiss (935934 1) > (hizy0 (l1234) ™" hioa hozs)) hogs h1_215)

=0 (h345(945934) > hios hais0({hsa5, (9a5934) B> hi2s}p) (g35 h123)) .
(B.65)
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Substituting gs5 = 9(hsas)g45934, and applying the identity
§{h1,ha}p(0(h1) > ha)hihy thit = e, (B.66)
for hy = hsss and he = (g45934) > h123, one obtains

0 (h123s) = du(e). (B.67)
Similarly, one obtains that dg(h1236) = dg(e). The remaining d-function 0z (l12346) reads

61(li2sae) = 1 (Liaze ™" (ha2e B lozas)l1246h 146 ' (9a6 > l1234) 11346 " huse ' {hsae, (946934) > hios}p) -
(B.68)
After substituting the equation (B.58), and then the equation (B.57), one obtains:

51.(li23a6) = 61 (hize ' {hase, (956935) > h123};1l1356h156 >’ (g6 &> l1235)  iaseh126 &' logsg

(h126 &' l2346) 1246146 ' (946 > l1234) 1316~ P136 B {haa6, (ga6934) > R123}p)

= 61 (h1ss ' {hss6, (956935) > M}y 1sse
hase ' (956 & ((ha2s >’ l2345)l1245h145 ' (gas > l1o3a) 135~ " hass ' {haus, (ga5g34) > haas}p)) ™
Uiasshi26 B logsg (Piae B 1z ) 1246 P46 B (gag B li234) 1316~ “haze &' {hsa6, (946934) > ha2s}p) -
(B.69)

After commuting the elements, i.e., using the Peiffer identity for the crossed module (L LN
H,>"), one obtains

1

51 (li2sa6) = 01 (hase ™' {hsse, (g56935) D> h123};1
(0(l1356)h156956 > huss) ' gs6 > {hsas, (9asg3a) > hazs}y issehise ' (g56 B> l1345)
(h1s6956 > h1as) > ((956945) > li23a) ~ hase B (g56 & l1245) " (Rusegs6 © hizs) & (g56 > lygss)lisse
hiae ' Uogs6(ha2e B 123a6) 12460146 B (ga6 > l1234) 1346~ 136 B {haag, (ga6934) > hi2s}p)
= 61((6(11346) " haze) B {haas, (9a6934) > P123 }p (6 (I1346) " haze) >’ {hase, (g56935) > h123};1
((6(11346) "0 (l1356) 156956 > hizs) B gs & {haas, (945934) > h123};1
(0(11346) ™" 6(la356) hrass " (956 = 0(l13as))hasegse > haas) B ((956945) > li2sa)  Hishg
lisshise &' (956 & l13as)huse B (956 > li2as) " (hsegse > haas) & (g6 & loghs)

IiossP126 &' logsg (h1s ' la3a6)l1246h146 B (ga6 > l1234)) -
(B.70)
Using the identity (3.7) one obtains that

{h34s, (9a6934) > hias}p = haae >’ {h34g, g36 > hizs}y ' (B.71)
Using a variant of the identity (3.4), i.e., that
{hihohs, ha}y " = {h1,0(h2h3)>ha}y " ha>' {ha, O(h2)>ha}, (hiho) >’ {hs, ha}, ', (B.72)
one obtains that

{higs hase (956 > haas), (g56945934) > haos}y ' = {hiys, (9a6934) > haas}y "B & {hase, (956935) > haos}y !

(hishsse) ' {gs6 > haas, (g56945934) > hias}y ",
(B.73)
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rendering the expression (B.70) to

61(l12346) = 01 ((h1469a6 > h13a) ' {hayk hase (956 ™ haas), (956945934) > h123};,1
(6(11346) "6 (l1356) h1se ' (956 > 6(11345) ) h156956 B> hias) ' ((g56945) > l1234)
Iiaael1356P156 B (956 © L1345)hise ' (956 > l1245) " (h1s6956 B P12s) &' (956 ™ logus ) izse

hi26 B> logre(P126 B la3a6)l1246h146 &' (ga6 > l1234)) -
(B.74)

Substituting the equation (B.59), and using the identity (3.5), one obtains that the expres-
sion,

{34k hase (956 > haas), (956945934) > h123};1 = {31 hase (956 > haas), (g56945) > ((hgy >’ 5(11234)‘1)h1’3£1h124h234};1
= (946 > (higy ' 8(l123a) 1)) &' {haig Pase (g56 > haas), (g56945)>
(hissha2ahasa) b, s hase (956 ™ hsas), (956945) B (higy ' 0(l2sa) ™)},

(B.75)
using the identity (3.9), i.e., that

{hia6 hase (956 > hsas), (956945) > (higy > 6(li2sa) ™)}y = ga6 > (hiy > ligss) (higs hsse

(956 &> haas)) &' ((g56945) B> (higy B l1234))
(B.76)

reduces to
{hask hase (956 ™ haas), (956945934) > h123};1 = ga6 > (hizy ' 6(l123a) ")
{hi16 hase (956 ™ haas), (956945) > (higghiaahasa) by

(K36 hase (956 > has)) B ((g56945) > (hisy B l1234)) -
(B.77)

Substituting this result in the expression (B.74) the terms featuring ;234 cancel, and finally
the delta function 07, (l1234¢) reads:

51 (li2346) = 01 ((h1a6gae > hasa) B’ {hijg hsse (956 > haas), (956945) > (higyhizahosa) }y Hissel1356
Rise ' (956 > l1345)h1s6 B (56 > l1245)~  (R1s6g56 &> hi2s) 7 (956 > logys)

Iiossh126 B loasg (R126 > l2346)l1246) -
(B.78)
One obtains that the integration over l1234 is trivial, and the r.h.s. of the move finally reads

r.hs. = 6 (e)dn(€)?5L (hiss &' (956 > li2as) " hase B (956 > (hias B l2345)) ~* lis56
hi26 B lzs6(h126 B 12346)1246(R 146946 B> h13a)>

{h3s hase (956 > haas), (g956945) > (higyhi2ahasa) b, Higiglissehise ' (g6 > l13as) -
(B.79)

The integral of the l.h.s. reads
S dhase [15 dliasedlzasedlzase0c(gase) O (haase)0m (hoase ) O (R1ase )01 (123456 )01 (113456 )01, (112456 ) -
(B.80)

First, one integrates out the l1456, exploiting d7,(l13456) and obtains

l1a56 = h146 D> {Pas6, (956945) > h1za Hizas ™ (hise ' 13456 ) 1356 h156 > (956 > l1345).  (B.81)
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Next, one integrates out the logs6, exploiting d7,(l23456) and obtains

loass = haae > {hase, (956945) B> hosa Hozae ™' (hase D 13456 )l23s56has6 > (956 & lozas) . (B.82)

Next, one integrates out h4sg, exploiting dz (hsss6) and obtains

hase = hais 0(13a56)hase (956 > haas) - (B.83)

Using the equation (B.83), one obtains that

66(9156) = 0 (O(haas) ~* O(hase) gs6 &> O(h3as) gs6 9a5 Gig.) (B.84)

which, using the identity (4.7) for triangles (346), (356), and (345), reduces to:

dc(gas6) = da (e) - (B.85)

Similarly as done for the right-hand side of the move, one shows that dz7(h1456), when using
the equation (B.81), and 6 (ha4s6), when using the equation (B.82), reduce to dy(e)?. The
remaining 0r,(l12456) now reads

51(li2as6) = 01 (lizas ™ (ha2e >’ loase)li2s6hase 7 (956 ™ li245)l1ase ™" hiae > {hase, (g56945) B> haa}p) -
(B.86)
Substituting the equations (B.81) and (B.82), one obtains

1(l2ass) = 01 (11246~  (P126 ' (haas > {Pas6,(956945) B> hosa tplosas ™' (hase ' l3456) 2356
hase ' (956 & lozas))) 1256156 ' (956 > l1245) hise &' (956 ™ l13a5)  izs6(hise ' l3456)

lisachiae > {hase,(gs6945) > h134};1h146 > {hase(956945) > h124}p)-
(B.87)

After commuting the elements, i.e., using the Peiffer identity for the crossed module (L LN
H, '), one obtains

61.(l12456) = 01, ((6(l1246) " h126h246) B> {has6, (956945) B> hasa }p(6(l1246) " hize B> 0(l23a6) ~ haaehass) B’ 3456
lisa6h126 B o346~ "haag B lasse(hiachase) B (gs6 B l234s) )
liasehise ' (956 > li245)hase B (956 B l13a5) lizsel1346(0 (l1346) *h13e) ' l3as6 "

hiae > {hase, (g56945) > 7%134}51 hia6 > { hase, (956945) > P124}p) -
(B.88)

Using the identity (3.10) for the inverse of the element {hys¢, (956945) > h134}51, and then
the variant of the identity (3.5), i.e., that is,

{h1, hahzhalp = {h1, ha}p(9(h1) B> ho) &' {h1, ha}p(O(h1) &> (h2hs)) ' {h1, ha}p, (B.89)
one obtains

{has6, (g56945) B> (hizyh124ho34) }p = {Pase, (956945) B> higy bp(ga6 & hizy) B {hase, (956945) > P24 }p

(946 & (hig4h124)) &' {hase, (956945) > hi2atp ,
(B.90)
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rendering the equation (B.88) to

61.(l12a56) = 0L ((6(11246) 126 > 6(lazae) ™ haashase) >’ l3ase
lioueh126 B 12316~ h1ae B lagse(h126hase) > (956 > l2345) )
liasehise > (956 D l1245)h1s6 B (956 D l13a5)  izsel1346 (0 (l13a6) ~“T13e) ' 356"

(h146ga6 ™ h1sa) ' {hase, (g56945) > (hizghi2ahasa)}p) -
(B.91)
Using the equation (B.83), and the identities (3.4) and (3.6), similarly as for the r.h.s. of the
move, one obtains that the terms featuring ls456 cancel, i.e., the delta function 0 (l12456)
reads

61.(l12a56) = 01 (Iz46h126 & 12346~ "haoe B lasse (hi26hass) B (956 B l23as) 1256156 & (956 > l1245)

hase B (956 ™ l1345)  liasgl1346(P 146946 ™ hiza) B {hase, (g56945) B> (Riaghi2ahosa) }p) -
(B.92)

It follows that the integral over l3456 is now trivial and L.h.s. of the move finally reduces to:

Lh.s. = 6g(e)dm(e)2L (hia B lozaglioas (h1a6gas > h13a) >’ {hase, (956945) > (h1_314h124h234)};1
17346 11356 h1se > (g56 > l13as) hise ' (956 B> li245) ™ (h1s6gs6 > hi2s) B (gse > lagas)
1256 h1ze ' lgsg ) -
(B.93)
The expressions (B.79) and (B.86) are the same, which proves the invariance of the state
sum (4.1) under the Pachner move 3 — 3. The numbers of k-simplices agree on both sides
of the 3 — 3 move for all k£, and the prefactors play no role in this case.
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CrossMark
Abstract
The higher category theory can be employed to generalize the BF action to
the so-called 3BF action, by passing from the notion of a gauge group to the
notion of a gauge three-group. In this work we determine the full gauge sym-
metry of the 3BF action. To that end, the complete Hamiltonian analysis of
the 3BF action for an arbitrary semistrict Lie three-group is performed, by
using the Dirac procedure. The Hamiltonian analysis is the first step towards
a canonical quantization of a 3BF theory. This is an important stepping-stone
for the quantization of the complete standard model of elementary particles
coupled to Einstein—Cartan gravity, formulated as a 3BF action with suitable
simplicity constraints. We show that the resulting gauge symmetry group con-
sists of the familiar G-, H-, and L-gauge transformations, as well as additional
M- and N-gauge transformations, which have not been discussed in the existing
literature.

Keywords: quantum gravity, higher gauge theory, higher category theory, three-
group, BF action, 3BF action, gauge symmetry
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1. Introduction

Among the most important open problems in contemporary theoretical physics is the problem
of quantization of the gravitational field. Within the framework of loop quantum gravity (LQG),
one of the most prominent candidates for the quantum theory of gravity, the study of nonper-
turbative quantization has evolved in two directions: the canonical and the covariant approach.
See [1-4] for an overview and a comprehensive introduction to the theory.

The covariant quantization approach focuses on defining the gravitational path integral of
the theory:

Zy = / Dgelulsl, (D

In order to give the rigorous definition of the path integral, the classical action of the the-
ory Sy is written as a sum of the topological BF action, i.e. the action with no propagating
degrees of freedom, and the part featuring the simplicity constraints, i.e. sum of products of
Langrange multipliers and the corresponding simplicity constraints imposed on the variables of
the topological part of the action. Next, one defines the path-integral of the topological theory
given by the BF action, using the topological quantum field theory (TQFT) formalism. Once a
path-integral is defined for the topological sector, it is deformed into a non-topological theory,
by imposing the simplicity constraints. This quantization technique is known as the spinfoam
quantization method.
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The spinfoam quantization procedure has been successfully employed in various theories,
including the three-dimensional topological Ponzano—Regge model of quantum gravity [5], the
four-dimensional topological Ooguri model [6], the Barrett—Crane model of gravity in four
dimensions [7-9], and others. The most successful among these is the renowned EPRL/FK
model [10, 11], which had been specifically formulated to correspond to the quantum theory
of gravity obtained by the canonical loop quantization, where a state of the gravitational field
is described by the so-called spin network.

However, note that all mentioned models, formulated as constrained BF actions, are theories
of pure gravity, without matter fields. Recently, as an endeavor to formulate a theory that unifies
all the known interactions, one interesting new avenue of research has been opened, based on a
categorical generalization of the BF action in the context of higher gauge theory (HGT) formal-
ism [12]. One novel candidate discussed in the literature [13], uses the three-group structure to
formulate the 3BF action as a categorical generalization of the BF theory. Then, modifying the
pure 3BF action by adding the appropriate simplicity constraints, one obtains the constrained
3BF action, describing the theory of all the fields present in the standard model coupled in a
standard way to Einstein—Cartan gravity.

Once the appropriate classical theory has been constructed, one needs to quantize it by con-
structing a topological state sum Z using the algebraic structure underlying the topological
sector of the constrained 3BF action, i.e. the underlying two-crossed module. This construc-
tion has been recently carried out in [14], where a triangulation independent state sum Z of
a topological HGT for an arbitrary two-crossed module and a four-dimensional closed and
orientable spacetime manifold My is defined. Once the topological state sum is formulated,
one could proceed to modify the amplitudes of the state sum in order to impose the simplicity
constraints and obtain the state sum describing the full theory. In this way one would finally
arrive at the rigorous definition of a path integral given by the equation (1).

In addition to the covariant approach, one can also study the constrained 3BF action, using
the canonical quantization. This approach focuses on defining the quantum theory via a triple
(H, A, W), i.e. the Hilbert space of states , the algebra of observables .4, and the dynamics W
given by the transition amplitudes. Specifically, in canonical LQG, the algebra of fields that are
promoted to the quantum operators is chosen to be the algebra based on the holonomies of the
gravitational connection. However, in the case of the 3BF theory, the notion of connection is
generalized to the notion of three-connection, which makes its canonical quantization approach
an interesting avenue of research. The first step toward the canonical quantization of the theory
is the Hamiltonian analysis, resulting in the algebra of first-class and second-class constraints.
The first-class constraints become conditions on the physical states determining the Hilbert
space, while the Hamiltonian constraint determines the dynamics.

The results presented in this paper are the natural continuation of the results presented in
[13]. The main result is the calculation of the full symmetry group of the pure 3BF action. To
that end, the complete Hamiltonian analysis of the 3BF action for a semistrict Lie three-group
is performed by using the Dirac procedure (see [15] for an overview and a comprehensive
introduction to the Hamiltonian analysis). It is a generalization of the Hamiltonian analysis
of a 2BF action performed in [16—19], and of the Hamiltonian analysis for the special case
of a two-crossed module corresponding to the theory of scalar electrodynamics, carried out
in [20]. The analysis of the Hamiltonian structure of the theory gives us the algebra of first-
class and second-class constraints present in the theory. As usual, the first-class constraints
generate gauge transformations, which do not change the physical state of the system. Using
the Castellani’s procedure, one can find the generator of the gauge transformations in the the-
ory on a spatial hypersurface. Then, the results obtained by this method are generalized to the

3
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whole spacetime. The complete gauge symmetry, consisting of five types of finite gauge trans-
formations, along with the proofs that they are indeed the gauge symmetries of 3BF action,
is presented. With these results in hand, the structure of the full gauge symmetry group is
analyzed, and its corresponding Lie algebra is determined.

The obtained results give rise to a connection between the gauge symmetry group of the
3BF action, and its underlining three-group structure, establishing a duality between the two.
This analysis is an important step towards the study of the gauge symmetry group of the theory
of gravity with matter, formulated as the constrained 3BF action [13], as well as its canonical
quantization. Furthermore, it is important for the overall understanding of the physical meaning
of the three-group structure and its interpretation as the underlining symmetry of the pure 3BF
action, which represents a basis for the constrained 3BF action describing the physical theory.

The layout of the paper is as follows. In section 2, we give a brief overview of BF and
2BF theories, and introduce the 3BF action. Section 3 contains the Hamiltonian analysis for
the 3BF theory. In subsection 3.1, the canonical structure of the theory is obtained, while in
subsection 3.2 the resulting first-class and second-class constraints present in the theory, as
well as the algebra of constraints, are presented. In the subsection 3.3 we analyze the Bianchi
identities (BI) that the first-class constraints satisfy, which enforce restrictions in the sense of
Hamiltonian analysis, and reduce the number of independent first-class constraints present in
the theory. We then proceed with the counting of the physical degrees of freedom. Finally,
this section concludes with the subsection 3.4 where we construct the generator of the gauge
symmetries for the topological theory, based on the calculations done in section 3.2.

Section 4 contains the main results of our paper and is devoted to the analysis of the sym-
metries of the 3BF action. Having results of the subsection 3.4 in hand, we find the form
variations of all variables and their canonical momenta, and use that result to determine all
gauge transformations of the theory. This is done in four steps. The subsection 4.1 deals with
the gauge group G, and the corresponding G-gauge transformations. In subsection 4.2 we dis-
cuss the gauge group H;, which consists of the H-gauge and L-gauge transformations (familiar
from [21]), while the subsection 4.3 examines the novel M-gauge and N-gauge transformations
which also arise in the theory. The results of the subsections 4.1-4.3 are summarized in sub-
section 4.4, where the complete structure of the symmetry group is presented, including its Lie
algebra. Our concluding remarks are given in section 5, containing a summary and a discussion
of the obtained results, as well as possible future lines of investigation. The appendices contain
various technical details concerning three-groups, additional relations of the constraint alge-
bra, the computation of the generator of gauge symmetries, form-variations of all fields and
momenta, and some other technical details.

Our notation and conventions are as follows. Spacetime indices, denoted by the mid-
alphabet Greek letters y, v, . . ., are raised and lowered by the spacetime metric g,,,,. The spatial
part of these is denoted with lowercase mid-alphabet Latin indices i, j, . . ., and the time com-
ponent is denoted with 0. The indices that are counting the generators of groups G, H, and L
are denoted with initial Greek letters «, 3, . .., lowercase initial Latin letters a, b, c, . . ., and
uppercase Latin indices A, B, C, . . ., respectively. The antisymmetrization over two indices is
denoted as Ajy,juy...a, 1] = 3 (Aaar.an a0 — Aanas...an_1ay )» While the total antisymmetriza-
tion is denoted as Ay, _q,] = %ZUGS”(— 18" PA, 1 ay- Likewise, the symmetrization over
two indices is denoted as A4, ja,...a,_[an) = % (AIII“Z»»»“nflan + Asar..a, ay ), while the total sym-
metrization is denoted as A, .. q4,) = %Zoesn Adyry..aoy- We work in the natural system of
units, definedbyc =h = 1land G = lf), where [, is the Planck length. All additional notation
and conventions used throughout the paper are explicitly defined in the text where they appear.

4
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2. The 3BF theory

Given a Lie group G and its corresponding Lie algebra g, one can introduce the so-called BF
action as

SBF:/ (BAF)g, 2
My

where F = da + a A « is the curvature two-form for the algebra-valued connection one-form
a € A'(My, g) on a trivial principal G-bundle over a four-dimensional compact and orientable
spacetime manifold My, and B € A%(My, g) is a Lagrange multiplier two-form. The {_, g
denotes the G-invariant bilinear symmetric nondegenerate form on g. For more details see
[22-24].

Varying the action (2) with respect to the Lagrange multiplier B and the connection «, one
obtains the equations of motion,

F =0, VB=dB+aANB=0. 3)

These equations of motion imply that « is a flat connection, while the Lagrange multiplier B is
a constant field. Therefore, the theory given by the BF action has no local propagating degrees
of freedom, i.e. the theory is topological.

Within the framework of HGT, one can define the categorical generalization of the BF action
to the so-called 2BF action, by passing from the notion of a gauge group to the notion of a
gauge two-group, see [25-27]. In the category theory, a two-group is defined as a two-category
consisting of only one object, where all the morphisms and two-morphisms are invertible. It

has been shown that every strict two-group is equivalent to a crossed module (H 2, G,>),
where G and H are groups, ¢ is a homomorphism from H to G, while >: G x H — H is an

action of G on H. Given a crossed-module (H i> G, ), one can introduce a generalization of
the BF action, the so-called 2BF action [25, 26]:

SQBF:/M (BAF)g + (CAG, @)

where the two-form B € A*(My, g) and the one-form C € A'(My, ) are Lagrange multi-
pliers, and b is a Lie algebra of the Lie group H. The variables F € A*(My,g) and G €
A3(My, b) define the fake two-curvature (F, G) for the two-connection («, 3) on a trivial prin-
cipal two-bundle over a four-dimensional compact and oriented spacetime manifold M. See
[28] for a rigorous definition. Here the two-connection («, (3) is given by g-valued one-form
a € AY(My, g) and an h-valued two-form 3 € A*(May, b):

F=da+aAha—098, Gg=ds+an . (5)

The two-curvature (F, G) is called fake, because of the additional term 03, see [12]. Also,
(_,_)g and (_, )y denote the G-invariant bilinear symmetric nondegenerate forms for the alge-
bras g and 0, respectively. See [25, 26] for review and references. Varying the 2BF action (4)
with respect to variables B and C one obtains the equations of motion

F=0, G =0, (6)
while varying with respect to « and 3 one obtains
dB, — fup"By A& —po"Cy A B4 =0, (7)

5
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dC, — 9,°By + >0 Cp A a® = 0. (8)

Here, the coefficients f, 3" are the structure constants of the algebra g, > are the coefficients
of the action i of the algebra g on b, while 9, are the coefficients of the map 9, given in the
bases of algebras g and h (see the equations (10)—(12) below). Similarly to the case of the BF
action, the 2BF action defines a topological theory, i.e. a theory with no propagating degrees
of freedom, see [16, 19].

Continuing the categorical generalization one step further, one can generalize the notion of
a two-group to the notion of a three-group. Similarly to the definition of a group and a two-
group within the category theory formalism, a three-group is defined as a three-category with
only one object, where all morphisms, two-morphisms, and three-morphisms are invertible.
Moreover, analogously as a strict two-group is equivalent to a crossed-module, it has been
proved that a semistrict three-group is equivalent to a two-crossed module [29].

A Lie two-crossed module, denoted as (L 6—> H i> G,>, {_, _}pr) (see appendix A for the
precise definition), is an algebraic structure specified by three Lie groups G, H, and L, together
with the homomorphisms 0 : L — H and 0 : H — G, an action > of the group G on all three
groups, and a G-equivariant map, called the Peiffer lifting:

{ Y HxH=L

In order for this structure to be a three-group, the structure constants of algebras g, b, and [,
together with the maps 0 and 0, the action 1>, and the Peiffer lifting, must satisfy certain axioms,
see [13]. Here g, b, and [ denote the Lie algebras corresponding to the Lie groups G, H, and L.

Analogously to the definition of a two-connection given in [28], one can define a three-
connection as follows. Given a two-crossed module and a four-dimensional compact and ori-
entable spacetime manifold M4, one can introduce a trivial principal three-bundle using the
two-crossed module as a fiber over the base manifold M. See [21, 29] for the precise definition
of a corresponding three-holonomy. This gives rise to a three-connection, which can be repre-
sented as an ordered triple (v, (3, 7), where «, (3, and ~y are algebra-valued differential forms,
a € A'(My, g), B € A>(My,b), and v € A3(My, ). The corresponding fake three-curvature
(F,G,H) is defined as:

F=da+ana—08, G=dB+anN -0y, H=dy+aN v+ {BASL}
)

Similarly as in the case of the 2BF theory, the three-curvature (F, G, H) is called fake, because
of the additional terms 013, §-y, and {3 A B} . Fixing the bases in algebras g, b, and [as 7, € g,
t, € b, and T4 € [, one defines the structure constants

[T 78] = fap” Tys [tas tp] = fap te, (T4, Tpl = fap Tc, (10)
maps 0:H— Gandd:L— Has

Nta) = 04" Ta, 6(Ta) = 04" ta, (1D
and an action of g on the generators of g, f, and [ as

Tab T3 = fag' Ty TaPla=Dad s Ta>Ts=bas" I, (12)
respectively. To define the Peiffer lifting in a basis, one specifies the coefficients X"

{tas toypr = Xap" T (13)
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Writing the curvature in the bases of the corresponding algebras and differential forms

1 1
F— Efawmdxu Adx’, G = ig“wptadx“ Adx” A dx”,

1

H = g H e Tada A dx” Adx? A dx”,

one obtains the corresponding components:
Fo = 0,a%, — 8,0, + fz,°a” a7, — B,04%,
gaul/p = aﬂﬂayp + al/ﬂap/l, + apﬂa/w

b v b v b A
+ O‘a/l,ﬁ yp[>(1ba + a(yuﬁ p#D(yha + a”pﬁ uyb(yha - uz/p(SAaa
A A A
H prpe = aﬂ’yAupa - 8,,7 pop + ap,yAa/u/ - 807 nvp (14)

a b A a b A a b A
+2ﬁ /IVB /)UX(ab) _25 ,upﬁ V{TX(ab) +2ﬁ /IUB W,X(ab)
B A v B A v B A
+ %77 pePaB” — QMY e Q%Y PaB
B A
- aaa'y lu,prOzB .

Then, similarly to the construction of BF and 2BF actions, one can define the gauge
invariant topological 3BF action, with the underlying structure of a three-group. For
the four-dimensional compact and orientable manifold M, and the two-crossed module

(L Iy FRCN G.,>, {_, _}pr), that gives rise to three-curvature (9), one defines the 3BF action
as

S3Bp:/ (BAF)g+(CAG) + (D AH) (15)
My

where B € A%(My, g), C € A'(My,b), and D € A°(My, 1) are Lagrange multipliers. The
forms (_, _)g, (_,_)p,and (_, _) are G-invariant bilinear symmetric nondegenerate forms on g,
h, and [, respectively. Note that in the case of a semisimple Lie algebra, a natural choice for this
bilinear form is the Killing form. However, one can also choose it differently, and moreover
for a solvable Lie algebra one can introduce a non-trivial bilinear form, despite the fact that
the Killing form is degenerate in this case. Fixing the basis in algebras g, b, and [, as defined
in (10), the forms (_, _)4, (_, _)p, and (_, _){ map pairs of basis vectors of algebras g, h, and [,
to the metrics on their vector spaces, g4, 84> and g4p:

<7_aa7—ﬁ>g = gaﬁa <taatb>b = 8ab» <TAa TB>[ = 84B- (16)

As the symmetric maps are nondegenerate, the inverse metrics g*’, g%, and g"® are well
defined, and are used to raise and lower indices of the corresponding algebras.

Varying the action (15) with respect to Lagrange multipliers B*, C%, and D* one obtains the
equations of motion

F* =0, G =0, HA =0, (17)
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while varying with respect to the three-connection variables a®, 3%, and v* one gets:

dB(y - faﬁﬂyBﬂf A 043 - D(yahch A Ba + DQBADA A ’YB - Oa (18)
dC, — 0,"Ba +5ad"Cp A ™ + 2X(y*Da A B° = 0, (19)
dD4 —aaBDp A a® + 8,°C, = 0. (20)

For further details see [21, 29, 30] for the definition of the three-group, and [13] for the
definition of the pure 3BF action.

Choosing the convenient underlying two-crossed module structure and imposing the appro-
priate simplicity constraints onto the degrees of freedom present in the 3BF action, one can
obtain the non-trivial classical dynamics of the gravitational and matter fields. A reader inter-
ested in the construction of the constrained 2BF actions describing the Yang—Mills field and
Einstein—Cartan gravity, and 3BF actions describing the Klein—Gordon, Dirac, Weyl and Majo-
rana fields coupled to gravity in the standard way, is referred to [13, 27]. One can also introduce
higher dimensional, nBF actions, see for example [31]. Various properties of these models have
been studied in [32—34]. Naturally, if one is interested in theories defined on a four-dimensional
spacetime manifold, there is an upper limit on the order of the differential forms one can use
to construct a n-connection, and in four dimensions that is n = 3.

3. Hamiltonian analysis of the 3BF theory

In this section, the canonical structure of the theory is presented, with the resulting first-class
and second-class constraints present in the theory. The algebra of Poisson brackets between all,
the first-class and the second-class constraints, is obtained. We will use this result to calculate
the total number of degrees of freedom in the theory, and in order to do that, we will have to
analyse the BI that the first-class constraints satisfy, which enforce restrictions in the sense of
Hamiltonian analysis. They reduce the number of independent first-class constraints present
in the theory, thus increasing the number of degrees of freedom. We will obtain that the pure
3BF theory is topological, i.e. there are no local propagating degrees of freedom. Finally, we
will finish this section with the construction of the generator of gauge symmetries of the 3BF
action, which is used to calculate the form-variations of all the variables and their canonical
momenta. This result will be crucial for finding the gauge symmetries of 3BF action, which
will be a topic of section 4.

3.1. Canonical structure and Hamiltonian

Assuming that the spacetime manifold My is globally hyperbolic, the Lagrangian on a spatial
foliation 33 of spacetime M corresponding to the 3BF action (15) is given as:

= _Vpo 1 « 5 1 a 1
Lipr = /E dxer <4B v -Fﬁpa 8ap + 30 'y gbw)a 8ab+ mDAHB#upagAB> .
3 : :
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For the Lagrangian (21), the canonical momenta corresponding to all variables B, o, C%,,,
B%,,.D* and~y* ,  are:

oL
B (luy = = >
8) 5B
L
77(05)0/“/ = 5afaa - Eeolwa(Wp’
o
oY —")
000 C?,, 22)
oL
RE = o = Gy,
05
oL
(D)4 5605DLA =0,
T’ = ———— = ""’Dy.
A 560’}/Aw,p 4

These momenta give rise to the six primary constraints of the theory, since none of them can
be inverted for the time derivatives of the variables,

P(B)," = m(B)"" = 0,

1
P(a) = m(a)! — EEO#Vszwp ~ 0,
P(O) = m(0), =0,
(23)
P(ﬁ)a#l/ = W(B)auy + fouypcap ~ 0,
P(D)y = m(D)s = 0,
P(ry)A/W/’ = F(,Y)A/Wﬂ _ 60/1V/)DA ~ 0.
Employing the following fundamental Poisson brackets,
{B%/(@), 7(B);" () } = 20567,,07, 07 = 3),
{a%,@), m(@)" () } = 036, 67X — 3,
{ €@, m(C)" () } = 650, 60 (X — 3,
(24)

{83, 7By (N} = 28, 8,07, 09X — 3),

{DA®), T(D)pF) } = 63 6V (F - ),

{70, (E) . T(NETEE) b = 3165 67,0005 6O (X — 3,
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one obtains the algebra of primary constraints:

{P(B)."(¥), P()5'(5) } = €7 go3(®) 0V (X — 3,
{ PO, PBI() } = =€ g (%) 8D — ), (25)
{P(D)A(®), P } = " gap(®) 69 (X — ¥).

Note that all other Poisson brackets vanish. The canonical, on-shell Hamiltonian is given by
the following expression:

1
H. = d’x [TF(B)O/W 303%1, + m() 8001% + 7(C)," GOC“#
=12 26)

1 1
+ Eﬂ-(ﬂ)aﬂy aoﬂayu + ,/T(D)A aOl)A + yﬂ—(,}/)A#l/p aOIYA,u,l//):| — L.

Employing the definition of the curvature components (14), the Hamiltonian (26) can be written
as the sum of terms that are equal to the product of the primary constraints and time derivatives
of the variables, and the remainder. As the primary constraints are zero on-shell, the terms
multiplying the time derivatives vanish, and the canonical Hamiltonian becomes:

= 0ij 1 v 1 a a 1 «
H. = —/ dx " |:§B(¥Oif K gCaog ikt B%; (vjcak - Eaa B, j + ﬁhjkDA X(ab)A)
3

1 1 1
+ Eaao (viBajk — Cai®as’ B j + 3Da Das” ’YBijk> + E'VAOU (ViDa + Cuk 6Aa):| .
27)

Adding to the canonical Hamiltonian the product of the Lagrange multipliers A and the primary
constraints, for every primary constraint, one gets the fotal, off-shell Hamiltonian:

e = Hot | B[ S0P X0 2@+ NCP PO + 3N PO
23

1
+ ADY*P(D)s + W(v)ﬂ,,,,,,P(v)AW .

(28)

3.2. Consistency conditions and algebra of constraints
In order for primary constraints to be preserved during the evolution of the system, they must
satisfy the consistency conditions,

P={P,Hr} =0, (29)

10
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for every primary constraint P. Imposing this condition on primary constraints P(B).", P(a),°,
P(0),°, P(8),", and P(7)4"", one obtains the secondary constraints S,

. 1 ...
S(F)' = Efoukfajk ~ 0,

1, 1
S(VB), = Efouk (V[iBa i — Catiap” B g + gDA Dag’ 'VBijk> ~ 0,

1 ...
S(g)a = Efoukgaijk ~ 0,
. iy 1
S(VO), = " V1jiCalk) — 504" Ba jx + 5]),7( Da X" | =0,
2

S(VD)," = " (ViDp + Cat 04*) = 0,
(30)

while in the case of the constraints P(v),~, P(B).*, P(8)", P(C).*, P(7)4"*, and P(D), the
corresponding consistency conditions determine the following Lagrange multipliers:

A(B)aij = ViBaoj = V Baoi + Cao 8P + Coivy” o8
= Gy’ o0 + 857" @ 0B+ Dy o100
Ma)®; = Via®o + 9, B,

MO = Vi€ + €ty oo = 2By DaX " + Bogi0™,
(31)
)\(ﬁ)a,-j ~ V,‘ﬁaoj - vjﬁa(),' - b,’jbahaaao + rYAOij(SAa’

MD)a = a”oDp>as® — Caga®,
A & =2B%:8° iXan” + 2808 uXan” — 2808’ Xany

— a0 pas™ i + Viron — Vi on + Vir' i
Note that the rest of the Lagrange multipliers

AB) i Ala)®o, M), AB)Y ois A o) (32)

remain undetermined.

Further, as the secondary constraints must also be preserved during the evolution of the
system, the consistency conditions of secondary constraints must be enforced. However, no
tertiary constraints arise from these conditions (see equation (B.1) in appendix B), leading the
iterative procedure to an end. Finally, the total Hamiltonian can be written in the following
form:
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Hr = / d’x lA(B)QOi D(B)o' + Ma)* D(@)a + AC)%) B(C)a + ABYo; D(B)d'
33
1 . .
+ EA(V)AOU‘P(V)A” — Bogi ®(F)" — a0 (VB)* — Cyo 2(G)"
— Baoi (VO — E'YAOijCI)(VD)AU ,

(33)
where

®(B),' = P(B).”,
() = P(@).”,
D(C)a = PO,
(B, = P(B).",
D)4 = P(y)a",
D(F)™ = S(F)™ — V,;P(B)* — P(C), 9,
B(G)e = @)+ VPO — 3 iy, PB4 POV,
D(VC),' = S(VO),' — V;P(B)" + Cyv,” LB
— 0, P(@)a’ 4 2DsX(ary P(C)" + B 3 X(ary P(1)a",
VB, = S(VB, + ViP(a)y' — 3 fuo By PBI — Coy o PO
- %ﬁm Daa” P(B)" — P(DY'Dp >aa” + %P(w)A"f’wBi ik PaB’s
VD), = S(VD)A + ViP(y)4™ — P(B),"6," — P(B)"" " D,

(34)
are the first-class constraints. The second-class constraints in the theory are:

x(B).”* = P(B),*, x(C)) = P(C),, x(D)s= P(Da,

(35)
X(Oé)ai — P(a)”i’ X(ﬁ)aij _ P(ﬁ)aij, X(,Y)Aijk _ P(’Y)Aijk.

12



Class. Quantum Grav. 39 (2022) 135009 T Radenkovi¢ and M Vojinovi¢

The PB algebra of the first-class constraints is given by
{ M), ®(VB)() } = f5," 2F)'(X) 0V — 3,
{@(VB)(X), ®(VB)3() } = fap” ®(VB),(X) 8V (X — ),
{2(G)(F), ®VOW )} = —Pap” DF)M(X) V(T — ),
{2(VO'@), 2(VCR() } = —2X(a" P(VD),"(3) 6V — 7, (36)
{29, 2(VB)() } = bap” DG (X) V(X — ),
{2(VOU(X), ®(VB)a() } = bap” (VO (%) 6V — V),

{ D(VB)o(X), DVDIL'() } = >ar® ®(VD)s"($)6D (X — 7).

The algebra between the first and the second class constraints is given in the appendix B,
equation (B.2).

With the algebra of the constraints in hand, one can proceed to calculate the generator of
gauge symmetries of the action. The generator will be used to calculate the form-variations of
all the variables and their canonical momenta, which will help us find the finite gauge sym-
metries of the action. Additionally, we can determine the number of independent parameters
of gauge transformations, since usually all the first class constraints generate unphysical trans-
formations of dynamical variables, i.e. that to each parameter of the gauge symmetry there
corresponds one first-class constraint. However, before we embark on the construction of the
symmetry generator, we will devote some attention to the number of local propagating degrees
of freedom in the theory, in order to determine if the 3BF action is topological or not.

3.3. Number of degrees of freedom

In this subsection, we will show that the structure of the constraints implies that there are no
local degrees of freedom in a 3BF theory. To that end, let us first specify all the BI present in
the theory.

The two-form curvatures corresponding to one-forms « and C, given by

F*=da® + f5,"’ A, T = dC* +by" a® A CP, (37)
satisfy the BI:

6)\'“”/) V/IF”V/) - Oa (38)

6)\/1V/) (V/LTan _ DabaFa/u/Chp) =0. (39)

Similarly, the three-form curvatures corresponding to two-forms B and /3, given by

SY — dB® + fﬁva 0[8 /\B’)’, G = dﬂa + Daba a® A 58’ (40)
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Table 1. The fields present in the 3BF theory.
a(vll /3“#1/ ’YAlU/p Bulll/ Ca;t DA

4p 6gq 4r 6p 4q r

Table 2. Second-class constraints in the 3BF theory.

XB) (O xDa x(@a' x(B)a' x (A

3p 3q r 3p 3q r
satisfy the BI:
2 .
eMwp <3V)\ Saﬂl//) _ fﬁwaFd)\# BWyp) =0, 41)
2
6)\'“”/) (gv)\ Ga/w/) - D(yha F”)\/l /Bbyp> =0. (42)

Finally, defining the one-form curvature for D,
Q" = dD? + >0 A DB, (43)

one can write the corresponding BI for Q*:

1
G/pr (VIIQA/) - 2[>(MBAFalzpDB> =0. (44)

These BI play an important role in determining the number of degrees of freedom present
in the theory.

As the general theory states, if there are N fields in the theory, F independent first-class
constraints per space point, and S independent second-class constraints per space point, the
number of independent field components, i.e. the number of the physical degrees of freedom
present in the theory, is given by:

n=N-—-F— § (45)
2

Let p denote the dimensionality of the group G, ¢ the dimensionality of the group H, and r the
dimensionality of the group L. Determining the number of fields present in the 3BF theory, by
counting the field components listed in table 1, one obtains N = 10(p + ¢) + 5r. Similarly, one
determines the number of independent components of the second-class constraints by counting
the components listed in table 2 and obtains S = 6(p + ¢) + 2r. However, when counting the
number of the first-class constraints F one notes they are not all mutually independent. Namely,
one can prove the following identities, as a consequence of the BI.

Taking the derivative of ®(F )o' one obtains

. 1 ... 1 . .
ViR(F)™ + 0, (G = S ViF = 2 [0, " FPB). (46)
This relation gives

ViB(F)* + 9,°B(G)" = 0, (47)
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since the first term on the right-hand side of (46) is zero off-shell because €/ V;F* . = 0 are the
A = 0 components of BI (38), and the second term on the right-hand side is also zero off-shell,
since it is a product of two constraints:

1 ( ij 1 « L ij
573" FPiPBY! = 3 fi, " oieS(F) " P(B)! = 0. (48)

The relation (47) means that p components of the first-class constraints $(F )‘” and ®(G)“ are
not independent of the others. Furthermore, taking the derivative of ®(VC),' one obtains

Vie(VO)' + Chiad” ®(F)" + 0" ®(VB)o — B Xap)* ©(VD)AY — 2D s X" ©(G)
L oij ’ 1 ij a
= ie"”k (ViTuj — PapF* 5 C") — 560 K 0a” P(B) 1 S(V Oy

iy 1, 1,
+ € X PO (VDI + 3 X PO e S@) + 3 baa” PBY 3 S
(49)

Noting that the right-hand side of (49) is zero off-shell as the A\ = 0 components of the BI (39),
and the remaining terms on the right-hand side are zero off-shell as products of two constraints,
one obtains the following relation:

Vi®(VO)y' + Cpiad" ®(F)™ + 0,°®(VB)o — Xy ®(VD)4" — 2DsXay ®(3)" = 0.
(50)

This relation means that ¢ components of the constraints ®(VC),’, &(F)™, B(VB)a, P(VD)4",
and ®(B3), are not independent of the others, further lowering the number of the independent
first-class constraints. Finally, the following relation is satisfied

VIO(VD)Yj = b DPO(F)a; — 6. (VO
) 1 o 1 ..
= €o0jjk (vaAk +5 Do’ F jkDB) + EEOJH as” PV’ S(Fay (51)

1 ..
o 56Ojkl DO[BA P(B)(yl] S(VD)BH.

Since the first term on the right-hand side is precisely the A = 0 component of the BI (44),
while the second and third terms are equal to zero as products of two constraints, this gives:

VIO(VD) i — bop' DPO(F)o; — 6, R(VO); = 0. (52)

This relation suggests that 37 components of the primary constraints ®(VD)*; i» ®(F)ai» and
®(C)%; are not independent of the others. However, this is slightly misleading, since the
covariant derivative of the BI (44) is automatically satisfied as a consequence of the BI (38),

MDAV FO,, =0, (53)
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Table 3. First-class constraints in the 3BF theory.

DB POy P P(B)) PV BF) (G) VO™ &(VB)” B(VD),”

3p q P 3q 3r  3p—p q 39—¢q p 3r—2r

which means that there are in fact only 2r components of the constraint (52). A formal
proof of this statement would involve evaluating the Wronskian of all first-class constraints,
and is out of the scope of this paper.

The number of independent components of first-class constraints is determined by counting
the components listed in table 3, and then subtracting the number of independent relations (47),
(50) and (52).

Bearing the previous analysis in mind, one obtains the number of independent first-class
constraints:

F=8p+q +6r—p—q—2r="1p+q)+4r.
Finally, using the definition (45), the number of degrees of freedom in the 3BF theory is:

_6(ptq)+2r

n=10p+q)+5r—T(p+ q) — 4r 5

0. (54)
Therefore, there are no local propagating degrees of freedom in a 3BF theory.

3.4. Symmetry generator

The unphysical transformations of dynamical variables are often referred to as gauge trans-
formations. The gauge transformations are local, meaning that the parameters of the transfor-
mations are arbitrary functions of space and time. We shall now construct the generator of all
gauge symmetries of the theory governed by the total Hamiltonian (33), using the Castellani’s
algorithm (see chapter 5 in [15] for a comprehensive overview of the procedure). The details
of the construction are given in appendix C, and the following result is obtained

~ ~ - a5 i 1 < j
G= / &’ ((Voe;)ml)ﬁega (Goda + (Voey" ) (H)a' + € (Hoda + 5(Voei" ) La”
3

1 T ij Y i « Y i ay (A N
+ et Lo + (Voo ) (H10)a + e (Moo’ + (Voen®) (V1) + € (No>a) ,

(55)
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where

(G1a = —P(@)as
(Go)a = — (fmﬁBso,@(B)"" + Ca0 Pap " P(O)” + Baoi Dap " B(B)”
- %v’*o,- Paa”®(y)5 — <I>(VB)a> ,
(H)d = —(B),
(Ho)d' = Cho Pad @B — 28" X/ (14" + B(VO),,
L) = (a7, (56)
(Lo’ = ~®(VD),,
(#)). = —®(B)./,
(M) = D(F).,
(NDa = —®(C)as
(NoYa = Buoi Pad" @(B) + (G,

and €4, Ebai’ e/[‘ ijo €x” » and €, are the independent parameters of the gauge transformations.
The obtained gauge generator (55) is then employed to calculate the form variations of
variables and their corresponding canonical momenta, denoted as A(z, X), using the following

equation,
doA(1, X) = {A(t, %), G}. (57)

The form variations of all fields and canonical momenta are given in appendix E,
equation (E.2), while the algebra of the generators (56) is obtained in the appendix B,
equations (B.4)—(B.10). However, one must bear in mind that the gauge generator (55) is the
generator of the symmetry transformations on a slice of spacetime, i.e. on a hypersurface 3.
Having in hand all these results, specifically the form variations of all variables and their canon-
ical momenta (E.2), we can determine the full gauge symmetry of the theory, which will be
done in the next section.

4. Symmetries of the 3BF action

In order to systematically describe all gauge transformations of the 3BF action, we will discuss
in turn each set of gauge parameters €4%, €%, e 7» €m”i» and €,“, appearing in (55). The

subsection 4.1 deals with the gauge group G, and the G-gauge transformations, which are
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already familiar from the ordinary BF theory. In subsection 4.2 we discuss the gauge group
H; which consists of the H-gauge and L-gauge transformations, familiar from the previous
literature [21], while the subsection 4.3 examines the M-gauge and N-gauge transformations
which are also present in the theory. Finally, the results of the subsections 4.1-4.3 will be
summarized in the subsection 4.4, where we will present the complete structure of the gauge
symmetry group.

4.1. Gauge group G

First, consider the infinitesimal transformation with the parameter ¢,%, given by the form
variations

doa”y = — Oueg” — fﬁwaaﬁufgw’ 00B% 1 = fﬁw%gBBﬁuV’
508 = bap eg" B 60C = Pap’eg"C, (58)
5074#% = D(MBAeg“’yBWp, SoD* = >opte,"DP,
which is analogous to writing the transformation as:
a—d =a—-Ve, B—B =B—[B,¢gl,
B—pB =B+e>pB, C—C=CHeg>C, (59)
Y= =v+e€>y, DD =D+e>D.

Based on these infinitesimal transformations, one can extrapolate the finite symmetry transfor-
mations, defined in the theorem 1.

Theorem 1 (G-gauge transformations). In the 3BF theory for the two-crossed module
(L LIy RN G,v, {_. _}pp), the following transformation is a gauge symmetry,

a—a =Ada+gdg!, B—B =gBg ',
B—p =grpB C—C=gprC, (60)
v—v =gy, D—D =gb>D,

where g = exp(egq - G) = exp(egaéa) €G, and €5: My — g is the parameter of the
transformation.

Proof. Note that if one considers an element of the group, g € G, the transformations of the
theorem 1 give rise to the following three-curvature transformation

F—F =gFg G—G =grg, H—H =g>H, (61)
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and the invariance of the 3BF action under this transformation follows from the G-invariance
of the symmetric bilinear forms on g, b, and [. _
Let us consider two subsequent infinitesimal G-gauge transformations, determined by the

small parameters €, and eg ,. To calculate the commutator between the generators of the G-

gauge transformations, we will make use of the Baker—Campbell-Hausdorff (BCH) formula
in the case when the parameters of the transformations are small

T re BEil, o, B ¢ 3
eegalG‘*eEg ,Gs _ eeg“lGaJreg 2qu+769“1 €42 [Ga.Gl+0(eg ), (62)

from which it follows:
a A B A~ B A a A g ~ ~
e0190ef 290 — g0 29619 = ¢ 9 ¢ 7 [Ga, Gl + O(c,). (63)

Using the equation (63), we obtain that the generators of the G-gauge transformations defined
in the theorem 1 satisfy the following commutation relations:

[G(l, G[)’] - f(l‘{))ﬂ/(/\;’)’a (64)

where f,57 are the structure constants of the algebra g. By noting that there exists an iso-
morphism between generators G, =2 7,, one establishes that the group of the G-gauge trans-
formations from the theorem 1 is the same as the group G of the two-crossed module

(L —H N G, >, {_, _}pp). This is an important result, which will not be true for the remaining
symmetry transformations, as we shall see below.

4.2. The gauge group H,
Let us now consider the form variations of the variables corresponding to the parameter € “;.
For example, one can see from the equation (E.2) that the form-variation of the variables a“
and o“; are:

(S()Oé”,) = O, (5004(1,' = —Ba“eh“i. (65)
Taking into account that the action of the generator (55) gives the symmetry transformations on
one hypersurface 33 with the time component of the parameter equal to zero, €,“, = 0, one can
extrapolate that for parameter of the spacetime gauge transformations €, “,, the form-variation
of the variable o, is given as:

Sy = —0," €y, (66)

and similarly for the rest of the variables. Thus, the infinitesimal symmetry transformations in
the whole spacetime corresponding to the parameter €, are given by the form variations:

5()0((1H — _aaﬂeba/n 60Ba/”, - ZCa[/l‘ebh‘yJ D{)’hag”B,
00/ = =2Vp€" )y 00C = ZDAX(ab)A€hbw (67)

b A
507A,u,1/p = 3!ﬂa[/w6b /;]X(ab) P 60D =0.
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For these infinitesimal transformations one obtains the finite symmetry transformations given
in theorem 2.

Theorem 2 (H-gauge transformations). In the 3BF theory for the two-crossed module
(L LIy RN G,v, {_. _}pr), the following transformation is a symmetry:

a—d =a—0e, B—pf =5—Ve—eyAep,
v+ =7+ {8 e }pr + {€. B}t B—B =B~ CN ey — eyA\PeyAPD,

C—C =C-DNYey — DANYey, D—D =D.
(68)

where ey € AY(My,b) is an arbitrary b-valued one-form, and V' denotes the covariant
derivative with respect to the connection o/. The maps T, D, X, and X, are defined in
appendix D.

Proof. Note that the three-curvature transforms as
F—F =F,
GG =G —FN e, (69)
H—H =H+{G e }pr — {€5 G pr-

Taking into account the transformations of the three-curvature (69) and the transformations of
the Lagrange multipliers, the action S3pF transforms as:

Sisr = S3F +/ (—(C'AT ey, F)g — (esAPenAPD, F)g
My
—(C,FN €y — (DAYey, Gy — (DAey, Gy, (70)
+ (D, {G. €Yot — (D, {FN” €, €q Ypr)i — (D, {€n, Glpi)) -

Using the definitions of the maps 7T, D, X}, and A%, given in appendix D, one sees that the
terms in the parentheses cancel, specifically the first term with the third, second with seventh,
fourth with eighth, and fifth with the sixth term. _

The H-gauge transformations do not form a group. Namely, one can check that the two con-
secutive H-gauge transformations do not give a transformation of the same kind, i.e. the closure
axiom of the group is not satisfied. This is analogous to the well-known structure of Lorentz
group, where boost transformations are not closed, and thus do not form a group. Indeed, one
must consider both rotations and boosts to obtain the set of transformations that forms the
Lorentz group. In the case of the H-gauge transformations, we will show that together with
the H-gauge transformations one needs to consider the transformations corresponding to the
parameter €%, ;- From the equation (E.2) one reads the form-variations on a space hypersur-
face Y3 corresponding to this parameter. Similarly as it is done in the case of the H-gauge
transformations, one extrapolates that the form-variations for all the variables corresponding
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A ; .
to the parameter €," , are given as:

(50aa,, = 0,
503”;”, _ _DA [>BB AEIB#Vg(yﬁ’
00 = 0a“€l s (71)

50Ca/1 =0, 50’yA,ul/p - v/l/e? vp V,,€? ) + Vﬂg?

pv
SoD* = 0.

These infinitesimal transformations correspond to the finite symmetry transformations defined
in theorem 3.

Theorem 3 (L-gauge transformations). In the 3BF theory for the two-crossed module
(L LINGSUN G,>, {_, _}pt). the following transformation is a symmetry

a—d =aq, B— B = B+ DA%,
B— B =B+ e, c—C=c, (72)
Y= =7+ Ve, D— D' =D,

where e € AX(My,l) is an arbitrary l-valued two-form, and the map S is defined in
appendix D.

Proof. Note that the three-curvature transforms as

F—=F =F,
GG =g, (73)
H—H =H+FN .

Taking into account the transformations (73) and the transformations of the Lagrange multi-
pliers, the action transforms as:

S/3>BF = Sapr + / (<D/\S€[,.F>g + <D, FA” €[>[) . (74)
My

According to the definition of the map &, the terms in the parentheses cancel. _

Let us denote the generators of the H-gauge transformations given by the theorem 2 and
the L-gauge transformations given by the theorem 3 as H a# and I:AW, respectively. As we have
commented above, one can now check that the transformations defined in the theorem 2, i.e.
the H-gauge transformations, do not form a group. If one performs two consecutive H-gauge
transformations, defined with parameters €, and €y, one obtains

e‘hl‘He‘”H — eq’zAHCFhIAH =2 ({Ebl A th}pf — {EUZ A Ebl}pf) . i, (75)

where ¢, - H = eb"lfla“ and ¢ - L= %GIAWI:AW. Using the equation analogous to BCH

formula (63), one obtains that the commutator of the generators of two H-gauge
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transformations is the generator of an L-gauge transformation (see appendix F for the details
of the calculation):

[1110”,111,,”} = X 4" (76)

Next, note that the transformations defined in theorem 3 are the linear transformations,
and the two subsequent L-gauge transformations give one L-gauge transformation with the
parameter €, + €. Formally, one can write the previous statement as

ee[y[:efm‘[z — 6(5[1+5[2)‘IA" (77)

which leads to the conclusion that the generators of the L-gauge transformations are mutually
commuting:

[m”,z;j —0. (78)

Thus, the L-gauge transformations form an abelian group, which will be denoted as L. Accord-
ing to the index structure of the parameters and generators, we can conclude that the group L
is isomorphic to R%", where r is the dimension of the group L:

L~RY. (79)

Our analogy with the case of the Lorentz group can once again prove useful, since the closure
of the L-gauge transformations resembles the fact that the composition of two rotations is a
rotation. The abelian group L should not be confused with the non-abelian group L of the

5 9
two-crossed module (L — H — G,>, {_, _}pp).
Let us now examine the relationship between H-gauge transformations and L-gauge
transformations. The following result,

= el (80)

leads to the conclusion that the commutator of generators of the H-gauge transformations and
generators of the L-gauge transformations vanishes:

[ﬂ,;', LJ’”} —0. (81)

From the closure of the algebra (76), (78) and (81), one can conclude that the H-gauge trans-
formations together with the L-gauge transformations form a group, which will be denoted as
H;. Lastly, the action of the group G on the H-gauge and L-gauge transformations is examined
by calculating the expressions:

[€B~G,€h ~I§7] :(6gl>eh)-f1, [eg-é,eyl:] :(egbex)-ﬁ, (82)
which lead to the following commutators:

|:Gon I:Ia/l/j| = Daab I:Ibua
(83)

P Iz B
|:G(yaLA :|:[>(VA LB/ .

Theorems 1-3 represent the G-, H-, and L-gauge transformations, which are already familiar
from the previous literature (see for example [21, 30]).
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4.3. The gauge groups M and N

Next, consider the infinitesimal transformation with the parameter €.“;, given by the form
variations in appendix E. In a similar manner as done in the previous subsection, one establishes
that the form variations obtained as a result of the Hamiltonian analysis are transformations on
one hypersurface X3, from which one can guess the symmetry in the whole spacetime. Keeping
in mind that the variations on the hypersurface have the time component of the parameter set to
en’o = 0, one extrapolates the form-variations of the whole spacetime for the parameter €,,“

m p
to be:

(5()&&# = 0,
0B = —Zvlmﬁm“\y],
50ﬂa/u/ =0, (84)
50C”# = —8aaem”u,

A _
007" p = 0,
soD* = 0.

Based on this result, one obtains the finite symmetry transformations in the whole spacetime,
as defined in theorem 4, which we will refer to as the M-gauge transformations.

Theorem 4 (M-gauge transformations). In the 3BF theory for the two-crossed module
(L LN SN A {_ _}pp), the following transformation is a symmetry

a—d =aq,

B— B =B — Ve,

B—p =5,

, (85)
Ca — Ca - Ca - aaaema,

T =

D—D =D,

where ey, € AY(My, ) is an arbitrary g-valued one-form.

Proof. Consider the transformation of the 3BF action under the transformations of the
variables defined in the theorem 4. One obtains:

1 1
Shpr = Sipr +/ d*x o <_§(v#6m”z/)}-aﬂa - aa“aem“#gwa) . (86)

My

Using the definition of three-curvature, given by the expressions (14), one obtains:

1
SgBF = Sapr + /j\/l d4x e <_2(v#6mau) (Faﬂa - aaaﬂaﬂa)
L (87)
- ﬁaaaﬁmau (3vl/ﬂapa - 5Aa'7AVpU)> .
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Taking into account that the second and the third term cancel, while the last term is
zero because of the identity (A.1), the expression reduces to:

1
S/3BF = S3BF - E/j\/l d4x €/wp06ma/1V1/Faﬂﬂ~ (88)
4

Finally, the term e""°V , F, ,» = 01is the BI (38). One concludes that the action S3pr is invariant
under the transformation defined in theorem 4. O

Note that the transformations defined in theorem 4 are linear transformations, and the two
subsequent M-gauge transformations give one M-gauge transformation with the parameter
€m1 + €m2. Denoting the generators of the M-gauge transformations as M ”#, one can now write
the previous statement formally as:

eeml‘MeftnTM — e(5m1+5m2)'M’ (89)

where ¢, - M= € NAA/I(QI, leading to the conclusion that:

[M* Mg} —0. (90)

Thus, the M-gauge transformations form an abelian group, which will be denoted as M. Accord-
ing to the index structure of its parameters and generators, we see that this group is isomorphic
to R*”, where p is the dimension of the group G:

M =R, 91)

Next, one can examine the relationship of M-gauge transformations with the G, H, and L-
gauge transformations defined in the previous subsections. Specifically, considering the G-
gauge symmetry generators, one finds

leg - Gy em - M1 = (5> €m) - M, (92)

obtaining the result:
(Gosbt| = farin! 93)

Considering the H- and L-gauge transformations, one obtains

eeh‘HeE‘"‘M — ee‘“‘MeEb'H, (94)
ee[<iee‘n<M — eEm<MeE['l:, (95)
leading to the conclusion that the generators of the M-gauge transformations commute
with both the generators of H-gauge transformations and the generators of the L-gauge

transformations:

|:I:Iaa Ma/l:| =0, {LA /”/’ Map:| =0. (96)
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Finally, examining the infinitesimal transformation corresponding to the parameter €.,
given by the form-variations as calculated in (E.2),

doa”, =0,
50B(¥/IV - Bh/w Da’abenagm’/,
5050/1,1/ = O’
o7
00C"y = =V ,en,
507" 4y =0,
SoD* = 6% 4eq.

one obtains the theorem 5, the symmetry transformations which will be referred to as N-gauge
transformations. Note that the N-gauge transformations are simultaneously the transformations
in the whole spacetime, since the parameter does not carry spacetime indices.

Theorem 5 (N-gauge transformations). In the 3BF theory for the two-crossed module
(L LN SN A {_ _}pp), the following transformation is a symmetry

a—ao =a,
B—B =B— 3N e,
p—p =8,

(98)
C— C' =C— Ve,

Y=Y =1
D! — D" =DM + 5 e,

where €, : My — b is an arbitrary h-valued zero-form.

Proof. Under the transformations defined in theorem 3, the action is transformed as follows:

S/33F = S3BF + /

1 1
4 b
dx"e (Zﬁbuy Dag €nJ aﬂ 3'( v /lena)glw/)”
My ’

1
+ IéAaEnaHA ul/pa) . (99)
Using the expressions for the three-curvature defined in (9), one obtains

1 ape
Sl?»BF = S3BF + iy dx4€ul/p0 (Zﬂbﬂl/ Daabeﬂa (FQPU - ac ﬂ /)(7)
4

1
- a(v/,fna) (3VV/611/)(7 - 6Aa’YA 1//)(7) (100)

1 .
+ EéAae" (4V/,,’YA voo + 6X(bc)ABhuy6Lp0)> :
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Here, after one partial integration the last term in the first row of the equation (100)
cancels with the first term in the second row, while taking into account the identity

1 1
Eeuypg(VVvuena)ﬂaPU = _Zeuypaﬂbﬂa DaabG“aFa#V’ (10D)

the first term and the third term also cancel, leading to the following expression:

S'3pr = Sapr + /

1
4 b
dxetr? <4€na Da(b\aa\@aﬂ /wﬂcﬂa
My

1 )
+ 1 €nada X pey" 5})/,,,,3 /,(7> . (102)

Here, the remaining two terms vanish because of the symmetrized form of the identity (A.6):
a0 + 04" Xwo = fwo* =0,

as a consequence of the antisymmetry of the structure constants. One concludes that the S3pr
action is invariant under the transformations defined in theorem 5. ]

The N-gauge transformations defined in theorem 5 define the group which will be denoted
as N. Note that these transformations are also linear, and the composition of two N-gauge trans-
formations gives one N-gauge transformation with the parameter €, + €,,. The generators of
the group N will be denoted with N,, and one can write these results as:

eenl'ﬁefnlﬁ _ 6(6“1+6“2)N, (103)

where €, - N= eﬁNa, leading to the conclusion that:
[N, Np]1 = 0. (104)

It follows that the group N is abelian, and the index structure of parameters and generators
indicates that it is isomorphic to R?, where ¢ is the dimension of the group H. Therefore,

N = RY, (103)

Next, one can examine the relationship of the N-gauge transformations with the G, H, L,
and M-gauge transformations. First, considering the G-gauge transformations one obtains:

leg - Gren- N1 = (eg>€n) - N, (106)

from which it follows:

[Gas Nal = >od” Ny (107)

Let us now examine the relationship between N-gauge transformations and H-gauge
transformations, calculating the following expression:

Hoen'N _ qenNoey H _ —(en /\Teb) M, (108)

where the proof is given in appendix F. One obtains that the commutator between the gen-
erators of H-gauge transformation and N-gauge transformation is the generator of M-gauge
transformation:

[Ha“,N”} S (109)
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Analogously, one can check that the following is satisfied

em-Mjen N

en-N f[~L, e e —_ e€n~Ne€m~M, (110)

e

€' e =€ €

leading to the conclusion that the generators of L-gauge, M-gauge, and N-gauge transforma-
tions mutually commute, i.e.

|:Ma“,Naj| _o, [LA/LI/’NH} =0. (111)
This concludes the calculation of the algebra of generators.

4.4. Structure of the symmetry group

Summarizing the results of the previous subsections, one can write the algebra of the generators
of the full gauge symmetry group as follows.

e The algebra g of the group G of the two-crossed module (L RN SN A {_ _tpo):

[Ga, Gl = fui" G, (112)

e The algebra of the group H; consisting of the generators of H- and L-gauge transforma-
tions:

(H) Hy] = ZX(ab)Al:A#V;

ny o s po

[LA ,Lg 1=0, (113)

(H),L."1=0.

The algebra of the generators of M-gauge transformations:

(M," M5 =0. (114)

The algebra of the generators of N-gauge transformations:

[Ny, Np] = 0. (115)
e The commutators between the generators of the groups M and N:
(M," N, =0. (116)

The action of the generators of the group H; on the generators of M- and N-gauge
transformations:

[I:Ia#’ Nh] = DaahM(Wa

[Ha' My'] =0,

[i‘AV/), M(l’“] = 0, (1 17)
(L, Na] = 0.
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G % (Hp x (N x M))

G Hp x (N x M)

\N =
A

et

Figure 1. Relevant subgroups of the symmetry group Gspr. The invariant subgroups are
boxed.

e The action of the generators of the group G on the generators of H-, L-, M-, and N-gauge
transformations:

(118)

[GaaNa_ - [>(mh Nh-

Based on the equations (112)—(118), one can investigate the symmetry group structure. On
the Hesse-like diagram shown in figure 1, we have included only the relevant subgroups of the
whole symmetry group Gspr, where the invariant subgroups are boxed.

Let us remember that the subgroup is an invariant subgroup, or equivalently a normal sub-
group, if it is invariant under conjugation by members of the group of which it is a subgroup.
Formally, one says the group H is an invariant subgroup of the group G if H is a subgroup
of G, i.e. H< G, and for all h € H and g € G, the conjugation of the element of H with the
element of G is an element of H, i.e. 34’ € H such that ghg~' = K. On the level of algebra, the
corresponding object is an ideal. Formally written, an algebra A is a subalgebra of an algebra
L with respect to the multiplication in L, i.e. [A,A] C A. Then, a subalgebra A of L is an ideal
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in L if its elements, multiplied with any element of the algebra, give again an element of the
subalgebra, i.e. [A, L] C A.

With the above definitions in mind, note first that the groups L, M, and N, are subgroups
of the full symmetry group Gsgr. The groups L and M are 1nvar1ant subgroups, since the only
nontrivial commutators between the generators LA , and M, o » are with the generators of the
group G, and are equal to some linear combinations of the generators of L, and M, respectively.
The group N is not an invariant subgroup, since the commutator between the generators N, and
H," are linear combinations of the generators M,". However, the generators of the groups N
and M are mutually commuting, and the group N is an invariant subgroup of the product of the
groups M and N, which makes this product a direct product. The obtained group N x M is an
invariant subgroup of the whole symmetry group.

On the other hand, we saw that the H-gauge transformations together with the L-gauge trans-
formations form the group H . This group is not an invariant subgroup of the whole symmetry
group Gapr, because of the commutator of the generators H,, " and N, Similarly as before, one
can join these two subgroups, of which one is invariant and one is not, using a semidirect prod-
uct, to obtain a subgroup H; x (N x M), that will as a result be an invariant subgroup of the
complete symmetry group Gspr. Here, the product is semidirect because the group H is notan
1nvar1ant subgroup of the group H; % (N x M), due to the commutator between the generators

H, "and N be

Finally, following the same line of reasoning, one adds the G-gauge transformations and

obtains the complete gauge symmetry group Gspp as:

Gsgr = G % (Hp x (N x M)). (119)

This concludes the analysis of the group of gauge symmetries for the 3BF action.

5. Conclusions

5.1. Summary of the results

Let us summarize the results of the paper. In section 2, we have introduced a generalization of
the BF theory in the framework of higher category theory, the 3BF theory. Section 3 contains
the Hamiltonian analysis for the 3BF theory. In subsection 3.1, the basic canonical structure
and the total Hamiltonian are obtained, while in subsection 3.2 the complete Hamiltonian anal-
ysis of the 3BF theory is performed, resulting in the first-class and second-class constraints of
the theory, as well as their Poisson brackets. In the subsection 3.3 we have discussed the BI
and also the generalized BI, since they enforce restrictions and reduce the number of inde-
pendent first-class constraints present in the theory, and having those identities in mind, the
counting of the dynamical degrees of freedom has been performed. As expected, it was estab-
lished that the considered 3BF action is a topological theory. Finally, this section concludes
with the subsection 3.4 where we have constructed the generator of the gauge symmetries for
the topological theory, based on the calculations done in section 3.2, and we have found the
form-variations for all the variables and their canonical momenta, listed in the appendix E,
equation (E.2).

In section 4, the main results of our paper are presented. With the material of the sub-
section 3.2 in hand, after obtaining the form variations of all variables and their canoni-
cal momenta, we proceeded to find all the gauge symmetries of the theory. The subsec-
tion 4.1 examined the gauge group G, and the G-gauge transformations. In subsection 4.2 we
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discussed the gauge group H; which gives the H-gauge and L-gauge transformations, while in
the subsection 4.3 we analyzed the M-gauge and N-gauge transformations which represent a
novel result. The results of the subsections 4.1-4.3 are summarized in subsection 4.4, where
the complete structure of the symmetry group had been presented. The known G-, H-, and L-
gauge transformations have been rigorously defined in theorems 1-3, while the two novel M-
and N-gauge transformations, have been defined in theorems 4 and 5. The Lie algebra of the
full gauge symmetry group Gspr has also been obtained.

5.2. Discussion

One of the most important consequences of our results is the relationship between a two-
crossed module and a symmetry group of the corresponding 3BF action, which we denoted
as a duality. In particular, from the Lie algebra of the symmetry group Gigr one sees that
the structure constants depend on the choices of groups G, H, and L of the two-crossed mod-
ule, on the action >, and on the symmetric part of the Peiffer lifting. However, Gspr does not
depend on the antisymmetric part of the Peiffer lifting, nor on the homomorphisms 0 and 4.
This means that in principle one can have several different two-crossed modules dual to the
same symmetry group. Therefore, the term ‘duality’ is used in a loose sense, since there is
no one-to-one correspondence between a two-crossed module and a symmetry group of the
corresponding 3BF action. In addition, this result allows one to implement a strategy for the
construction of a two-crossed module, by first specifying the choice of the group Gspr, and
then supplying the additional information about the homomorphisms and the antisymmetric
part of the Peiffer lifting, in a way that satisfies all axioms in the definition of a two-crossed
module.

Another important topic for discussion is the following. From the fact that the 3BF action
is formulated in a manifestly covariant way, using differential forms, it should be obvious that
the diffeomorphisms are a symmetry of the theory. However, by looking at the structure of the
gauge group Gspr, one does not immediately see whether Diff( My, R) is its subgroup. In fact,
this issue is subtle, and it deserves some discussion.

It is easy to see that every action, which depends on at least two fields ¢,(x) and ¢,(x), is
invariant under the following transformation, determined by the Henneaux—Teitelboim (HT)
parameter "7 (see [35] for details and naming),

oS oS
5 HT — HT - 5 HT — _ HT - 120
o P11 =¢€ ()6)5¢2 o ¢ € (16)6(25l (120)
which can be easily verified by calculating the variation of the action:
oS oS
SS[p1, ] = 57)150%1 + @50‘%2 =0. (121)

Since this invariance is present even in theories with no gauge symmetry, it is not associated
with constraints, and thus not present in the generator of gauge symmetries (55), see [35] for
details.

Now, let us consider the diffeomorphism transformation

xH— x = xH M (x), (122)

where the parameter £“(x) is an arbitrary function, which we will consider to be infinitesimal.
Also, let us denote all parameters of the gauge group collectively as ¢;(x). If diffeomorphisms
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are a symmetry of the action, then for every field ¢(x) in the theory, and every parameter of
the diffeomorphisms " (x), there should exist a choice of the parameters €;(x) and €T (x), such
that:

(5Ogauge + 50HT + 50dlff)¢ — O. (123)

In other words, if the diffeomorphisms are a symmetry of the theory, their form variations
should be expressible as gauge form variations combined with HT form variations:

0™ ¢ = —60¥"E¢ — 8" . (124)

In our case, the 3BF action depends on the fields a®,, 3¢ s A p B*,,, C%,, and D*. The
HT parameters 7%, eHTab  and €8 are defined via the following form variations,
analogous to (120):

1 oS
HT o af
(S() Q= E€HT lu,ypm’
N
1] aff
6OHTB pv = _€HT : p/wm;
oS
HT jpa __ _HTab
e = e (125)
) HTCa _ _l HTab oS
0 nw= 26 vpp (Sﬁhl,p’
N
ST VAW _ eHTABHW)W,
1 oS
SHTDA — — — (HTAB ,
0 30 € Iz p5“YBWp

while the gauge parameters €4, €, ,,, e’ s €m® s and €} are defined in theorems 1-5. Given
these, there indeed exists a choice of these parameters, such that (123) is satisfied for all fields.
Specifically, if one chooses the gauge parameters as

fga = _f/\aa/\,

€, = fAﬁa,m
& = s (126)
en”, = B,

e’ = =&Y,

and the HT parameters as

HTap A oaf
€ prp — g 8 €uvps

HTab __ A, ab
€ prp — g 8 Exuvps

6HTABqu = é“)\gABequ/\’ (127)
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one can obtain, using (124), precisely the standard form variations corresponding to
diffeomorphisms:

5odiffaa/l _ —3/,,5’\04% _ 5)\8)\0(04/“
5odiffﬁaw _ _aﬂgz\ﬂa/\y - BVE)\Bau/\ _ gz\a}\ﬁa#w
00" sy = =08 sy — 0™ iy — OpE n — €207 e
60" By = — 0,8 B\, — 0,6 B ux — €' 01B" .
5odiffca/l _ _aﬂg)\ca)\ - EA@C”W
5D = —¢r oD

(128)

This establishes that diffeomorphisms are indeed contained in the full gauge symmetry group
Gspr, up to the HT transformations, which are always a symmetry of the theory.

5.3. Future lines of investigation

Based on the results obtained in this work, one can imagine various additional topics for further
research.

First, since we have obtained that the pure 3BF theory is a topological theory, it does not
describe a realistic physical theory which ought to contain local propagating degrees of free-
dom. To build a realistic physical theory, one introduces the degrees of freedom by imposing
the simplicity constraints on the topological action. In our previous work [13], we have formu-
lated the classical actions that manifestly distinguish the topological sector from the simplicity
constraints, for all the fields present in the standard model coupled to Einstein—Cartan gravity.
Specifically, we have defined the constrained 2BF actions describing the Yang—Mills field and
Einstein—Cartan gravity, and also the constrained 3BF actions describing the Klein—Gordon,
Dirac, Weyl and Majorana fields coupled to gravity in the standard way. The natural con-
tinuation of this line of research would be the Hamiltonian analysis of all such constrained
3BF models of gravity coupled to various matter fields, and the study of their canonical
quantization.

On the other hand, as an alternative to the canonical quantization, one may choose the spin-
foam quantization approach, and define the path integral of the theory as the state sum for
the Regge-discretized 3BF action. The topological nature of the 3BF action, together with the
structure of the gauge three-group, should ensure that such a sum is a topological invariant, i.e.
that it is triangulation independent. This construction was recently carried outin [ 14], where the
3BF state sum for a general two-crossed module and a closed and orientable four-dimensional
manifold My is defined. Unfortunately, in order to rigorously define this state sum, one needs
the higher category generalizations of the Peter—Weyl and Plancherel theorems, from ordinary
groups to the cases of two-groups and three-groups. These theorems ought to determine the
domains of various labels living on simplices of the triangulation, as a consequence of the rep-
resentation theory of three-groups. Until these mathematical results are obtained, one can try to
guess the appropriate structure of the irreducible representations of a three-group and construct
the topological invariant Z for the 3BF topological action, in analogy with what was done in
the case of 2BF theory, see [25, 27]. Once the topological state sum is obtained, one can pro-
ceed to impose the simplicity constraints, and thus construct the state sum corresponding to the
tentative quantum theory of gravity with matter. The classical action for gravity and matter is
formulated in [13] in a way that explicitly distinguishes between the topological sector and the
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simplicity constraints sector of the action, making the procedure of imposing the constraints
straightforward.

Next, it would be useful to investigate in more depth the mathematical structure and prop-
erties of the simplicity constraints, in particular their role as the gauge fixing conditions for the
symmetry group G3gr. The simplicity constraints should explicitly break the symmetry group
Gspr to the subgroup corresponding to the constrained 3BF theory, which may then be further
spontaneously broken by the Higgs mechanism.

One of the results obtained in this work is a duality between the gauge symmetry
group of the 3BF action, Gspr, and the underlining three-group, i.e. the two-crossed mod-

ule (L 2 H 25 G,», {_, _}pr)- This duality should be better understood. On one hand, the
group G3pr can provide further insight into the construction of the TQFT state sum, i.e. a topo-
logical invariant corresponding to the underlining three-group structure. On the other hand,
this duality is interesting from the perspective of pure mathematics, since it can provide deeper
insight in the structure of three-groups. In addition, one could expect that the 3BF theory would
have a three-group of higher gauge symmetries, but it is not obvious if the five types of gauge
transformations can form a three-group structure or not. This is an important topic for future
research.

Finally, in [31] it was pointed out that it may be useful to make one more step in the cate-
gorical generalization, and consider a 4BF theory as a description of a quantum gravity model
with matter fields. One could then calculate the gauge group of the 4BF action, and compare
the results with the results obtained for the 3BF theory.

The list is not conclusive, and there may be many other interesting topics to study.
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Appendix A. Two-crossed module

Definition (Differential two-crossed module). A differential two-crossed module is given by
an exact sequence of Lie algebras:

[iﬂj a—)g,

together with left action > of g on g, b, and [, by derivations, and on itself via adjoint
representation, and a g-equivariant bilinear map called the Peiffer lifting:

{_,_}prhXh%[.
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Fixing the basis in the algebrasas T4 € I, € hand 7, € g:
(T4, Tpl = fap* Tc, (tas th] = fap tes [T, 78] = fap” Ty,
one defines the maps 0 and 9 as:
Ots) = 04" Tas §(Tx) = 04" ta,
and the action of g on the generators of [, , and g is, respectively:
T > Ty = >op® T, To Bty = Dod’ 1y, Ta > Tg = Dag’ Ty
The coefficients X,,;* are introduced as:
{tas th }pt = X" T
The maps 0 and 9 satisfy the following identity:
0" 64" = 0. (A.1)

Note that when 7) is a g-valued differential form and w is I-, h-, or g-valued differential form,
the previous action is defined as:

A w = 1% A wbas® Ts,
AW = 1% A wad’ 1,
A\ w =n" A (,uﬁfc,[[fy Ty,

where the forms are multiplied via the wedge product A, while the generators of G act on the
generators of the three groups via the action >.
The following identities are satisfied:

(i) In the differential crossed module (L 2 H ,>) the action >’ of b on [ is defined for each
heband! € las:

ho'l = —{5(D), hpr,
or written in the basis where #,5'Ty = /42Ty the previous identity becomes:

D aa’ = =04 X3P (A2)
(i1) The action of g on itself is via adjoint representation:

Pag’ = fap; (A.3)
(iii) The action of g on b and [ is equivariant, i.e. the following identities are satisfied:

0 fai” =Pad" Dy 04" Pad” = Paa"05"; (A4)
(iv) The Peiffer lifting is g-equivariant, i.e. for each i,,h, € hand g € g:

go{hy hytor = {g > hy, Bodpr + {hys g & Bo b,
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or written in the basis:
Xap">ap" = Paa X" + Pap Xacs (A.5)
(V) 6({hy, hy}yp) = (hys o)y, Y by, by €D,
The map (k,, h,) € h x h — (h;, h,), € b is bilinear g-equivariant map called the Peiffer
paring, i.e. all 1,,h, € h and g € g satisfy the following identity:
g (hy hy)p = (> hy hy)p + (B, g > hy)p.
Fixing the basis the identity becomes:
X" 04 = fur® — 0u">oi’; (A.6)
V) (L, LT = {0, U}y YV Iy L € L e

fas€ = 04“08" X0 5 (A.7)

(vii) {[h;, h,], h3}pf = () > {hy, h3}pf +{hy, [h, ﬁ3]}pf = 0(hy) > {hy, ﬁ3}pf -
{ﬁz, [ﬁl, h3]}pf’ v ﬁl, ﬁz, ﬁ3 € bh,ie.

{[hy, hZ]’h3}pf = {0() > hy, hy}pr — {O(hy) > by, By e
- {ﬁl’ 5{ﬁ2’ ﬁ3}pf}pf + {ﬁz’ 5{h1’ﬁ3}pf}pf’ (A.8)

Far"Xa® = 0. X0 >0n® + Xad® foe? — 06" an®Xu — Xod® facs (A.9)
(viti) {hy, [y bl = {o{h, hz}pf,m}pf — {6180, sy hz}pf, ¥ hy, by, by € b e

XadAfbcd = abB5BdXch - XacB(SBddeA; (A.10)
(x) {6, b}y + {h, 6D}y = -0 >, VIEL VhED,ie.

64 Xas” + 64 Xpa” = —0p"paa®. (A.11)

A reader interested in more details about three-groups is referred to [21, 30].
The structure constants satisfy the Jacobi identities

fum/cs f@j - zfa[ﬁ\’\/ f"‘/‘(]a’
fad® foe" = 2fap farel" (A.12)

fap€ fae” = 2fA[B\D fD\E]C~

Also, the following relations are useful:

, : A A C
I, " Pav” = 20181 D 1y S5 PaB” = 203" DB - (A.13)
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Appendix B. Additional relations of the constraint algebra

In this appendix the useful technical results used in the subsection 3.2 are given. First, since
the secondary constraints, given by the equation (30), must be preserved during the evolution
of the system, the consistency conditions of secondary constraints must be enforced. However,
no tertiary constraints arise from these conditions, since one obtains the following PB:

{S(F)*, Hr} = f3,"S(F)"a,
{S(VB)., Hr} = f3,aB"kS(F)™ + f5270”0S(VB), + Cao>ap*S(G)"

1 )
_ (mh a k - ”B ) D Jk
Paa” BaS(VOR" + HPa A7 0uS(VD)s", -

{S(9)", Hr} = bop" B’ S(F)™ — a0>ap*S(G)’,
{S(VO)', Hr} = Cpoba” o S(F)™ 4 baa”a*0S(V Oy’ + 2Xapy* 8°0,S(VD)a ",
{S(VD)A", Hr} = a“o>as®S(VD)p".

The PB between the first-class constraints, given by the equation (34), and the second-class
constraints, given by the equation (35), are given by:

{ (P ®), X)) } = = f3," X(B)(F) 6 (X - ),
{2(G)(®), x(@a' D) } = X(O' (D) 87 (% — 3,
{2(O)®), X(B)F) } = —bap” X(B)"V() 67 (x — y),
{ (VO @), Xx(@)a’() } = —Pap X)) 69 - ),
{ VO @), X" ) } = 2X“Pgpe x(1aT () 6D = ),
{2(VO (X), X(OW' () } = bap® Xx(B)*(F) 6V = ),
{2(VCOY' @), XD } = 2X“P4 X(O)' (D) 6V (% - ),
{ (VB (®), X()5'() } = f35," x(@)'(®) 6V — ), (B.2)
{2(VB)'(®), X(B)"3) } = "> 5" X (B (%) 6D F = ),
{ &(VB)" (@), x(Da” () } = &> u” x(1)7 (%) 67 (% — ),
{@(VB) (), Xx(B)s"() } = fB7" x(B)(®) 67 (X — ).
{(VB)"(), X(O)/ () } = =>4 X(C)y' (%) 67 (¥ — ).
{ (VB (D), x(Da() } = &> pa” X(D)s(®) 6V (% - ),
{ &VDY(®), X()a"“ () } = Bas™ X(1) () 69X - 3,
{D(VDY(F), x(D)s() } = —Pas* X(B)™(X) 6V (X - 7).

Finally, it is useful to calculate PB between the first-class constraints, given by the
equation (34), and the total Hamiltonian, given by the equation (33):
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{®(F), Hr} = f5,"®(F) ",
{®(VB)a» Hr} = f3,aB 0k ®(F)* + f5070”0®(VB), + Cuobap" ®(G)

1 .
= Pad B RVO + 220”470, 2(VD)S",

{q)(g)a, HT} - D(yhaﬁhokq)(-r)ak - a(yob(yhaq)(g)b,

{®(VO)', Hr} = Cooba o @(F)™ + bod” a0 (VO + 2X )" B0, 2(V D)4,

{®(VD)4", Hr} = a®o>aa®(VD)5".

(B.3)

The calculated PB brackets given by the equation (B.3) will be useful for calculation of the gen-
erator of gauge symmetries (55). With these results one can proceed to the construction of the
gauge symmetry generator on one hypersurface 33 given in the equation (55), and ultimately

obtain the finite gauge symmetry of the whole spacetime.

The PB algebra of gauge symmetry generators (Mo)a, (Ml)(yi, (Go)a (G1)as (f{o)ai, (fil)ai,

(NoYas (N1)as (Lo)a”, and (L1)4", as defined in (56), is:

{(G)a(®),(Go)s(N} = fup"(Go), 8O (F — ),

{(Ho)d (¥), (Ho)y )} = 2Xan (Lo 09 (E = ),
{(Ho)d @), (H)Y 7)) = 2Xia La” 6O - ),
{(Ho)d @), N’ )} = Poa” (Mo)" 6O — 7).
{(H)J' @), N’ )} = bod (M) §DF — 7),
{(Hp)(®), N)"F)} = bod" (M) 6 EF - 3),
{(Go)a(®). (Mo)s' G} = fur (o), 6V — ),
{(Goa(®). (M1)5' G} = for (b)), 0V — ),
{(G)a®, (HDJ G} = bod” (Hy @) 6D — ),
{(G)a(®, (Ho)d 3 } = bod” (Hoy @) 6D — ),
{(G0)a(®), (NDa() } = Bad” (NDH(E) 6D X = ),
{(G0)a(®), N0)a } = Paa” (No)p(X) 6D (X — 3,
{(G0)a@ . L")} = pas®Lo)s" (@ 6O — ).

(B.4)

(B.5)
(B.6)
(B.7)
(B.8)
(B.9)

(B.10)

(B.11)

(B.12)

(B.13)
(B.14)
(B.15)

(B.16)

The gauge symmetry group has the following structure. First, the groups M, x My,N, x Ny

and L; x Ly with the corresponding algebras a;, a, and a3, respectively, where:
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(G x Go) (HL x (N x No) x (M x Mo)))

/

G % Go | Hy x () x Ko) x (M, x M)

T

(N1 x No) x (31, x )|

-

Lo|  [0hx 0| Nox N

Figure B1. The symmetry group Gy, of the Poisson bracket algebra in the phase space.
The invariant subgroups are boxed.

{1}

= span{(#,)s'} @ span{(Mo)s}.
= span{(N)).} & span{(No)a}, (B.17)

= Span{(il)Aij} &) Span{(io)Aij},

are the subgroups of the full symmetry group G s, Besides, the subgroups L x Ly and M,

M, are the invariant subgroups. The group N; x N is not an invariant subgroup of the whole
symmetry group, since the Poisson brackets {(Ho)a (X), (No)”@’)} and {(H Da (3, (No)b@)}
are equal to some linear combinations of the generators of M x M. Nevertheless, one can
form a direct product (N 1 X NO) X (1\71 1 X ]\710), since the generators of these groups are mutu-
ally commuting, giving a group which is an invariant subgroup of the complete symmetry

group.
Next con51der a subgroup H Ly, determined by the algebra spanned by the generators

(LI)A , (LO)A ., (H)J, and (Ho)a - This group is not invariant subgroup of the whole symme-

try group, because of the PB {(Ho), (¥), (No)*()} and {(H}), (¥), (No)*(¥)}, due to the same
argument as before. Now, one can join these two subgroups, of which one is invariant and one
is not, using a semidirect product into an invariant subgroup Hy X (N} X No) X (M| x My)),
determined by the algebra a4:

= span{(Mo)a', (1)a, (Ho)a's (o' (V)as (N1)as (Loda ™, (La "}
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Finally, following the same line of reasoning, one adds the group G x Gy and obtains
the full gauge symmetry group Gy, to be equal to:

G, = (G1 x Go) x (Hp % (N1 x No) x (M x Mp))) .

The complete symmetry group structure is shown in the figure B1 appendix B. Here, the
invariant subgroups of the whole symmetry group are boxed.

Appendix C. Construction of the symmetry generator

‘When one substitutes the generators (56) into the equation (55), one obtains the gauge generator
of the 3BF theory in the following form

G=- /Z &5 ((voem%@(B)a" — e B(F) + (Voeg) ()
:
+eg” (for"Bsoi®(B)"" + CagPap OV + Buoioan B(3)™
— 3 P~ TB), ) + (Toen (O,
— n” (Booad D(B) + DGy + (Voe," YO(B).) v

— € (CbODaab‘b(B)ai —26% Xany* ®()a” + B(VO),)
Lt Yo+ Lt v
) 0€r ;;)®(Y)A 2 ij A7

where €4, eb?, e/?i » €mi» and e, are the independent parameters of the gauge transformations.

The generator of gauge transformations (C.1) in 3BF theory given by the action (15), is
obtained by the Castellani’s procedure, requiring the following requirements to be met

G = Cprcs (C.2)
Go + {G1,Hr} = Cprc, (C.3)
{Go, Hr} = Cprc, C4

where Cppc denotes some first-class constraints, and assuming that the generator has the
following structure:

G= / d*x (éma {(GDma' + €40 {Go)ma' + €4 (G1)ga + €5"(Go)ga
23
+ €4°(G 1y, + €, (Good' + €,(GDna + €a“(Godna (C.5)

I, ij 1 ij
+ EefAij(Gl)[AJ + Eﬁ? i(Go)ua ]) .

39



Class. Quantum Grav. 39 (2022) 135009 T Radenkovi¢ and M Vojinovi¢

The first step of Castellani’s procedure, imposing the set of conditions

(GDma' = Cprc,

(G1)ga = Crrc,

(G1)va' = Crrc, (C.6)
(Gna = Crrc,

(Gu" = Crre.

is satisfied with a natural choice:

(Gma' = —P(B)a'

(G)ga = —P()as,

(Gya' = —2(O)a, (C.7)
(Gna = —P(B)as

(G = B(y)a".

It remains to determine the five generators Gy.
The Castellani’s second condition for the generator (Go)mo' gives:

(Go)mo' — {®(B)s', Hr} = (Cprc)a's

. . . (C.8)
(GO)mal - (D(]:)al = (CPFC)ala

that is (Go)ma' = (Cprc)a’ + ®(F).'. Subsequently, from the Castellani’s third condition it
follows

{(Go)ma', Hr} = (Crrci)a’s
{(Cprc)a’ + ®(F)o', Hr} = (Corci)a's (C.9)
{(Crre)o’s Hr} — f3700”0®(F) = (Cercr)a's

which gives
(Crrc)a’ = a0 0@(B)".
It follows that the generator is:
(Goma' = f3700”0@B) + B(F),'. (C.10)
The Castellani’s second condition for the generator (Go)q, gives:

(Go)ga — {P(W)a, Hr} = (Cprc)as
(GO)gly - q)(VB)(y - (CPFC)(w

(C.11)
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that is (Go)ga = (Cprc)a + ®(VB),. Subsequently, from the Castellani’s third condition
it follows

{(Go)ga- Hr} = (Creci)as
{(Cprc)a + ®(VB)o, Hr} = (Cprci)as
{(Corc)as Hr} + Booifur"®F) = 0’0 fus  B(VB), + Cupas'®(G)0 (1)

§ Bap e BTN — 7 posP2TD)Y = (Corera
which gives
(Chrc)a = —Buoifar " ®B)" + a0 fop” @)y — Cap ap"®(C)’
~ B s B+ 37 s
It follows that the generator is:

(Go)ga = —Bpoifur,"®B) + 0 fui"®(), — Cogbap " ®(C)

1 N (C.13)
= Bao®ap (B + EVAOU%AB‘I’(’Y)B” + ®(VB)a.
The Castellani’s second condition for the generator (Gy)y, gives
(GO)na - {(I)(C)a’ HT} - (CPFC)aa
(C.14)

(Go)na - (P(g)a - (CPFC)aa

that is (Gg)ng = (Cppc)a + P(G),. Subsequently, from the Castellani’s third condition it
follows

{(Go)na» Hr} = (Cprcit as
{(Cprc)a + ©(G)a, Hr} = (Cprc1)as (C.15)
{(Cprc)a- Hr} + a“0Pad” ®(G)s — Booiaa” ®(F)™ = (Crci)as

which gives
(Cerc)a = =" 0Pad"P(O) + Broiad P(B)™.
It follows that the generator is:
(Gona = —A%0Paa” (O + Broitaa” BB)™ + (G-
The Castellani’s second condition for the generator (Go)bai gives:

(Go)oa' — {®(B)a's Hr} = (Crrc)ds

: A . (C.16)
(Go)pa' — P(VC)y' = (Crre)d',
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that is (Go)ya' = (Cprc)a’ + ®(VC),'. Subsequently, from the Castellani’s third condition it
follows

{(Go)pa', Hr} = (Cprc1)d's
{(Cprc)a’ + (VO)', Hr} = (Cerci)d'»
{(Crrc)d's Hr} + a“0bad " ®(V O = Chobad” (F) + 28" Xiany ®(VD)4"” = (Cerci)d's

which gives
(Crrc)d’ = —a"oPad” ®(B)" + CooPad" @B — 28”0 Xany B(1)a".
It follows that the generator is:
(Go)pa' = =00 Pad” ®(B" + Cho Paa"P(B)™ — 28”0 ;Xiany ®(1a” + B(VC),'.
The Castellani’s second condition for the generator (Go)4 i gives:

(Go)ia” + {®(y)a", Hr} = (Cprc)a”,

L L . (C.17)
(Go)u"” + (VD)4 = (Cprc)a”,

that is (Go)ia"/ = (Cppe)a”’ — ®(VD)4". Subsequently, from the Castellani’s third condition it
follows:

{(Go)a", Hr} = (Cprc1)a”,
{(Cprc)a” — (VD)"Y Hr} = (Cerci)a”, (C.18)
{(Cprc)a", Hr} — a“o>aa®®(VD)" = (Cprc1)a”,

which gives
(Cerc)a” = a®obaa" (75"
It follows that the generator is:
(Go)u" = aobas”®(7)5"7 — B(VD)4". (C.19)
At this point, it is useful to summarize the results, and introduce the new notation:

ém(y i(Gl)m(li + Gma[(GO)m(yi - _voﬁm”iq)(B)(yi + €ma[¢)(-/—:)(¥i
o o (C.20)
- VOem(’ti(j‘ll)nn + €m(1[(MO)(1 .

Note that the time derivative of the parameter combines with some of the other terms into a
covariant derivative in the time directions.

42



Class. Quantum Grav. 39 (2022) 135009 T Radenkovi¢ and M Vojinovi¢

For the second part of the total generator one obtains:

aég(Gl)gof + ega(GO)ga

= —"¢ D(a)y — 6" (Bgo,-fmﬁ O(B)" — a0 fap” ®(0)y+ Cagbap P(C)’

+ Baoi>ap (B — EWA 0ifPaa” ®(7)5" — ‘P(VB)a>
(C.21)
= _voﬁg”q)(a)a - 69(1 (BBOif(wB(I)(B)’yi“‘ Caobaba(b(c)b

1 ,
+ Ba()ib(yhaq)(ﬁ)hl - E’}/AOUDQAB@(’Y)BU - @(VB)(V>
= Voeg"(G1)a + €5°(Go)a
Furthermore, it follows:
€i(Gpa' + €hai(G0)bai = —Voey , ()’ + €y’ (Cro>aa” ®(B)™
— 28 X (a7 + R(VC),) (C.22)

= Voey"(H1)a + €," (Hod

én “(Gna + €a“(Go)na = —Voea " ®(C)y + €2 (Broi Pad” P(B)™ + (G),)
= Voen"(N1a + €a“(No)a-

(C.23)
Finally, one gets:
léA(G) ij+l€4 G ij_l-A(I) ij lgx a B ()l
(G + e (G0 =5 € P(A" + Ser 0" 0baa” P(Y)5
1 .
— Ee’f‘ i ®(VD)4"
— 19 e - Lt a(vD),
= Voer ;j@Ma’ = e ;2(VD)a
= 190t @ e i
—20[,'le 2[,‘j0A~
(C.24)

Appendix D. Definitions of maps 7, S, D, X3, and X,

Given G-invariant symmetric non-degenerate bilinear forms in g and b, one can define a bilinear
antisymmetric map 7 : b X b — g by the rule:

(T (hy, ﬁz),§>g = —(hy, §>h2>h’ Vhy,h€eh V g§€g.
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Written in basis:
T (tastp) = Tab" Tas
where the components of the map 7T are:
Tar" = —8acop8"".

See [26] for more properties and the construction of 2BF invariant topological action using this
map.

The transformations of the Lagrange multipliers and the 3BF invariant topological action is
defined via maps

S:Ixl—g, X Ixbh—b, XiIlxh—=h, D:hxhxl—g,
as it is defined in [13]. The map S : [ x [ — g is defined by the rule:
(8, L), glg =~ gb L), VI, VLEeLVgeg.
Written in the basis:
S(Ta, Tp) = Sap" 7o,
the defining relation for S becomes:
Sap® = —Pype garcg™’-
Given two [-valued forms 7 and w, one can define a g-valued form:
WASD = W A B8 T,

Using this map, the transformations of the Lagrange multipliers under L-gauge are defined in
[13].

Further, to define the transformations of the Lagrange multipliers under H-gauge transfor-
mations the bilinear map &) : [ X h — b is defined:

(0L by by)y = =(L ARy ho})ee YRy hy€h, VIE]
and bilinear map &, : [ X h — b by the rule:

(Al by, hy)y = — (L {Ry, Bo}), YRy, hy€b, VIEL
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As far as the bilinear maps X} and A, one can define the coefficients in the basis as:
Xi(Tata) = X1 ad” th, X(Tata) = X ad” ty.

When written in the basis the defining relations for the maps X} and &, become:
Xiap" = —Xpa"gang", Xoap’ = —Xup"gang™.

Given [-valued differential form w and h-valued differential form 7, one defines a h-valued
form as:

w/\X‘n =w A n“XlAabt;,, w/\in =w A n“XZAahth.
Finally, a trilinear map D : h) x h x [ — g is needed:
(D(hy, by, D), 8)g = —(L {g>hy by}, Vh,hyebh VIEL Vgeg,
One can define the coefficients of the trilinear map as:
D(tas tpy Ta) = Dapa” Tas
and the defining relation for the map D expressed in terms of coefficients becomes:
Dasn” = —Boa X" 8188

Given two h-valued forms w and 7, and [-valued form &, the g-valued form is given by the
formula:

w/\Dn/\D§ =w'A 77" A gADabA‘BTg.

With these maps in hand, the transformations of the Lagrange multipliers under H-gauge
transformations are defined, see [13].

Appendix E. Form-variations of all fields and momenta

The obtained gauge generator (55) is employed to calculate the form variations of variables
and their corresponding canonical momenta, denoted as A(t, X), using the following equation,

SoA(t, ¥) = {A(t, %), G}. (E.1)
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The computed form variations are given as follows:

80B"0i = —Voems + f3."€a"Boi
a b a b C
+ €n Daa ﬁhoi + 6[-,[ >aa Cpo,

5()B(y,'j = —2V[,-‘€m‘(j] + fﬂﬁ,(yegﬁBw,j —e DQABDB

lij

b b
+ Ena Paa ﬁhij + 26[’“”‘ Paa Cb‘i]?

50()éa0 = —Voéga,
dpa”; = —Vieg" — 3,10‘6,);',
80C% = —Voen" + € 2ap"C’,

60Cai = _viena + eg(y D(yhachi
_ aga 2 b Di X, A _ac
€mi 0 a +2€y ;D Xpo)" 8™,

d08%; = —Voey! + €5” >ap” Brois

b0 = _2V[i\€hrﬂ +eg” Dab[’/jhij + Cj?ijéAa,

07 0ij = €57 0ij Pas” + V()élqij
= dey "1y B0 Xaan™
o ije = €57 ik Pas” + Vie
— Vet + Viey; + 3l 87 iy Xan',

(SQDA — Enaé'aA + Eg(vl)B D(VBA7

46

Som(B)) = fup”€g"m(B),",
S0m(B)o" = fap'eg"m(B).,

Som(@) = fag el (B 4 fup eg m(@),°
+ pap’en"T(O) + pap’ey m(B),
1 .
=3 pas’el FICIA
Som (), = fop e 7B+ fopeg m(@),

+ D(yh(yenhﬂ'(c)i; + [>uh”€h?7r(ﬁ)izj

A_B ijk 0i jk
- E >aB E[jkﬂ-(’y),q —e ijmukv

1 ...
0i jk b
- 56 en bap® B jis
0 b 0 b 0i
6071-(6‘)“ = _Eg(y D>aa ﬂ-(c)h + €pbi D>aa 7T(B)(y lv

6071-(6‘); = _Eg(y D(mhﬂ-(c);l; + €hbj D(mhﬂ-(B)(“ljv

Som(B)y" = —€3" ad"T(B)," + €npPad m(B)™
— 26,2 Xian TN},

S0m(Ba" = —€g"Paa" T (B + €np Do T(B)™
— 2t Xian) m(), "

0i jk 0i jk
+ et kana +e€ g ehzam,

0ij B 0ij
dom(Na™ = —€g" >an” (VB ",

Som (DA™ = —€5" ban® T(VE" + €S anen,

Som(D)a = —2€! X(appam(C)”
1.
- 5613” DaABW(B)g,-/-
L« B
€g Daa 7T(D)B

(E.2)
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Appendix F. Symmetry algebra calculations

To obtain the structure of the symmetry group of the 3BF action, as presented in the subsec-
tion 4.4, one has to calculate the commutators between the generators of all the symmetries,
i.e. the G-, H-, L-, M-, and N-gauge symmetries. This process is described in the subsec-
tions 4.1-4.3, while details of the calculation which are not straightforward will be given in

the following.

F1. Commutator [H, H]

Let us derive the commutator of the generators of the H-gauge transformations, i.e. the
equation (76). After transforming the variables under H-gauge transformations for the param-

eter €1 one obtains the following

O/:Oz—aéhl, (Fl)
047(‘)6[)1
B=B8—- YV ey —en ey, (F2)
aﬂ?ehl
Y =~+ -V €p1 — €p1 A\ €h1,€bl}pf+ {ﬂ;hﬁ}lw (F.3)
B/ =B— (C — D/\Xlﬂjl — D/\X2€h1)/\7—6b1 — €b1/\D€h1/\DD, (F4)
C' = C—DNYey — DA ey, (E5)
D' =D, (F.6)
and transforming the variables once more for the parameter €y, one obtains:
o’ = a — ey — ey,
9 047(‘)6[)1 a705h1786h2
ﬂ Zﬁ— V €b1—6b1/\6b1— V €hz—€h2/\€hz,
" a—0dep
V'=v+{B— V ey —en1 Aepienifpr + {€n1, Blpr
a—0ep a—0dep—0epo
+{ﬂ— \Y% €p1 — €p1 N\ €p1 — \Y% 6(-,2—6(-,2/\6(-,2,6(-,2}pf
047(‘)6[)1
+{ep2. 85— V€51 — €1 A€pitprs
B'=B— (C — D/\Xlebl — D/\Xzebl)/\Téhl — GhlADEbl/\DD
— (C — D/\X1 €p1 — D/\X2€hl — D/\X1 €p2 — D/\X26b2)/\7—€hz
- €b2/\D€h2/\DD,
C"=C- D/\Xlebl — D/\Xzebl — D/\Xlebz — D/\Xzebz,
D" =D.
E7)
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It is easy to see that for variables a®,, C¢,, and D" the following is obtained:

e€h1~Hefh2~Ha(yu _ eethHCFhIAHOlau,
evifenrtice — ecortenifa (E.8)
eEhI'HeehrHDA — eEhZ'Heehl'HDA.

For the remaining variables, 5¢ s 7A wp and B“,,, after subtracting (appendix F.1) and the
corresponding equation where €1 < €52, one obtains:

. . . a1
(efhl He€h2 a_ efh2 Heehl H) Eﬁauy - ah(yebzb[’“/‘ﬁhlc‘y]b(yca - abaﬁhlb[u‘ﬁbzc‘y] [>(1€a
A b .
= 25AaX(bL-) 6[)1 [#\eh;\l/]
= 0a"({ent A e tpr — {€n2 A eni ot
1
ep1H eporH eprH ep1H _ a b A a b A
(e h1Heh2 ™t _ ofh2 M efhl ) i’YANVp = Z(alllehlll)ﬁthjx(ah) + Zehlll’(al’ehzﬂ])x(“b)
+20° ey e, Xan)” Pas’
= Viu({en1 A ena}pr — {ena A 6bl}pf)Ay/], (E9)
1
(eEbI‘HeEhZ'H - eEbZ‘Heehl'H) EBQNV = DAEhzt[ln,\Ehll\’u](X1Aac + Xoad) T
- DAﬁhll[J/,,\ﬁhzTy](XlAbc + Xoap)Tea”
= 2D a b X A c X A c
= —2DAChy 11/ Ch2pm) Xaey Pab” + Xpo)” Paa’)
b B._ A
= —2Dxey{€2p1X@p) PaB
= (DA {ent A enator = {2 A eniton)n.

Comparing (F.8) and (F.9) with (72), one concludes that the commutator of two H-gauge
transformations is the L-gauge transformation with the parameter e{' ,,, = 4¢p1 ¥ €na? ‘V]X(HC)A:

eehl‘Hebe'H _ eehZ‘HeEbl'H =2 ({ebl A\ ehz}pf — {Ebz A Ebl}pf) . i (FlO)

F.2. Commutator [H, N]

Let us calculate the commutator between the generators of H-gauge transformation and N-
gauge transformation, i.e. derive the equation (109). This is done by calculating the expressions

(eehj-]efnjv _ ee"»Neeh<H) A, (Fll)

for all variables A present in the theory. It is easy to see that for variables o, 5, A uwps and
D" the following is obtained:
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e€h~Hefn~Na(yu _ e€n~Nth~Ha(1u’

ep-H en-N pa en N ep-H pa
eh e tpY, =en e g,
ep-H _enN _ €en'N _en-H
eth et /YA/wp =enTeh /YA/W/)’

e€h~Hefn~NDA _ e€n~Nth~HDA.

(F.12)

For the remaining variables, B*,, and C“,, after the H-gauge transformation one obtains the
following:

B' =B — (C — DA\X'ey — DA 2ep)A ey — en AP ey APD, (F.13)
C' = C— DAV'ey — DAV ¢y, (F.14)

Next, transforming those variables with N-gauge transformation one obtains:

B'=B - ne,

=B - (C - D/\Xlﬁh — D/\X2€b)/\T6b — €h/\D€h/\DD

{a® =04} } .
—(B— Vey — €y AN eg)N\ €q, (F.15)
1" / {a®-0ae )
C'=C — v €n
{(y“—@aa€ah}
= C — DNYey — DA€y — \% €n-

Let us now exchange the order of transformations, and first transform the variables with N-
gauge transformation,

B =B — A\ e, (F.16)
C =C — Ve, (E.17)

and then with H-gauge transformation:

B =B —(C —DAey — D N2ep)N ey — ey ALey APD
=B— A€y — (C— Ve — (D + den) AV ey,
—(D+ 56,1)/\’(26;,) N ey — eb/\Deh/\D(D + 0€n), (F.18)
C =C —DNYey — D NVey
=C— Ve, — (D+ )N ey — (D + den)A\ey.

After subtracting (F.15) and (F.18) one obtains:
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(e e N —enNen ™) B = Vel A e"Top™ + 6% aeen” A e Xiap Tea”
+ 5 aehen” A ey Xoap Tea™ — €6 A €4"0p €n Daa”,
— Veg A T + aﬁeg Dgcbefj A Tpa — €p /\ egfabceﬁﬁd“,
(e0Hen™ —enNew ) 00 = —(6%,€4) A ef Xiap” — (5%4€8) A €§ Xoap” — 0 €y b€,
(E.19)
where after using the definitions of the maps 7, D, x;, and x, one obtains the result
(e Hen™N —enNew ™) B = Vet A ey Top” — Ve A & Tap®
= V(eaAT €)%, (F.20)
(e Hen N — e Nesn ) ¢ = O alenn ),
Comparing (F.12) and (F.20) with (85), one obtains that:

(eehj-]efnjv _ ee"'NeEh‘H) — _(En/\TEh) M. (le)
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Abstract. Higher category theory can be employed to generalize the notion of a gauge group
to the notion of a gauge n-group. This novel algebraic structure is designed to generalize notions
of connection, parallel transport and holonomy from curves to manifolds of dimension higher
than one. Thus it generalizes the concept of gauge symmetry, giving rise to a topological action
called nBF' action, living on a corresponding m-principal bundle over a spacetime manifold.
Similarly as for the Plebanski action, one can deform the topological nBF action by adding
appropriate simplicity constraints, in order to describe the correct dynamics of both gravity
and matter fields. Specifically, one can describe the whole Standard Model coupled to gravity
as a constrained 3BF or 4BF action. The split of the full action into a topological sector and
simplicity constraints sector is adapted to the spinfoam quantization technique, with the aim
to construct a full model of quantum gravity with matter. In addition, the properties of the
gauge n-group structure open up a possibility of a nontrivial unification of all fields. An n-group
naturally contains additional novel gauge groups which specify the spectrum of matter fields
present in the theory, in a similar way to the ordinary gauge group that prescribes the spectrum
of gauge vector bosons in the Yang-Mills theory. The presence and the properties of these new
gauge groups has the potential to explain fermion families, and other structure in the matter
spectrum of the theory.

1. Introduction

The formulation of a quantum theory of gravity represents one of the fundamental open
problems in modern theoretical physics. Among the many approaches to this problem, some
have developed into vast research frameworks, such as Loop Quantum Gravity, which aims to
formulate a model of quantum gravity (QG) in a nonperturbative fashion, both canonically and
covariantly [1, 2, 3]. The covariant approach aims to give a tentative rigorous definition of the
path integral for the gravitational field,

Z = /Dg el (1)

One of the essential assumptions is a triangulation of a spacetime manifold, and the path integral
is introduced as a discrete state sum of the gravitational field configurations, living on the
simplicial complex structure. This approach to quantization of gravity is usually called the
spinfoam quantization method. It is performed via the following three steps:
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(1) one reformulates the classical action S[g] as a constrained BF' action, separating the
topological BF' part and the constraint part of the action;

(2) one employs the underlying Lie group structure of the BF' sector of the action, in order to
define a triangulation-independent state sum Z;

(3) finally, one deforms the topological state sum by applying the simplicity constraints, and
therefore redefining it into a triangulation-dependent state sum, which plays the role of a
definition for the path integral (1).

This type of quantization prescription has been implemented in a number of cases, for various
choices of the gravitational action, of the Lie group, and of the spacetime dimension. Historically
the first spinfoam model was the Ponzano-Regge model [4], defined in 3 spacetime dimensions.
In 4 dimensions multiple models have been formulated, differing in the choice of the Lie group
and the way one imposes the simplicity constraints [5, 6, 7, 8, 9]. While all these models do
represent definitions of the gravitational path integral, none of them are able to include matter
fields in a seamless way. Introducing the latter into a spinfoam QG model has so far had only
limited success [10], predominantly due to the lack of the tetrad fields in the topological part of
the model.

Recently, a new approach has been developed to address the issue of matter fields, which
employs the framework of higher gauge theory (see [11] for a review). Specifically, one uses the
notion of a categorical ladder to generalize the BF action (based on a Lie group) to a 2BF
action (based on the so-called 2-group structure), and further to a 3BF action (based on a
3-group structure). A convenient choice of the Poincaré 2-group gives rise to the needed tetrad
fields in the topological sector of the action [12], while an additional extension to the 3-group
naturally introduces the matter fields (fermions and scalars) into the model [13]. The steps of
the categorical ladder and their corresponding structures are summarized as follows:

categorical algebraic linear topological degrees of
structure structure structure action freedom
Lie group Lie group Lie algebra BF theory gauge fields
. Lie crossed differential Lie

Lie 2-group module crossed module 2BF theory | tetrad fields
. Lie 2-crossed differential Lie scalar and

Lie 3-group module 2-crossed module 3BF theory fermion fields

The main aim of this work is to provide a short review of the classical pure BF', 2BF and
3BF actions, in order to demonstrate the categorical ladder procedure and the construction of
higher gauge theories. In other words, we mainly focus on the step 1 of the spinfoam quantization
programme, with a very short review of step 2 of the programme.

The layout of the paper is as follows. Section 2 deals with first three examples of n BF theories,
namely BF', 2BF and 3BF actions, and their construction using the categorical ladder. After
this, in Section 3 we briefly present an application of a 3BF theory to the Standard Model of
elementary particles coupled to Einstein-Cartan gravity. As it turns out, the scalar and fermion
fields are naturally associated to a new gauge group, generalizing the role of an ordinary gauge
group in the Yang-Mills theory. This opens up a possibility of an algebraic classification of
matter fields, and (more speculatively) a possibility of the explanation of the three fermion
families. Finally, Section 4 contains some discussion and our conclusions.

The notation and conventions are as follows. Spacetime indices are denoted by the Greek
letters p,v, ..., and are raised and lowered by the spacetime metric g, = nabeaueby, where
e?, are the tetrad fields. The inverse tetrad is denoted as e,. The local Lorentz indices are
denoted by the Latin letters a,b,c, ..., take values 0,1, 2,3, and are raised and lowered using
the Minkowski metric 7,;, with signature (—, +, 4+, +). All other indices that appear in the paper
depend on the context, and their use is explicitly defined in the text where they appear. We
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work in the natural system of units where c=h =1, and G = lg, where [, is the Planck length.
The exterior product in the space of differential forms is denoted with the standard “wedge”
symbol, A.

2. nBF theories
We begin by giving a short review of nBF theories, for n = 1,2, 3, which represent the most
interesting cases for physics.

2.1. BF theory

A BF theory and its various applications in physics are already well known in the literature,
see for example [14, 15, 16], so here we merely give a brief definition. Given a Lie group G, and
its corresponding Lie algebra as g, one defines the BF' action in the form (we discuss only the
4-dimensional spacetime manifolds My):

SBF:/M <B/\]:>g. (2)

Here, F = da+aAa is the curvature 2-form for the g-valued connection 1-form a € A (My)®g,
while B € A*(My) ® g is a g-valued Lagrange multiplier 2-form. Also, (-,_); denotes a G-
invariant nondegenerate symmetric bilinear form over g.

Varying the action (2) with respect to B and «, one obtains the equations of motion:

F=0, VB=dB+aAB=0. (3)

The first equation implies that « is a flat connection, in the sense that a = 0 up to gauge
transformations. The second equation then implies that B is covariantly constant. From these
one can deduce that there are no local propagating degrees of freedom, and therefore the theory
is said to be topological.

2.2. 2BF theory

Once we have introduced the BF model, we procceed to first step of the categorical ladder,
generalizing the algebraic notion of a group to the notion of a 2-group. This leads to the
generalization of the BF' theory to the 2BF theory, also sometimes called BFCG theory
[11, 17, 18, 19].

The categorical ladder is a procedure of generalizing various notions in mathematics, using
the framework of category theory, and works as follows. One starts from the notion of a group
as an algebraic structure, and notes that it can be understood as a category with only one object
and invertible morphisms [11]. Then, one employs the fundamental idea that a category can be
generalized to the so-called higher categories, which have not only objects and morphisms, but
also 2-morphisms (maps between morphisms), 3-morphisms (maps between 2-morphisms), and
so on. This tower of n-categories is known as the categorical ladder. Applying the construction to
groups, it is straightforward to introduce the notion of a 2-group as a 2-category consisting of only
one object, where all the morphisms and all 2-morphisms are invertible. It was demonstrated

that every strict 2-group is equivalent to a crossed module (H %G ,>), see [13] for detailed
definitions. Here G and H are groups, 0 is a homomorphism from H to G, while > : Gx H — H
is an action of G on H.

Just like an ordinary Lie group G has a naturally associated connection « and gives rise to
a BF theory, a Lie 2-group has a naturally associated 2-connection (a, ), described by the
usual g-valued 1-form a € A'(M,4) ® g and an h-valued 2-form 3 € A%2(My) ® b, where b is a
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Lie algebra of the Lie group H. This 2-connection gives rise to the so-called fake 2-curvature
(F,G), defined as
F=dat+aAha—098, G=dB+an”p. (4)

Here o A 8 means that « and 8 are multiplied as forms using A, and simultaneously multiplied
as algebra elements using >, see [13]. The curvature pair (F,G) is called “fake” due of the
presence of the additional term 05 in the definition of F [11].

Using the structure of a 2-group, or equivalently the crossed module, one can introduce the
so-called 2BF action, as a generalization of the BF action, as follows [17, 18]:

Sy — /M (BAF)g+(CAG. (5)

Here the 2-form B € A%2(M,) ® g and the 1-form C € A'(My) ® b are Lagrange multipliers.
Also, (-, _)g and (-, _)y denote the G-invariant nondegenerate symmetric bilinear forms over the
Lie algebras g and b, respectively. As a consequence of the axiomatic structure of a crossed
module (see [13]), the bilinear form (_,_), is H-invariant as well. See [17, 18] for review and
references.

The equations of motion for a 2BF theory are an extension of the equations of motion of a
BF theory. Varying with respect to B and C one obtains

=0, g"=o, (6)
while varying with respect to a and S one obtains the equations for the multipliers,
VB+CAT =0, VC - 3B =0. (7)

Here the map 7 is defined in [13]. A rigorous Hamiltonian analysis of the model demonstrates
that in this case as well there are no local propagating degrees of freedom [20, 21| (see also [22]).
Therefore the 2BF' theory is also topological.

2.3. 3BF theory
When constructing more realistic (nontopological) models by adding constraints to BF' and 2BF
models, it becomes apparent that the group G with a constrained BF action can successfully
describe ordinary gauge vector bosons, while the so-called Poincaré 2-group with a constrained
2BF action can successfully describe general relativity. However, neither of these can suitably
accomodate matter fields, such as fermions or scalars. Nevertheless, it turns out that this can
be remedied if we make one further step in the categorical ladder, passing from the notion of a
2-group to the notion of a 3-group. As we shall see in the next Section, the notion of a 3-group
will prove to be an excellent structure for the description of all fields that are present in the
Standard Model, coupled to Einstein-Cartan gravity. Moreover, a 3-group contains one more
gauge group, which is novel and specifies the spectrum of scalar and fermion fields present in
the theory. This is an unexpected and beautiful result, absent from ordinary gauge theory.
Applying the categorical ladder once more, one can introduce the notion of a 3-group in
the framework of higher category theory, as a 3-category with only one object where all the
morphisms, 2-morphisms and 3-morphisms are invertible. Also, the equivalence between a 2-
group and a crossed module has been generalized to the equivalence between a strict 3-group

and a 2-crossed module [23]. A Lie 2-crossed module, denoted as (L SHSaG >, {-,-}), is an
algebraic structure specified by three Lie groups G, H and L, together with the homomorphisms
6 and 0, an action > of the group G on all three groups, and a G-equivariant map

{,):HxH—L.
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called the Peiffer lifting. The maps 0, §, > and the Peiffer lifting satisfy certain axioms, so that
the resulting structure is equivalent to a 3-group [13].

Based on a given 2-crossed module (L Sl G,>,{-,-}), one can introduce a gauge
invariant topological 3BF' action over the manifold M, as follows. Denoting g, h and [ as
Lie algebras corresponding to the groups G, H and L, respectively, the Lie 3-group structure
allows one to introduce a 3-connection («, 3,7) given by the algebra-valued differential forms
a€ MMy ®g, Be A (My) @b and v € A3(My) ® . The corresponding fake 3-curvature
(F,G,H) is then defined as

F=da+ara—098, Gg=dB+an” B —dy,
H=dy+ar" v+ {8AS},

(8)

see [23, 24] for details. Note that ~ is a 3-form, while its corresponding field strength H is a
4-form, requiring that the spacetime manifold be at least 4-dimensional. Also, for this reason,
going beyond 3-groups and 4-groups in the categorical ladder does not have many applications
in realistic 4-dimensional physics. A 3BF action is defined as

SgBFz/M (BAF)g+(C NG+ (DAH), )

where B € A2(My)®g, C € AY(My)®bh and D € A°(M,) @[ are Lagrange multipliers valued in
the respective algebras. Note that exclusively in 4 spacetime dimensions the Lagrange multiplier
D corresponding to #H is a O-form, i.e. a scalar function. As before, the bilinear forms (_,_) g
<*’*>h and (_,_); are G-invariant, nondegenerate and symmetric, over the algebras g, h and I,

respectively.
The equations of motion can be obtained by varying the action with respect to the multipliers

B, C and D,
F=0, G=0, H=0, (10)

and by varying with respect to the connections «, 5 and 7,
VB+CATB—DASy=0, VC — 9B — D ANMF+2) 5 — VD+46C=0. (11)
See [13] for the detailed definitions of the maps 7, S, X1 and Xs.

3. The Standard Model 3-group
At this point we are finally ready to construct a realistic classical action, featuring the full
Standard Model of elementary particles coupled to Einstein-Cartan gravity. The action is based

on a so-called Standard Model 3-group, which is a 2-crossed module ( L Sala, s, {-,-})
with a following choices for the Lie groups:

G =50(3,1) x SU(3) x SU(2) x U(1), H =R,

L=C*x G x G% x G%.

We choose the group G as a product of the Lorentz group and the usual internal gauge symmetry
group of the Standard Model. The group H is chosen to be the group of spacetime translations,
motivated by the Poincaré 2-group construction [12]. Finally, we choose the group L as a product
of C* accouning for the doublet of complex scalar fields, and three copies of the 64-dimensional
Grassmann algebra G%, representing three families of fermions. The maps 6, 9 and {_, _} are
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trivial, while the map > is chosen in a natural way, in accord with the usual action of the gauge
group G onto translations and various components of matter fields. It is defined in detail in [13].

Once the 3-group has been completely specified, the corresponding action can be written as
a 3BF action with suitable constraint terms, as follows:

(BAF) (CAG) (DAH)
o [ab] a A - 2 A _ & A
S = [ Be AF* + B“Y A Rjay +ea AVB + 0" (V) a + 9a(Vy)" — (7 V)avp 3BF
1 1
— /)\[ B A <B[ab] 167r12 glatled o A ed) + T l2 Acapeac® A AeS Ael GR and CC
T /)\O‘/\(B&712C Mpay & Ae)+<‘mb( aabscdefec/\ed/\eﬁ/\effFa/\ea/\eb> YM
+ /)\A/\ (’yA— apea e ANel Ae ) + A4 A (HabcA e egNee Ney — (V¢)AAeaAeb) Higgs
— / le X ( A —v ) Eabed €4 N e nef Ael Higgs potential
d A _ { an b ocf7.d .
+ / A/\(’y +65abcde Ae’ Aef ('y w) )—)\ /\(’yA—aaabcde ANe’ Ne (w’y )A) Dirac
_ / 112 YABcz/) 1/1 ¢ Eabed € Ael Ael A el Yukawa,
+ /27rz lp 1/?,4757“1/1’4 Eabed € A €S A ﬁd . spin-torsion

Here the first row represents the topological 3BF part, while the remaining rows represent
various constraint terms, each corresponding to one sector of the theory. Taking all together,
the equations of motion obtained from the action S are equivalent to the full set of equations of
motion for all Standard Model fields, coupled to the Einstein-Cartan theory of gravity.

The key novelty of the above structure is the role of the group L, which prescribes the
spectrum of scalar and fermion fields present in the theory, via the (DAH) term in the topological
sector of the action.

4. Conclusions
Let us summarize the results of the paper. In Section 2 we have introduced the nBF' theories
for n = 1,2, 3, and explanied in brief terms how the categorical ladder procedure can be applied
to generalize the notion of a group to the notions of a 2-group and a 3-group, which represent
more powerful ways to describe the gauge symmetry of a physical theory. These structures
were employed in Section 3 to construct the constrained 3BF action for the Standard Model
of elementary particles coupled to the Einstein-Cartan gravity in the usual way. Within that
framework, the spectrum of scalar and fermion fields happens to be determined by a new gauge
group, in a way similar to that of the ordinary gauge group determining the spectrum of gauge
vector bosons in Yang-Mills theory. This opens up a very interesting possibility of applying the
structure of a 3-group to classify matter fields, and possibly gain some insight into why there
are three families of fermions.

These results complete the first step of the spinfoam quantization programme, as outlined
in the Introduction. The second step has also been performed in [25], for a general case of a

Lie 2-crossed module (L Snda ,>>,{_,-}). The resulting state sum is a novel topological
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invariant of a 4-dimensional manifold, and has the following form:

_ —|Aol+[A1|—|Az2] [Ao|=[Ax[+[Az|=|As] | 7= [Ao|+[Ar[—|Az|+[As]—]As]
Z =G| |H]| L]

x H /dgjk H /dhgk:é H /dl]kem

(Jk)eM ¢ (Gke)eA2 Iy (jktm)€As T,

X H 5G( hjke) gre 9ik 950 ) H OH (5( ikem)Pjem (Gem > hike) highn h]klm>
(jke)EA2 (jktm)€eAs
X H 6L (lj_éinn hj@n ‘>/ {hf'mna (gmngfm) > hjk@}p lj_klgn(h]kn D/ lkénm)ljkmnhjmn ‘>/ (gnLn > ljkénL)) .
(jkbmn)eAy
(12)

Here g;;, hijk, lijri are elements from groups G, H, L, respectively, which are assigned to simplices
of the triangulation whose vertices are numerated by indices 4, j,... In other words, g;; are
assigned to edges, h;;, are assigned to triangles, and l;;;; are assigned to tetrahedra of the
simplicial complex representing a compact 4-manifold, which has a total number of Ag vertices,
A1 edges, As triangles, A3 tetrahedra, and A4 4-simplices.

Of course, when building a realistic theory, we are in fact not interested in a topological theory,
but instead in a theory which contains local propagating degrees of freedom. Thus the state sum
Z should be appropriately deformed. This is the task of step 3 of the spinfoam quantization
programme, by imposing the simplicity constraints on Z. The classical action from Section 3
manifestly distinguishes the topological sector from the simplicity constraints. Imposing those
constraints should thus complete the spinfoam quantization programme, and would ultimately
lead us to a tentative model of quantum gravity with matter, by providing a rigorous definition

for the path integral
= / Dy / D¢ 59:9) (13)

which is a generalization of (1) in the sense that it contains matter fields as well as gravity, at
the quantum level.

In addition to the construction of a full quantum theory of gravity, there are also many
additional possible studies of the classical constrained 3BF action. For example, a full
Hamiltonian analysis of the 3B F' action has been done for the example of scalar electrodynamics
[26], and then also for a general choice of a Lie 3-group [27], and the complete gauge symmetry
group has been discussed in detail [27, 28]. Also, it is worth looking into the idea of imposing
the simplicity constraints using a spontaneous symmetry breaking mechanism, and some work
has already begun in this area. Finally, one can also study in more depth the mathematical
structure and properties of the simplicity constraints. The list is not conclusive, and there may
be many other interesting topics to study.
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Infrastructure for Simulating n-Dimensional
Simplicial Complexes

Dusan Cvijeti¢, Nenad Korolija, and Marko Vojinovi¢

Abstract—We present an infrastructure for simulating
simplicial comple es. The classes for storing the structure of
simplicial comple es and simplices are ¢ plained in detail, for
arbitrary dimension.

The implementation is tested using functions for sceding
simplicial comple es and for printing them on the screen. eside
these functions, the supporting classes and the function for
assigning unique identifiers and sereen coordinates is also
¢ plained.

esults of simulation show that there are potentials for the
simulator to be used for big data problems, although appropriate
e perimental results are still being collected. uture wor
includes parallelizing the ¢ ecution of the simulator using
supercomputing architectures.

Index Terms—
algebraic topology.

implicial comple ; triangulation; manifold;

1. INTRODUCTION

A manifold is one of the fundamental concepts in
mathematics [1], and its importance in applications in physics,
technology and engineering cannot be overstated. Virtually all
modern physics describes the world using field theory [2], in
which all physical quantities (fields) are represented as
functions over some manifold (for example, spacetime). In
technology, manifolds appear in all forms and guises,
whenever one needs to deal with curved surfaces --- from civil
engineering to graphics in video games.

While most of the interest in science and engineering
revolves around smooth manifolds, for the purpose of
studying manifolds using numerical techniques, the attention
focuses on the so called piecewise-linear manifolds [3], which
can intuitively be imagined as a structure made out of small
flat cells called simplices, arranged like bricks into a structure
which models a manifold. The procedure of approximating a
smooth manifold with a piecewise-linear one is commonly
called triangulation, see Fig. 1.

Within the framework of algebraic topology, the formal
mathematical structure which describes piecewise-linear
manifolds is called a simplicial comple . For the purpose of
this article, we provide an informal descriptive definition of a
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simplicial complex, without mathematical rigour. A simplicial
complex is a combinatorial structure, containing the
information about simplices of various dimensions that make
up a complex, and the information about how simplices are
connected to each other. A k-simple is an elementary
building block of a simplicial complex. It is an elementary
geometrical “cell” of dimension k, which is being used to
build simplices of higher dimension, and the entire simplicial
complex. For k = 0, the simplex is called a erfe , it is
represented geometrically as a single point, and has no
internal structure. The k = 1 simplex is called an edge,
geometrically represented as a single straight line, having two
vertices at its boundary. For k = 2, the simplex is a friangle,
having three boundary edges and three vertices. The case
k = 3 describes a fetrahedron, having four boundary triangles,
six edges and four vertices. One can go further into higher
dimensions: k = 4 represents a simplex called pentachoron — it
is a 4-dimensional figure, having five boundary tetrahedra, 10
triangles, 10 edges and five vertices. In general, one can
introduce a k-simplex for arbitrary dimension k, also called
le el.

Fig. 1. Simplicial complex of a torus (source: Wikipedia).

Given a set of simplices, one can “glue them up” into a
bigger geometrical structure, called simplicial complex. In
order to describe a manifold of dimension D, a simplicial
complex is constructed by gluing a set of D-simplices by
identifying their common boundary (D-1)-simplices.
Naturally, this implies the identification of all corresponding
sub-simplices of level k < D-1 as well. The resulting
simplicial complex is homeomorphic to a piecewise-linear
manifold of dimension D.

The most important information about the simplicial
complex, aside from its dimension D, is the data that tells one
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which simplices are glued to which. This gives rise to a notion
of a neighborhood of a k-simplex, which is a set of all
simplices which contain a given simplex as its sub-simplex
(called super-neighbors) and simplices which are contained in
a given simplex (called sub-neighbors). Each k-simplex (for
0 <k < D) in the complex has its set of neighbors, where by
definition a simplex is not a neighbor of itself (this is
convenient to avoid infinite loops when traversing a
complex). The neighborhood structure of the entire complex
determines the topology of the corresponding manifold.

While manifolds of various topologies are important in
their own right in mathematics, the applications in physics and
engineering typically introduce functions over manifolds,
such as distances, areas and volumes, temperature, electric
and magnetic fields, etc. In the language of simplicial
complexes, these functions are commonly called colors, and
are assigned to simplices of various level k within the
complex. Given a k-simplex, one can assign to it multiple
colors, representing the value of a given function when
evaluated on the k-simplex. A prototype example of colors is
the geometry of a simplicial complex: each k-simplex is
assigned its “size” according to its geometry --- each 1-
simplex (an edge) is assigned a real number representing its
length, each 2-simplex (a triangle) is assigned a real number
representing its area, tetrahedra are assigned volumes, and so
on. Other examples are abound --- vertices can be assigned a
temperature, edges can be assigned vectors of electric field,
and so on. Depending on the problem at hand, one may or
may not impose relationships between various colors, such as
that the area of a triangle is consistent with the length of its
edges, or similar. These relationships are collectively called
constraints.

In most everyday applications, one is interested in
manifolds of dimension 1 and 2 (curves and surfaces).
However, within the context of theoretical physics, one often
needs to deal with manifolds of higher dimension — most
commonly 3, 4, 5, 10, 11 and 26, while more sporadically
anything in between and above. One of the typical scenarios is

uantum gra ity [4,5], a vast research area of fundamental
theoretical physics, where the notion of spacetime is described
as a piecewise-linear manifold of dimension D=4 or higher
[6,7]. In order to apply numerical techniques to study the
manifolds in such research disciplines, it is necessary to
formulate and implement structures and algorithms which
describe colored simplicial complexes of arbitrarily large
dimension, in a uniform and optimal way. In what follows, we
describe one such implementation, which is purposefully
designed to mimic the mathematical structure of a simplicial
complex as close as possible, while simultaneously providing
efficient numerical techniques for the manipulation and study
of such structures.

1. N-DIMENSIONAL SIMPLICIAL COMPLEXES

This section describes the structure of simplicial
complexes, and explains an example C++ implementation of
classes for storing simplicial complexes.

ICETRAN 2022
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Simplicial complexes consist of k-simplices at different
levels. Given a simplicial complexes of dimension D, these
elements include k-simplices for each level from zero to D.
Elements at level zero are vertices, elements at level one are
edges, elements on level two are triangles, etc. Finally, there
are elements of highest level D. The representative source
code of class for simplicial complexes is given in Algorithm 3
from the Appendix. The source code is pruned from
comments and unnecessary functionalities for the presentation
of the simulator.

K-simplex stores the level it has, the dimension of the
simplicial complex it belongs to, neighboring elements and
colors assigned to it.

Neighboring elements of a k-simplex are defined as k-
simplices that this k-simplex is touching. Since these can be
on various levels, the structure of neighbors is the same as for
the simplicial complex. Therefore, the two main classes are
mutually connected.

Printing SimpComp tetrahedron, D = 3
Simplices k = 0:

1,2,3,4

Simplices k = 1:

(1-2), (1-3), (1-4), (2-4), (2-3), (3-4)
Simplices k = 2:

(1-2-3), (1-3-4), (1-2-4), (2-3-4)
Simplices k = 3:

(1-2-3-4)

Fig. 2. Tetrahedron and a corresponding output of the simplicial complexes
simulator.

One possible implementation of the neighboring elements
is to store only neighbors from one level above, and one level
beneath (first sub-neighbors and first super-neighbors). The
lower- and higher-level neighbors can be deduced following
the structure of the first neighbors. However, we have opted
for storing neighbors from all levels, giving us the opportunity
to divide the structure onto multiple computing nodes and run
the code in parallel. At current state, the simulator is running
on a single CPU.

The instructions a CPU is executing are repeated over and
over again, which makes this simulator suitable for
acceleration using the dataflow paradigm [8,9]. The effort
required for programming such architectures is higher than for
conventional von Neumann architectures [10], but the
simulator is suitable for transforming the C++ source code
automatically [11]. Executing multiple simplicial complex
operations in parallel requires appropriate scheduling
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techniques [12].

Each k-simplex (including all vertices, edges, triangles,
etc.) can be colored with different types of color. Example
colors include:

- k-simplex name,

- unique identifier of k-simplex,

- boundary color of k-simplex,

- screen coordinates.

These colors are included in our simplicial complex
simulator, but the structure of the simulator allows adding
additional user defined colors.

The representative source code of the class for k-simplices
is given in Algorithm 4 from the Appendix. Just like it is the
case with simplicial complexes, this source code is pruned for
better clarity.

For simulation purposes, we have developed functions for
seeding simplicial complexes at various levels, as it will be
explained in the following section. In addition, coloring and
printing simplicial complexes is also implemented. Pretty
printing (or compact printing) prints k-simplices at all levels,
where k-simplices of level higher than zero are printed as
tuples consisting of unique identifiers (IDs) of their vertices.
Fig. 2 shows an example tetrahedron (i.e. simplicial complex
of dimension D = 3 consisting of a single 3-simplex and its
sub-simplices) whose vertices are colored with unique
identifiers that auto-increment after each assignment of the
unique color to a vertex. Details of the implementation of
compact printing is also explained in this manuscript.

Screen coordinates can be attached to vertices of the
tetrahedron. Therefore, it can be drawn on the screen.
However, there is no need to assign coordinates. They are just
a convenient way to show an object on a screen. Similarly,
there is no need to assign unique ID to any vertex. In the
previous example, if a vertex with unique ID four would not
have a unique ID assigned to it, the tetrahedron could still be
printed out, but with word “Simplex” being printed out in
place of number four.

II. SEEDING SIMPLICIAL COMPLEXES

This section describes seeding simplicial complexes using
C++ implementation of function seed single edge . The
example source code for seeding a single edge is used for
demonstrating purposes.

The process of seeding simplicial complexes will be
explained using the source code shown in Algorithm 1. The
source code is pruned from comments and unnecessary
statements. Seeding a simplicial complex consists of the
following steps, and statements in Algorithm 1 follow the
same principle in the same order:

- creating an empty simplicial complex of given dimension,

- creating k-simplices for storing vertices and simplices of
higher levels,

- connecting vertices at each level with vertices on higher
and lower levels.

Adding a neighbor to a k-simplex is a symmetric operation.
This means that both k-simplices (the calling one and the one
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given as an argument) are neighbors to each other. All
functions of the simulator are written in a robust manner,
checking the validity of input parameters.

Note that multiple colors can be assigned to each k-
simplex, which is left out of consideration in this algorithm
for better clarity.

III. COLORING AND PRETTY PRINTING K-SIMPLICES

This section describes coloring and pretty printing
simplicial complexes. These functions might work in pair, but
are not necessarily connected.

A. Coloring -simplices

Coloring k-simplices will be explained using Algorithm 2
by coloring vertices of an edge with boundary colors. First,
vertices have to be created as k-simplices of level zero. Then,
colors have to be created for all vertices. Finally, colors need
to be pushed back to the vector of colors that each k-simplex
has.

Algorithm 1: Seeding a single edge.

SimpComp* seed single edge(string name) {
SimpComp *edge = new SimpComp (
name, 1);
KSimplex *vl =
edge->create ksimplex (0);
KSimplex *v2 =
edge->create ksimplex (0) ;
KSimplex *el =
edge->create ksimplex (1) ;
vl->add neighbor(el);
vZ2->add neighbor (el);
return edge;

Algorithm 2: Coloring vertices with boundary color.

KSimplex *vl =

edge->create ksimplex (0) ;
KSimplex *v2 =

edge->create ksimplex (0);
Color *cl = new BoundaryColor (true);
Color *c2 = new BoundaryColor (true);
vl->colors.push back(cl);
vZ2->colors.push back(c2);

Following colors are currently available:

- unique ID colors

- boundary colors

- screen coordinate colors.

Additionally, user is allowed to construct a custom color
and use it within the simulator. The source code of the
simulator is organized as a library, and user is allowed to
extend it by using the library.

Unique ID colors are predominantly used for pretty printing
simplicial complexes. They are implemented by a class
inherited from the basic color class. Two main fields include
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static integer number, and an integer number. The first
represents the current maximum of a unique color ID that is in
use, and the second one is the color of a given k-simplex.

Unlike unique ID colors, boundary colors have special
meaning. Each k-simplex may contain boundary color, but it
does not have to. A simplicial complex can have boundaries
on k-simplices of one level lower than the dimension of the
simplicial complex. For example, a triangle can have edges as
boundaries.

Screen coordinate colors are used for drawing simplicial
complexes on a screen. The basic graphical user interface is
under development.

B. Pretty Printing

Printing k-simplices includes printing of all of the fields
that Simple class contains. This includes printing all of the
neighborhood elements the k-simplex has. This is usually
overwhelming for a user. Therefore, pretty printing is
designed to print unique ID colors of each k-simplex in most
readable way authors could think of.

Function  Simple print compact is responsible for
pretty printing. It assigns to the pointer to the unique ID a
value returned by a function get uni uel  that returns either
nullptr if a k-simplex doesn’t have a unique ID, or a pointer to
the color.

If there is no unique ID color assigned to a k-simplex, the
output consists solely of word “Simplex”. Otherwise,
print compact function is called for a color that the pointer
points to. Further, the following procedure is repeated, if level
k is greater than zero and there are neighboring elements for
all neighbors. A set of integer values is constructed, and then
function print ertices in parentheses s is called for
neighbors, adding unique IDs to the set. This way, printing
sorted values is achieved, along with avoiding duplicate
values. Sample output of a simplicial complex pretty printing
is shown in Fig. 1.

-simplices

IV. CONCLUSION

We have demonstrated how one can implement in code the
structure of a simplicial complex of arbitrary dimension, in a
way that is faithful to its combinatorial definition, and
perform the most basic operations on it, like instantiating,
coloring and printing.

The implementation of the basic classes of the code
described in this work represents a fundamental basic building
block for a more versatile software collection that aims to
construct, manipulate and study the properties of simplicial
complexes of arbitrary dimension. Future extensions of the
software library will include the functions which implement
attaching additional simplices to a boundary of a complex,
performing Pachner moves [13] which transform a given
complex into a different one without changing its topology,
and functions for manipulating the colors and evaluating
various mathematical constructions that include them. Note
that the experimental data regarding the parallelization is yet
to be collected (see the accompanying paper [14]).

ICETRAN 2022

The resulting software collection will feature the generality
and versatility that aim for applications both in pure
mathematics (algebraic topology research) and theoretical
physics (quantum gravity, field theory), but also with potential
applications in other disciplines of engineering and industry,
wherever the analysis and the study of geometry of manifolds
and curved surfaces may be relevant.

APPENDIX
Algorithm 3: Declaration of SimpComp class.

RTI3.1 - Page 4 of 5

class SimpComp{
public:
SimpComp (int dim) ;
SimpComp (string s,
~SimpComp () ;
int count number of simplexes(
int level);
void print(string space = "");
bool all uniquelID(int level);
void collect vertices(set<int> &s);
void print set (set<int> &s);
void print vertices in parentheses(
set<int> &s);
void print compact();
// Creating new KSimplex at level k:
KSimplex* create ksimplex(int k);
void print sizes();

int dim);

string name;

int D;

// An element at each level

// is a list or vector

// of KSimplex pointers

// to KSimplex on that level:

vector< vector<KSimplex *> >
elements;

}r

Algorithm 4: Declaration of KSimplex class.

class KSimplex{

public:
KSimplex () ;
KSimplex (int k,
~KSimplex () ;
bool find neighbor (KSimplex *kl1);
void add neighbor (KSimplex *kl);
void print(string space = "");
UniqueIDColor* get uniquelID();
void print compact();

int D);

int k; // level

int D; // dimension
SimpComp *neighbors;
vector<Color *> colors;
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Possibilities for Parallelizing Simplicial
Complexes Simulation

Dusan Cvijeti¢, Nenad Korolija, and Marko Vojinovi¢

Abstract—This  manuscript presents potentials for
parallelizing simulation of simplicial comple es. The
implementation of most important fields and methods of
classes for storing simplicial comple es and -simplices is
followed by wrapper classes for simplicial comple es and -
simplices respectively. Infrastructure for communication
between  essage Passing Interface ( PI) processes along with
helper functions is e plained further in the manuscript. nce
multiple data are prepared to be sent from each  PI process
to other PI processes, sending and receiving is performed in
the bac ground. ecause of the stall introduced by using PI
directives, the amount of data to be transmitted is ma imized
by processing multiple operations over simplicial comple es in
parallel. This requires the method for loc ing simplicial
comple es and -simplices by the owner PI process until all
the requests are processed. oc ing mechanism and supporting
simplicial comple class actions regarding loc ing is not in the
scope of this manuscript.

Index Terms— implicial comple ;
manifold; PI; parallelization.

-simple ; triangulation;

1. INTRODUCTION

In modern theoretical physics, a lot of problems are too
complicated for study using analytical methods, and one
needs to resort to numerical techniques. Among those
problems, an especially important class deals with
evaluation of functions over simplicial complexes. A
simplicial complex [1] is a piecewise-linear approximation
of a smooth spacetime manifold [2] and is typically 4-
dimensional or higher. Functions over a simplicial complex
represent physical fields on spacetime, and one commonly
employs path integral evaluations of such structures to
extract expectation values of observables. For example, in
Lattice Quantum Chromo-dynamics, one employs such
numerical techniques to predict the theoretical values for the
masses of elementary particles called hadrons [3]. Also, in
Causal Dynamical Triangulations approach to quantum
gravity [4,5], one uses these techniques to evaluate spectral
dimension of spacetime, and study various properties of
phase space of triangulated manifolds. Finally, in the Regge
Quantum Gravity approach [6,7,8] one can study the
entanglement properties of matter fields and gravity
described by the Hartle-Hawking wavefunction [9,10], again
using the techniques of numerical evaluation of path
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integrals over simplicial complexes.

It goes without saying that all such calculations are
exceptionally expensive in computation time. Typically, one
develops custom-made code, heavily optimized to solve
precisely one specific problem, and executes it over months-
long periods on hardware dedicated for high performance
computing (HPC), usually clusters with thousands of work
nodes. Such enormous calculational efforts are usually
unavoidable due to the nature of the problems that need to
be solved.

Nevertheless, at least for one class of such problems, it
may be possible to construct a more general algorithm and
structures which would provide a common basis for solving
an all-encompassing class of problems using the same
underlying software, while intrinsically exploiting the
parallelization possibilities of the code itself and the
distributed nature of the underlying hardware. Our aim is to
develop such a generic software library, which could be
used to solve a whole host of physics problems in the same
way and optimize it for parallelized HPC environments. In
this work we present the first steps towards the construction
of such a library. This approach of developing common
code for a whole class of problems has not been attempted
so far because research teams are usually concentrated on
solving only one specific problem and opt to construct
custom code for that problem. However, in our opinion, a
generic software library, which would provide support for a
whole class of problems simultaneously, would open new
avenues for numerical research, since one could use the
same code to study new, yet unexplored problems as well as
old well-known ones.

Fig. 1. Simplicial complex of a torus (source: Wikipedia).

The fundamental structure which lies at the core of the
whole numerical method is the notion of a simplicial
comple . A simplicial complex is a combinatorial structure
which is easiest to understand as a generic lattice-like mesh,

ISBN 978-86-7466-930-3



PROCEEDINGS, IX INTERNATIONAL CONFERENCE ICETRAN, Novi Pazar, Serbia, 6 - 9. june 2022. 596

whose cells are called simplices, and are connected to each
other along their boundaries to form the simplicial complex
of a given dimension. The purpose of the whole structure is
to approximate the smooth spacetime manifold with a
discrete structure which is more convenient for numerical
methods.

The most elementary simplex is a simplex of level zero,
often called 0-simple or erte — it is just a dimensionless
point with no structure. Next is the /-simple , also called an
edge — it is a one-dimensional line with two vertices at its
boundaries. At level two we have the 2-simple or triangle,
whose boundary are three edges and their vertices. The 3-
simple , also known as the tetrahedron, has the boundary
made of four triangles and their edges and vertices. The
procedure of constructing simplices can be done for
arbitrary dimension, giving rise to the notion of a k-simple ,
whose level (i.e. natural dimension of space in which it is
defined) is equal to any positive integer k. The most
commonly used example is the 4-simple , also called
pentachoron — a 4-dimensional figure whose boundary
consists of 5 tetrahedra, 10 triangles, 10 edges and 5
vertices. In most applications in physics, the spacetime
manifold is considered to be 4-dimensional, and it is cut into
a lattice-like structure made of 4-simplices, which are glued
together along their boundary tetrahedra. The resulting
structure is a simplicial complex of dimension 4. Fig. 1
depicts an intuitive example of a 2-dimensional simplicial
complex of a torus.

Given a simplicial complex, one typically wants to
introduce functions that are evaluated on it. These are
commonly called colors and are assigned via their values to
each k-simplex within in the complex. In other words, some
colors live on vertices, some on edges, some on triangles,
and so on. The colors are a natural discretization of the
notion of a field over a manifold. For example, just like
electric and magnetic fields have a value at each point of a
smooth spacetime, analogously the colors have values at
each k-simplex in the simplicial complex.

Depending on the type of the problem at hand, algorithms
that are used to evaluate required quantities on a simplicial
complex can vary in complexity, from conceptually simple
Monte Carlo integration techniques, to vastly complicated
traversal and ray-tracing algorithms, to various methods for
solving functional partial differential equations. Due to the
variability of the complexity of all these algorithms, dictated
by the nature of the problem at hand, it is helpful to develop
the wunderlying software simulator to exploit the
parallelization avenues that are intrinsic to the simplicial
complexes and k-simplices themselves, so that the simulator
can exploit parallel hardware environments even for
algorithms that are themselves hard to parallelize. This helps
the code developer with overall optimization and application
to HPC hardware architectures. In what follows, we shall
demonstrate a set of possible approaches to these intrinsic
parallelization techniques.

II. N-DIMENSIONAL SIMPLICIAL COMPLEXES

This section describes data structures used in the
simulator of simplicial complexes from the point of view of
their suitability for parallelizing the simulator execution.
Data demanding structures are of main interest for
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optimizing the communication between processing units.
Along with those, data that describes the structure and needs
to be updated on multiple processing units will be described
in detail. Further, the amount of data that needs to be
exchanged and the frequency of expected changes will be
compared to the pyramid, where top elements demand less
memory, but require more often communication.

The parallelization is simulated using the MPI
framework. The simulator is implemented in C++, and, as a
result, the parallelization framework is built on top of the
simulator. As improving the simulator of simplicial
complexes is an ongoing process, the possibility for
accelerating the computation is simulated based on the
requirements.

Simplicial complexes are formed out of k-simplices at
various levels. Simplicial complexes at level zero represent
vertices. The structure of each vertex is stored in Simple
class. Simplicial complexes at level one represent edges.
Each edge consists of two vertices. As it is the case with
vertices, information about edges are also kept in a

Simple class. However, while vertices can be independent
of other vertices, representing separate simplicial
complexes, each edge must have at least two vertices
defined as neighbors. Neighbor of an k-simplex is defined
also as a k-simplex that the first k-simplex relies on.
Neighboring relation is symmetrical. Therefore, if two
vertices are neighbors of an edge, edge is also the neighbor
of both vertices. Further, edges can form a triangle. By
analogy, neighbors of triangle are three edges, but also the
triangle is neighbor of these edges. The neighboring relation
spans more than one level up or down. The triangle has also
three vertices as neighbors and the opposite.

Simplicial complex representing a triangle consists of a k-
simplex representing a triangle along with all neighbors of
the triangle. Simplicial complex class is used for storing
information about simplicial complexes. As it has elements
field that is a pointer to pointer of k-simplices, it is also used
for keeping neighbors of each k-simplex.

III. PARALLELIZING SIMPLICIAL COMPLEXES SIMULATION

Parallelizing operations over simplicial complexes is
implemented by splitting the structure over multiple MPI
processes. First, we can consider a single simplicial complex
system, as the most general approach. If no screen
coordinates for k-simplices are assigned, we can artificially
assign this type of color, so that we can present k-simplices
in 2D space. Further, we can imagine multiple planes, where
each plane is responsible for keeping k-simplices of one
dimension. This way, we can consider n-dimensional
simplicial complex as a pyramid that we observe from the
bird's eye view. Now we could have a bottom-up approach,
where k-simplices of dimension zero are divided onto MPI
processes based on their screen coordinates. Going up, each
MPI process would store higher dimensional k-simplices
that have those that are one level below as their neighbors.
When a k-simplex has neighbors on one level below that
belong to multiple MPI processes, this k-simplex gets
copied to all MPI processes involved. Finally, all MPI
processes would keep the highest-level k-simplex. In the
case of multiple simplicial complexes, they could be split
over MPI processes based on the same bottom-up approach.
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The notion of determining the MPI process where a k-
simplex is located is hidden by using wrapper functions, so
that the calculation operations are performed as if all k-
simplices would have been on the same MPI process, i.e. as
if the simulation was executed serially. Each wrapper
function can keep either a pointer to the structure, if it exists
on the same MPI process, and the ID used for finding the
structure on the owner MPI process.

Algorithm 1 describes the most important aspects of
simplicial complex classes. First, a basic SimpComp class is
given, followed by the wrapper class irtualSimpComp used
for parallelization.

Algorithm 1: Declaration of simplicial complex classes.

class SimpComp{
public:
SimpComp (int dim) ;
SimpComp (string s,
~SimpComp () ;
// Creating new KSimplex
// at level k:
VirtualKSimplex* create ksimplex(
int k);
void update owner (int owner);

int dim);

string name;

int D;

vector< wvector<

VirtualKSimplex *> > elements;

}i
class VirtualSimpComp {
public:

SimpComp *find simpcomp;

int id;
int ownerRank;
SimpComp *simpComp;

}i

Algorithm 2 describes the most important aspects of k-
simplices classes. A basic Simple class is followed by the
wrapper class irtual Simple used for parallelization.

Algorithm 2: Declaration of k-simplex classes.

class KSimplex{
public:
KSimplex () ;
KSimplex (int k,
~KSimplex () ;
bool find neighbor (
VirtualKSimplex *kl);
void add neighbor (
VirtualKSimplex *kl1);

int D);

int k; // level
int D; // dimension
VirtualSimpComp *neighbors;
vector<Color *> colors;

}s

class VirtualKSimplex{

public:
KSimplex *find ksimplex();

ICETRAN 2022

int id;
int ownerRank;
KSimplex *ksimplex;

}s
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In both algorithms, wrapper functions store a pointer to
the base class object, if such exists on a local MPI process.
Otherwise, the value is nullptr, and the data is searched for
on the so called owner ank based on unique identifier called
id. Owner of this k-simplex can issue multiple requests
while it holds a lock.

IV. INFRASTRUCTURE FOR COMMUNICATION BETWEEN MPI
PROCESSES

The communication between MPI processes is organized
as follows. Each MPI process is preparing the data to be sent
to other MPI processes. Order of operations prepared for
other MPI processes is not important. All requests to other
MPI processes for processing are packed in to_rank vector
of vectors of unsigned char.

Each type of primitive data is serialized into the array of
unsigned characters as it will be explained in the following
section. Each prepared byte is pushed to the back of the
vector of unsigned characters. Once all the data is prepared,
the data is sent to other MPI processes in the background
using MPI Isend directive. If a reference to the vector of
array of unsigned characters is called ec, the pointer to the
array is obtained by calling member function data of
vector class from standard template library. After issuing all
MPI Isend directives, waiting for each of sending to finish
is achieved using MPI Wait.

Similarly receiving the data from other MPI processes is
implemented in the background using MPI Irec , followed
by MPI Wait, once the data is needed for the processing.
The data is received into array of unsigned characters, that is
further packed into vector of vectors of unsigned characters
called from_rank for simple processing.

V.MPI SUPPORTING FUNCTIONS

As already mentioned, variables are serialized into the
array of unsigned characters using the following syntax:

*( (__typeof__ (variable) *) (array + nArray) ) = variable;
nArray += sizeof(variable);

Here, array is array of unsinged characters where the data
stored in the variable is serialized, and nArray is the number
serialized bytes in the array.

Similarly, a variable is read and prepared into the to_rank
using the following syntax:

__typeof__ (variable) temp_var = variable; \
int nBytes = sizeof(temp_var); \
for(int iByte = 0; iByte < nBytes; iByte++) \
to_rank[rankNumber].push_back(
((unsigned char *) &temp_var) [iByte] );

This can be further optimized, but the optimization is out
of the scope of this research.
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The communication between MPI processes is continued
for as long as any MPI process requires further
communication with other MPI processes. This is achieved
using the following source code, where the MPI process that
requires further communication sets variable to send to one:

int to_receive = 0; // A rank required communication
MPI_Allreduce(&to_send, &to_receive, 1, MPI_INT,
MPI_SUM, MPI_COMM_WORLD);

After MPI Allreduce is executed, all MPI processes will
have the information whether they have to communicate
further in fo recei e variable.

VI. PARALLELIZATION POSSIBILITIES USING DATAFLOW
PARADIGM

This simulator issues the same set of computer
architecture instructions repeatedly. As in majority simulator
of physical phenomena, the number of instructions is
dependent on the precision of the model and is limited by
the computing resources and the total simulation time
requirement. These conditions are exactly what is required
for a program to be suitable for acceleration using the
dataflow  paradigm [11]. Programming dataflow
architectures requires programming skills that are higher
than those needed for programming conventional von
Neumann architectures. One of the possibilities is to write a
program in a VHDL. More suitable solution to most of the
programmers would be to exploit the framework that
enables writing source code in a Java-like language, which
gets automatically translated into the FPGA image [12,13].
Even in this case, the effort needed for programming such
architectures is higher [14]. Besides programming dataflow
architecture for the simplicial complex simulator,
appropriate scheduling scheme is also needed for efficient
running of multiple jobs simultaneously [15].

As the number of operations that can be applied to
simplicial complexes can lead to several days’ simulation
time or even more, having in mind the aging and the
probability of failure of supercomputing nodes [16], we
have decided to write restarts after given number of
simulations defined by the user, so that the calculation can
continue from the last stored state.

VII. CONCLUSION

In this work we have presented the basics of the
paralellization techniques that can be applied to the structure
of a simplicial complex, which underlies a host of research
problems in theoretical physics (see also our accompanying
paper [17]). These problems tend to be computationally
extremely expensive, and the common underlying software
that enables parallelization at the level of the basic data
structure can possibly go a long way towards optimization
of code for numerical study using heavily parallel hardware
platforms such as HPC clusters. In particular, the simplicial
complex naturally allows for various aspects of
parallelization, and we have described the basic classes,
corresponding  MPI  communication  infrastructure,
supporting functions and the dataflow paradigm employed
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for the construction.

One should note that our work represents just a first step
towards a full working software implementation, and much
more effort is needed to properly implement, optimize and
test the resulting code in real world environments. All that is
the topic for future work. In particular, the data regarding
the experimental evaluation, which would compare the
proposed parallelization method to ordinary sequential
methods still needs to be gathered and analyzed.
Nevertheless, this first step is fundamental, and it is
conceptually important since it represents a paradigm in
which parallelization is implemented dominantly at the level
of the simplicial complex as the underlying data structure,
rather than at the level of the particular algorithm that aims
to solve some particular problem using these data structures.

Finally, we note that our code, once properly developed,
may possibly find applications not just in theoretical
physics, but also in other disciplines of science, technology
and engineering.
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