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Preface






A quantum theory of gravity is one of the greatest mysteries of modern physics. One
of the several approaches to find it is the Loop Quantum Gravity framework, within
which the Spin-Foam models provide a path integral picture of quantisation.

In this thesis we study four aspects of Spin-Foam models.

Firstly we address and answer the question of the class of 2-complex, that ensure that
Spin-Foam models are compatible with the kinematic sector of Loop Quantum Gravity.
While researching this issue, we developed a framework of diagrammatic representation of
spin-foams, called Operator Spin-network Diagrams (OSDs). The OSDs allow to express
a spin-foam as a collection of graphs, connected by certain relations. Each graph captures
the local structure of one of spin-foam vertices, i.e. nodes of a graph correspond to edges
and links of a graph correspond to faces incident to a vertex. The relations between
graphs in OSDs represent the way, in which edges and faces connect vertices. We have
proven, that for each OSD there is an unambiguous way to construct a 2-complex with
cells labelled by a spin-foam coloring, so that one can calculate the spin-foam transition
amplitude. We developed a procedure to glue OSDs along their boundary, being an
equivalent of composing quantum processes. Moreover we characterised all possible OSDs
in terms of gluing of basic diagrams representing zero or one interaction vertex each. We
claim, that the appropriate class of 2-complexes for Spin-Foam models is given by all the
2-complexes that can be obtained out of one of OSDs. The presents this part

of our results.

Our second aim was to apply OSDs to find a solution of so called boundary problem:
given certain initial and final states of Loop Quantum Gravity we want to find all spin-
foams which have these states as boundary. As our answer we provide an algorithm
that finds a series of all OSDs with a given fixed boundary. The series is ordered by
the number of internal edges of the corresponding spin-foam. We test our algorithm by
applying it to (recently introduced) Dipole Cosmology model. We find all diagrams, that
contribute to Dipole Cosmology amplitude, which have the minimal number of internal
edges. Moreover, we studied the contribution to transition amplitude coming from the
diagrams we found. In order to do this we adopted the techniques developed for spin-
foams based on 2-complexes and obtained simple rules (similar to Feynman Rules of QFT)
to read the components of the amplitude out of an OSD. Our study of the transition
amplitudes of Dipole Cosmology diagrams led us to conclusion, that all the diagrams
except from one gives amplitudes that are exponentially suppressed in the semiclassical
limit, thus their presence does not spoil the result of authors of Dipole Cosmology model.
The presents these results.

The third issue addressed in this thesis were the divergent amplitudes in Spin-Foam
models. We focused on one of the sources of divergences, which are bubbles in spin-foam
2-complexes (i.e. subcomplexes forming closed surfaces). Within the framework of 2-
complexes it is relatively hard to find the bubble part of a spin-foam. Thanks to OSDs
we found a procedure that unambiguously identifies the bubble subdiagram. Moreover
we introduced a notion of the rank of bubble, counting the number of elementary bubbles
that the considered bubble consist of, and we presented a method to calculate it for each
given OSD. We present a study of several possible simple cases of diagrams containing
bubbles, that illustrate our algorithms. These results are presented in

The fourth question we posed and answered within this thesis is related to detailed
study of one particular case of a spin-foam bubble, called melonic bubble. The melonic
bubble is in a fact spin-foam analogue of self-energy renormalization in Quantum Field
Theory. Recent research led to a conclusion, that in the first order the self-energy cor-



rection is proportional to some operator T, however the operator T was not known. We
studied this operator in semiclassical limit. After some elaborate calculations we found
the exact form of the leading order of T: for fixed spin labels it is proportional to the
identity operator, with the proportionality constant dependent on the spin labels. The
calculations can are presented in [chapter 6]

The presentation of our result is preceded by two chapters of introduction. First, in
we recall the main ideas of Loop Quantum Gravity and Spin-Foam models.
Then, in we provide a detailed presentation of each question addressed in the
further part of the thesis, together with a brief statement of each result. The thesis is con-
cluded in where we listed some directions of further research, that are opened
by our results, or that still need to be done. To make the thesis selfcontained we followed
the main text by two appendices: in Appendix[A]we provide an overview of mathematical
notions, that we use in the main text, concerning graphs, CW-complexes, differential geo-
metry and harmonic analysis on SU(2) and SL(2,C) groups. In Appendix |B| we present
some proofs of non standard theorems, that although being technically complicated, are
not of great physical relevance.
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Introduction






Chapter 1

General introduction to Loop
Quantum Gravity and Spin-Foams

All the research presented in this thesis was done in Loop Quantum Gravity framework
and Spin-foam models. This chapter provides a brief introduction to main points of these
approaches.

Loop Quantum Gravity provides tools to describe the configuration space of General
Relativity in such a way, that is relatively easy to translate into a quantum language. It
bases on an assumption, that the gravitational field is the geometry of the space itself (in
contrary to the approaches, where the gravitational field lives on a manifold with some
background metric structure), and thus it gives a quantum descriptions of geometrical
notions, such as area or volume. Loop Quantum Gravity is a framework of canonical
quantisation, thus it provides a Hilbert space of quantum states over the configura-
tion space of General Relativity together with an evolution operator - the Hamiltonian
constraint. There are attempts to incorporate matter fields to Loop Quantum Gravity
framework ([1], chapter 12) and to construct Dirac observable for its states (for example
[2, B]), however, since these problems are not related to this thesis, we do not explain
them in this introduction. The issues related to the subject of the thesis are presented
in section

Spin-foam models give a formalism to calculate transition amplitudes for theories
of dynamical connections. They are based on a concept of discretisation of the path
integral formula. The discretisation leads to operators acting on states, that can be
interpreted as kinematic states of Loop Quantum Gravity. An appropriate choice of
interaction amplitude makes Spin-foam models a discretised version of a theory with the
action equivalent to the action of Loop Quantum Gravity - thus the Spin-foam transition
amplitudes are considered to describe the quantum evolution of Loop Quantum Gravity
states. The introduction to Spin-foam models covering the points that are necessary in
the further chapters of this thesis is presented in section §I.2]

This chapter is a brief introduction rather then a technical review of the subject.
Detailed derivations and proofs are omitted. No discussion on former dead-ends of the
research is given. The point of this chapter is to give the background to understand the
further ones. Moreover, no open issues of the theory are discussed here. The presentation
of the problems that were addressed in this thesis can be found in [chapter 2]

All the mathematical conventions used in this thesis can be found in Appendix [A]
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1.1 Loop Quantum Gravity as canonical quantisation of Gen-
eral Relativity

Loop Quantum Gravity (LQG) is a promising attempt to quantise General Relativity. It
started being developed in 1980’s based on a discovery of new convenient variables that
can be used to describe gravitational field [4, [5]. It is based on canonical quantisation
framework.

Loop Quantum Gravity was widely described in several review papers and books, for
example [0, [I]. This section is to provide a brief historical and technical review of the
field, that is necessary to understand the further parts of the thesis. It is based mainly
on [6].

The subsection briefly recalls the way from Einstein’s formulation of General
Relativity to Ashtekar Variables for Gravity. The subsection describes the kinematic
Hilbert space of quantum states of Loop Quantum Gravity. Finally the subsection [I.1.3]
presents the basic issues of quantum dynamics of the theory in it’s canonical approach.
The path-integral approach to the dynamics of LQG is described in section

1.1.1 General Relativity as a theory of dynamical connections

General relativity was originally formulated as a theory of a pseudo-metric field g,,, on a
4-dimensional Riemannian manifold M [7]. There were many attempts to quantise the
field g,,,, itself or to decompose it into a perturbation around a flat metric g, = 1 +huw,
but none of them succeeded. Thus LQG is an attempt to quantise it using the canonical
formalism.

The canonical formalism for General Relativity was given by Arnowitt, Deser and
Misner [8, [9]. The gravitational field is expressed in terms of a metric tensor ¢, on a
3-dimensional manifold ¥ and its conjugate momentum 7%. An attempt to quantise
such theory was done by deWitt in [10]. However, within this formalism there was never
found a kinematic Hilbert space of the theory [11].

Instead of considering a metric tensor as a dynamical field of General Relativity one
may consider a tetrad of 1-forms e! and a connection w§, as it was done in Plebanski
formalism [12]. Such approach with a slightly modified action [I3] leads to new variables
for General Relativity, known as Ashtekar Variables [4] [5].

In this subsection we start with a brief recall of the ADM formalism (in subsec-

tion [1.1.1.1]), then we present the connection formalism (subsection |1.1.1.2]) and finally
we introduce the Ashtekar variables for General Relativity (subsection |1.1.1.3]).

1.1.1.1 Canonical formulation of General Relativity - ADM formalism
The Einstein-Hilbert action for General Relativity is given by

4)

S = L v —det(g)R (1.1)
2K M

(4)
where R is the Ricci scalar of the metric tensor g,, and x = 87G (we assume g has the

signature (—, +,+,+)) [14] [7].

Consider a foliation of the manifold M = R x ¥ into 3-dimentonal Cauchy surfaces
3. Let n* be a timelike vector generating this foliation, so that for each ¢ € R the
space {t} x X is the 3-submanifold of M orthogonal to n* at each point. Let g4 be the
restriction of the metric tensor g,,, i.e. ¢ = gl (the Latin indices from the beginning

8



of the alphabet a,b,c,--- will be used for manifold directions parallel to 3, the Greek

indices p, v, - -+ will be used for manifold directions in whole M). Let us introduce three
more fields: a density 7, a scalar N and a vector N®. The density density is defined as
.= —\/q <K“b - q“bK> (1.2)

where K% := 4v(anb) is the second fundamental form of dap (i.e. the external curvature
of g, the covariant derivative 4V is taken with respect to 4-dimensional metric g) and
K = K%q,,. The fields N and N® are such that

[ = (N*=N,N*) N,
I = < Nq qab (13)

where Ny N® = ¢, N®N®. Then the Einstein-Hilbert Lagrangian can be expressed as

@)
L=+v/—=gR = —qu0y7™ — NC — N,C* — 20, (wabNb - %WN“ + /det (q)V“N) (1.4)

where m = 7%q,;, C* := —2V,m® and
1 1
= —y/det —n? — 7%, 1.5
C et (q) [R+det(q) (277 T 7rb>} (1.5)

with R being the Ricci scalar for ¢ metric and all covariant derivatives taken with respect
to g (see [8 9]).

The last term is the divergence of a vector field, thus it can be integrated by parts
to a boundary term (which vanish for ¥ without boundary or for asymptotically flat
gravitational field). The terms N and N, are Lagrange multipliers, because no time-
derivatives of them appear in the Lagrangian. Thus the terms C and C* are constraints
of the theory (called scalar and vector constraint respectively).

Applying the Legendre transform to we obtain the ADM Hamiltonian for General
Relativity

"= / B[N ()€ (z) + N, (2) C° ()] (1.6)
by

1.1.1.2 Palatini action for General Relativity

An alternative way to define General Relativity is to consider a tetrad of one-forms
e:= (eI ) /0.5 instead of the metric field gy,. Assuming, that the one-forms form a

coframe (i.e. for each point the form dV = ersrne’ ANel Aef A el # 0 for ey
being the alternating tensor) the relation to the metric formulation is as follows: let
nry = diag (—1,1,1,1), then ¢ = nrse! @ e/. Given a coordinate system (x*) we have
el = elﬂdx“ and thus g,, = nIJeﬁeg. Now let I‘{, be the connection one-form of the
Levi-Civita connection of the metric g and let Q§ be the curvature 2-form of Fﬂ. Then

the action .
= / 61/\€J/\QKL [6] €I1JKL (17)
4/6 M

imposes (via variational principle) Einstein equations on the metric g, .

The action is called second-order tetrad action, since the equations it imposes
on the fields are of second order. There is a physically equivalent, but mathematically
different formulation, called first order. Consider an action

1
Sle,w] = / el nel AR [Wlerskr (1.8)
M

S [e]

4K

9



depending on the tetrad field and a kinematically independent field w{,. Vanishing of
variation of the action with respect to w impose the requirement, that the curvature
form is flat, while vanishing of variation of S [e,w] with respect to e requires w to be a
connection compatible with the metric g = ;e @ e’. These two conditions put together
makes 1st order the Palatini formulation of General Relativity physically equivalent to
Einstein’s General Relativity [15].

1.1.1.3 Ashtekar Connection

Let us now introduce another variables. Consider the manifold M foliated as R x X.
The 3-dimensional metric is ¢ = g5, = nijei ® el where the small indices i, j = 1,2, 3, so
ni; = diag (1,1, 1), and the frame €' is the projection of the frame el at 3, i.e e}, = P& Plel,
for P and P} being appropriate projectionsﬂ Let us define the following two fields at
>

e a connection A = I' + vK (for T being the Levi-Civita connection of ¢ and K
being the extrinsic curvature of ¥ and = being a real positive number - called the
Barbero-Imirzi parameter),

e a triad of vector densities E; = y/det (q)e;.

It was shown [6l 5, 4] that there is a canonical transformation between (A, E) and (g, )
fields. Moreover, the fields (A, E') can be obtained from a canonical analysis of the action
(1.8) modified by a so called Holst term [I3]:

SHolst [€,w] = / <1eI Ael A QEL [w]errkr — Lel Anel AQpy [w]) (1.9)
M \4~K 2Ky

The Holst term does not change the classical dynamics, because it vanishes on the solution
of equation of motion generated by the action , so the action describes the same
physical theory, as the Palatini action, and thus it is Einstein’s General Relativity, but
expressed in different variables.

The connection A is called the Ashtekar connection and the triad E is it’s canonically
conjugated momentum. The momentum E can be expressed in coordinates as

B = \/det (q)e? (1.10)

where e; = €20, is a triad of vector fields dual to €' = eldx?, i.e eée? = (53- and el e? = 2.
The Ashtekar connection can be also expressed in coordinates. Let n = n®d, := ef0a
be a tangent vector field normal to 3 at each point, then the external curvature map is
Kb = Pg (Pc‘f‘ 4Va) n?, and the external curvature tensor is K = K geé. The Levi-Civita
connection is given by the one-form valued in so0(3)f|ie. ' = [,d2® = T} jda:awiwj
(for w;, w’ being the basis vectors in R3 and (Rg) respectively). A choice of basis
7; in s0(3) gives a map s0(3) — R3 ie. s50(3) > X = X1y = X'w; € R3. The

Let ($~Q)a:0,1,2,3 be a coordinate system on M and (z%) be a coordinate system on X, then
Py i=da®.52;. Let (V1)1—01.2,3 Pe a basis of the fibre vector space R* over M and let (Wi)i—1 2.3
be a basis of the R*-subspace of the fibre, being the fibre over ¥, then P} = vrn“w;. For simplicity we
assume, that P{ = 0 and P} = §¢.

In fact it takes values in the anti-hermitian Lie algebra so (3)* = iso(3) - see Remark in
Appendix Similarly when saying, that the Ashtekar connection takes values in su(2) we mean
5u(2)A. Since the hermitian and anti-hermitian Lie algebras g and g are isomorphic, the choice is only
the matter of convention.

10



antisymmetric tensor €;;, together with the metric 7;; indicates the choice of basis via

T = eijkwkwmﬂ = eijkijk. One can decompose I' in the 7; basis obtaining I', = Ffln.

So that finally the Ashtekar connection is A = A’ dz%r; with

AL =T + 7K (1.11)
The Poisson bracket between A and E is
{4 @), B} )} = ny0i6%5 (2,y) (1.12)

In the original General Relativity the connection w is SO (1, 3)-connection. In order
to admit coupling the gravitational field with fermionic fields one can consider the spin-
connection, i.e. connection of the gauge group being the universal cover of SO (1,3),
namely a SL(2,C)-connection. When doing the canonical analysis one picks a timelike
vector n L ¥, which selects a SU(2) subgroup of SL(2,C), that does not change the
vector n (namely the little group of n). The Ashtekar connection can be naturally treated
as SU(2)-connection. Indeed, although the Levi-Civita connection is SO (3)-connection,
the Lie algebra so (3) is isomorphic to su(2). One can choose a basis 7; = 7% wPwy in
su(2) = s0 (3) (where wa and w? are the basis vectors of C? and (02)* respectively) and
identify the components of the spin-connection by decomposing I' in the 3-dimentional

representation of 7;.

1.1.2 Spin-network states

Spin-network states form the basis in the kinematic Hilbert space of Loop Quantum
Gravity. They are complex functionals on the space of Ashtekar connections, and since
the space of Ashtekar connections is the configuration space of Ashtekar formulation of
General Relativity, spin-network states are wave-functions in the Schrédinger picture.
Spin-network states represent singular configurations of the gravitational field i.e. they
are eigenstates of quantum E;-’ operator, and thus, because of Heisenberg uncertainty
principle, they give infinite uncertainty of the conjugate observable.

In this subsection we present a construction of spin-network functions. First in sub-
section [1.1.2.1| we study quantum kinematics of a free particle on a Lie group. This gives
us a starting point to introduce spin-network functions, which are appropriate collections
of wave-functions on many copies of a group (see subsection [1.1.2.2). In subsection
we introduce basic quantum operators acting on spin-network states, which leads us in
subsection to the physical interpretation of these states.

1.1.2.1 Quantisation of a free particle on a group

Consider a free particle on a configuration space G being a compact Lie group [6]. In
order to quantise it let us consider a Hilbert space H := L? (G, du), where du is the
Haar measure.

From the Peter-Weyl theorem we know, that HE = b o (Hp & H;) where the sum
goes through all the irreducible representations p of G and each H, is the carrier space
of the corresponding representation. A natural basis in H is given by vectors

W8, =lea) (epl, € H, @ M} (1.13)

for es,ep - an orthonormal basis in H,. Considered as a wave functions on G they act
as

Vi, (9) = (eBlp(9)lea), = p4 (9) (1.14)
which we shell often denote as (ep|p(g) [ea), =: (eB|glea),.
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Quantum observables of such particle are generated by the operators 5(\1 and f :

e Given an arbitrary smooth function f : G — C we define an operator (possibly
unbounded) f acting as follows: let 1) € H, then

febe= fo (f)(g) = f(9) v (9) (1.15)

For G-compact all such operators are bounded operators. We call such operators
position operators. Indeed, for f being a matrix element of G in defining represent-
ation the wave-function is multiplied by coordinates, and each other function is a
function of these matrix elements.

e Given the Lie algebra g of G and a basis X; of g let X be the left-invariant vector
field on G. The operators X; act on a function % (g) via the Lie derivative in
direction X;:

X (9) =il (g) (1.16)

for the basis functions 1/J§ o the action of 5(\1 can be expressed in terms of the
representation p:

X, (9) =Ly}, (9) =8, (9) Tp (XSG (1.17)

where T'p is the representation of g tangent to p. The operators 5(\2 are considered
momenta operators. Indeed, they are differentiations with respect to position on

GH

Given two functions f and f’, the commutator

[f, f'] —0 (1.18)
The commutator of 5(: operators is given by the commutator of the Lie algebra g elements:
XX (1.19)

The commutator of f and 5(\1 operators is given by the action of 5(\1 on the function f:
[Zﬂ :i(ﬁXiLf) (1.20)

An important operator in % is the Casimir operator. It is given by

X2 = X, X,k (1.21)

for k¥ being a G-invariant metric tensor (for example the Killing form).

3Here we choose the convention in which for a unitary representation p of a group G the Lie algebra
is represented by hermitian operators T'p(g). One can as well choose the convention in which the Lie
algebra is represented by anti-hermitian operators - we would denote it by g# 5 X, such that

i
(ro(62)) = o)
In the anti-hermitian convention the )/(: operator would act as
— c
Xapx , (9) = ié., (9) Tp (Xf‘)A

The difference between the hermitian and anti-hermitian convention is in the choice of the exponent map
from g to G: in the hermitian convention it is g 3 X — ¥ € G, while in the anti-hermitian convention

itis g 5 X4 — eX* € G. It is discussed with more details in Appendix |A.2.1.3]
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If G = SU(2), the representations p can be labelled by half-integer spin-labels (i.e.
Jje Z% U {0}). The basis in the Lie algebra su(2) is given by (L;),_; 5 3 being generators
of rotations. The Casimir operator is

3
r’=>"r; (1.22)
i=1
and it’s eigenspaces are spanned by the matrix elements 1/}1‘37 j of the representations j:

L2 =3 (5 +1)vp, (1.23)

1.1.2.2 Spin-network states as quantum states for general relativity

Consider now a manifold ¥ equipped with a SU(2)-connection A. Given a graph G
embedded in ¥ one can calculate a holonomy of A along G (see Appendix [A.3.3.1]):

Holg : A (Uy, [A],..., Uy, [A]) € SU(2)Y9 (1.24)

For each link ¢ € Lg we introduce a Hilbert space H, = L? (SU(2)), as it was discussed
in previous subsection, obtaining L? (SU(2)%¢) = ®£6Lg Hy. As it is shown in Ap-
pendix the gauge transformations act on Holg [A] only at the nodes of G and the
space of gauge-invariant holonomies along G is SU(2)M¢ /SU(2)N¢. Wave functions on
such configuration space form a Hilbert space Hg = L* (SU(2)%¢ /SU(2)N9).

In the Appendix [A.3.3.2] we recalled the structure of the Hilbert space Hg. The
orthonormal basis in Hg is given by so called spin-network functions:

X Mt o1
Na jeon {Uckeer) = 11 V20 + 107 Wore, - 11 tnm, o (1.25)
1

(€L neN !

for j; - a collection of spin-labels (one per each link of G), ¢, - a collection of SU(2)-
invariant tensors (belonging to appropriate Hilbert space H,, called node-Hilbert space,
one per each node of G) and D7 (U)-Wigner matrices. We will study interpretations of
these states later.

If the connection A is the Ashtekar connection, the holonomy Holg [A] captures a finite
number of degrees of freedom of the gravitational field. One could imagine a singular
configuration of the gravitational field, such that the connection A vanishes everywhere
outside the graph G - given such constraints the holonomy Holg [A] would capture all
degrees of freedom of A and the kinematic Hilbert space of a quantum theory of such
connections should be Hg.

In order to capture all degrees of freedom of physical field configurations, one has to
consider all possible graphs embedded in all possible ways in . Moreover, two different
graphs that overlap at least a part of a link cannot be considered separately, because the
same degree of freedom would be counted twice, thus the kinematic Hilbert space cannot
be simply @g Hg. The kinematic Hilbert space of quantum states is the closure of the
inductive limit of graph Hilbert spaces (being dual to the projective limit presented in
[16]):

Hiqa = gl%rl;o Hg (1.26)

The projective limit is defined as follows. Let us introduce the following partial order on
graphs: the graph G is later then G’ if G D G’. Obviously two graphs G;, G, might be
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incomparable, if they have nonintersecting parts, but there is always a graph later than
both G; and Go, namely G; U Go. Each Hilbert space Hg is a subspace of the projective
limit. For each Hilbert space state Hg there is a unique injection map into each Hg: for
G’ later then G, namely each wave-function ¢ € Hg has its equivalent Ve Hg being a
function that depends only on these holonomies, that are along the links common for G
and G'. Each element of Hy,qg is a linear combination of elements of Hgs or is a limit of
a Cauchy series of such elements.

Let A be the space of all SU(2)-connections on ¥. The kinematic Hilbert space of a
quantum theory of Ashtekar connection should be L? (A, du) for an appropriate measure.
It was proven [17], that there is a unique measure duay, on A (called the Ashtekar-
Lewandowski measure), that is diffeomorphism invariant and that is compatible with the
action of the group. It is precisely the one, that is induced by the Hyqa Hilbert space.
Thus the spin-network states form an orthonormal basis of kinematic Hilbert states of
Loop Quantum Gravity.

1.1.2.3 Quantum operators

In order to define a quantum theory one has to introduce the algebra of canonical oper-
ators on the kinematic Hilbert space. In case of Loop Quantum Gravity these operators
are the flux of a triad £ and the holonomy of a connection A. We shall describe them
for a connection defined on a graph (i.e. for Hg), because generalisation of their action
to the whole Hyqq is straightforward.

Recalling, that Hg inherits its structure from @),g, G 7—[?, the operators acting on
Hg should be functions of group elements and acting of left-invariant fields. Indeed, the
algebra of operators on Hg is spanned by f/(U\g) and fz\g They act intuitively: given
Y € Hg we have (fzb) (Up) == f(Up)y (Uy) and the operator m is a Lie derivative
applied to Uy argument of 1.

The operators of a connection A (z) and of a triad E (y) are ill defined on Hg [I8§].
One has to considered smeared operators. The connection A has to be snﬁar\ed along a
path ¢, obtaining Uy [A]. Quantum operator representing this quantity is Uy [A] which is
obviously one of @ operators. The triad has to be smeared along a surfaces S and it
was shown [I8], that the corresponding operator is proportional to Z;z if the S crosses
the link £ and gives 0 if it does not. To be precise: let 7 be a vector normal to the surface,
then

/ E;iidS = hkry Z m sgn (ﬁ -l (1.27)
s LeLg:4NSH#D

for I being the velocity vector of the link . We will also introduce a shortcut notation
for a triad operator smeared along a surface crossing only one link: F; o := hxyL;, .

One can easily calculate the commutator of ff; and E};/. It can be simply derived
from the fact, that Uy is in fact a (very simple) spin-network function, thus

U0, B | = ~Eiw (W) (1.28)
For ¢ # ¢’ we have obviously
[Ug,EM} —0 (1.29)
For ¢ = ¢ we have o -
[Ue,Ei,z} = —hryLiy (Up) (1.30)
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1.1.2.4 Physical interpretation of spin-network states.

The constant in front of the triad operator hx has units of squared length. In fact it
equals precisely hx = 8%6%1. Thus the triad operator is a natural candidate to introduce
geometric interpretations of spin-network states. Two basic geometric operators (area
and volume) were quantised in [19] and [20]. They commute and thus they generate the
physical quantum numbers for states of Loop Quantum Gravity. We discuss them below.
The length and angle operators were introduced later [21], 22].

All the operators are considered for a spin-network state on a fixed graph G. The
generalisation to whole Hy,qa space is straightforward.

Area
The area of a surface S is Ss := [5+/det (¢|g). Remembering, that matrix elements
of ¢ can be expressed in terms of the triad field E one can derive

Sg = ’V/S <\/E7;Ejk§ij_lﬁ) ds (131)

for 77 - the vector normal to the surface. To find the quantum area operator one regularise
the operator by dividing .S into little fragments, so that each fragment has at most one
intersection point with the graph G. Since quantum E\Z operator is proportional to EZ-,
the integrand can be quantised as the Casimir Lg. At the end of the day the quantum
area operator acting on a spin-network state is

S=v Y VEB#i=smt Y D (132

LELG:ANSH#D LELG:ANSHAD

Since the spin-network states Ng j, ., are eigenstates of the Casimir operator L?, one
can easily see the area of a surface for the singular configuration of the gravitational field
given by Ngj, ..:

SsING ) =818 > Ve Ge+1) NG i) (1.33)

(ELGLNSHD

So only these surfaces, that intersect the links of G has any area, and each link contributes
a quantum of area equal to 87775%,1« /je (je + 1). Moreover, since there is a minimal non-
zero eigenvalue of the Casimir operator (for spin j = %), there is also a minimal eigenvalue
of the area operator, equal to

ag = 4V3myl3, (1.34)

The details of this derivation can be found in [19].
This leads us to conclusion, that the physical area is concentrated at the links of
spin-network states.

Volume

Given a region R C X its volume is given by Vi = fR \/det (¢). Again one can express
it in terms of triad field as Vg = [, y/det (E). Regularisation and quantisation of this
expression (done in [20]) leads to an operator

o= Y VAl (135

TER
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where the operator

1 .. ——
= = €Z]k€(€,f’,f”)Ei’gEj,g/Ek’gﬁ (1.36)

o0 0"

o~

Az

where € (¢,¢',¢") is the orientation of the triad of velocity vectors of these links and the
sum goes through all the germs of links crossing the point z. Obviously the operator
gives o for points with no links as well as for the points with one link - thus two germs
of link. Thus the operator g, vanishes for all points that are not nodes of G, so

V=Y Vlal (1.37)

nENg

Given a spin-network state ./\/’gd'[’m one can consider a region containing only one node.
Then obviously the operator 1//; acts only on the tensor ¢,. It was shown, that for a
3-valent node it gives always identically zero, but it acts nontrivially for 4- and higher
valent nodes.

One can introduce a basis of eigenstates of 1//7\3, for example ¢y, , Ly,, . ... However, the
exact form of these eigenstates (or their eigenvalues) is not known yet. Nevertheless, we
conclude that the physical volume is concentrated at the nodes of spin-network states.
It is expected (but not proven), that there is also a minimal nonzero eigenvalue of X//;,
similarly to the area operator.

Volume operator commutes with the area operator.

Geometric interpretation of a spin-network

Knowing the action of volume and area operators the following picture of quantum geo-
metry represented by a spin-network state arises. Consider a spin-network state Ng j, ..,
with each ¢, being an eigenstate of the f/; Each node n € Ng represents a quantum
polyhedron of volume given by the eigenvalue of ¢,,, with the number of faces given by
the number of links incident to n and each face having the area Sy = 8myl3,\/je (ju + 1).
Two polyhedra share a face if there is a link between corresponding nodes.

One can introduce length and angle operators by similar procedures [21, 22]. Since

they are not necessary in later part of this thesis, we do not discuss here.

1.1.3 Dynamics of Loop Quantum Gravity

Dynamics of Loop Quantum Gravity can be obtained by canonical analysis of the Holst
action (|1.9). It was presented in for example in [0, [I]. The canonical analysis gives

SHolst = / dt / &z (ELL,AL — A'G; — N°C, — NC) (1.38)
P

where A, N® and N are Lagrange multipliers, thus G; , C, and C are constraints. The
constraints are called: Gauss constraint, diffeomorphism constraint and scalar constraint,
respectively. They are shortly discussed in what follows.

The constraints provide the dynamics for the classical theory. Quantising them is
one of the most important open issues of Loop Quantum Gravity. Several strategies
were already addressed with promising results [23], 24], 25| 26] 27], however, none of them
leads to a computable theory (we are not going to discuss this issue further because it is
loosely related to the topic of the thesis). It was one of the reasons to set up an alternative
framework, namely the spin-foam models, described in section §1.2}
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1.1.3.1 Gauss constraint

The Gauss constraint G; equals

G; = 0,E + ;AL B} (1.39)

(4)
which can be shortly written as G; = V E;. So vanishing of this constraint imposes the
condition

(A)
VE =0 (1.40)

It ensures, that the theory is invariant under local SU(2)-transformations. This constraint
was absent in the ADM formulation of General Relativity, however it is present in theories
of dynamical connections [28]. It forces the triad to be divergence-free and it reduces the
dimension of the phase space of connections so that it is equal to the dimension of phase
space of metric tensors.

In quantum theory this constraint is solved by applying local SU (2)-symmetry, which
leads to considering only gauge-invariant spin-network states (see subsection .

1.1.3.2 Diffeomorphism constraint

The diffeomorphism constraint is
Co=E'Fi,+ —K!G; (1.41)
which (for the Gauss constraint satisfied) is equivalent to

bS i

which generates diffeomorphism of fields on X.

This constraint is solved in quantum theory by averaging spin-network states |[Ng)
over all possible diffeomorphisms of ¢ of ¥. Each diffeomorphism defines a unitary map
acting by transforming the underlying graph:

Uy : INg) — ‘N¢(g)> (1.43)

Averaging a state |[Ng) over all possible diffeomorphisms ¢ € Diff () results with a vector
which is not normalisable in ‘Hyqq. However, it is a well defined element of the space
of linear (but unbounded) maps Hrqge — C. We denote it as (Ng| and call it abstract
spin-network state. Abstract spin-network states act on an arbitrary spin-network as
follows: given a spin-network /\fé, if there is a diffeomorphism ¢ such that ¢ (G) = G,
then (Ng| |NG ) = (UsNg| |[NE,), otherwise (Ng| [NV, ) = 0. All the operators defined on
Hiqc can act on abstract spin-network states by duality: given A Hrqe — Hiqa we
have A : (NG| — (./\7; such that (./\7&‘ INVG) = (Ng| A o)

Spin-network states are labelled by embedded graphs G C X. Abstract spin-networks
are labelled by abstract graphs G, i.e. equivalence classes of all graphs that can be mapped
one to another via a diffeomorphism.
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1.1.3.3 Scalar constraint and the Hamiltonian constraint

Scalar constraint is given by

EgE;?

2k4/det (q)

Assuming the Gauss constraint satisfied it simplifies to

C=

(%) 7 ) EZ‘,I 7
[e,gFfb —(1++?) 2K[aKb]} +(14+9%) 94 (det@)) G (1.44)

c E!EY
 2ky/det (q)

This constraint generates the time evolution of Loop Quantum Gravity. Indeed,
applying the Legendre transform to the Holst action (1.38) we obtain the Hamiltonian

[ FS — (1+4%) 2K, K| (1.45)

la

H = / d*z (A'G; + N°Cq + NC) (1.46)
P
Assuming that we can quantise these operators, we would obtain
= / 43z (AG + N, + Né) (1.47)
>

Consider now an abstract, gauge-invariant spin-network state (Ng|. Obviously Ca (Ng| =0
and G; (Ng| =0, so

T (Ng| = /2 B N (2)C (2) (Ng| (1.48)

thus quantisation of the scalar constraint is essential to understand the Hamiltonian
constraint of Loop Quantum Gravity.

There were several attempts to regularise and quantise this constraint (for example
[23] 291 [30], 24, 27]). However, the operator obtained as a result is hard to apply even
to relatively simple quantum states. Nevertheless, there is an alternative, path-integral-
based approach to describe dynamics of Loop Quantum Gravity, namely the spin-foam
models.

1.2 Spin-foams as a way to calculate transition amplitudes
of Loop Quantum Gravity

In this section we shall briefly present the spin-foam models being an alternative way to
describe the dynamics of Loop Quantum Gravity. The spin-foam models, starting from
another approach to quantisation of classical theories, end up with a theory analogous to
Loop Quantum Gravity at the kinematic level, but with a build in path-integral formula
for quantum amplitudes.

In subsection we briefly discuss the relation between spin-foams and Loop
Quantum Gravity providing a little historical and conceptual introduction to the the-
ory. In subsection we present the EPRL model, being currently the most popular
one, and being the base to most of the calculation in this thesis. In subsection we discus
some technical issues of the EPRL model.

18



1.2.1 Spin-foams as another way to approach dynamics of Loop Quantum
Gravity

The Loop Quantum Gravity provide a beautiful formalism to describe the kinematics of
quantum theory of dynamical connections. It also gives tools to describe its dynamics,
but solving the evolution equations appeared to be a difficult problem. Some attempts
to derive the path-integral formalism from the Hamiltonian constraint of Loop Quantum
Gravity were made - and they are briefly recalled in subsection but they did not
succeed so far.

However, there was another attempt to quantise a theory of dynamical connection,
called the BF-theory - described in subsection [[.2.1.2] The BF-theory is a topological
theory, not capturing the differential degrees of freedom of General Relativity. Neverthe-
less it gave a starting point to the concept obtaining the General Relativity by imposing
so called simplicity constraints on the B-field of the BF-theory (see subsection
and [12]), which lead to a path-integral formulation of a theory with the Holst action -
which is precisely the action of Loop Quantum Gravity.

1.2.1.1 Motivation I: Spin-foam as a history of a spin-network

Problem of time

The Hamiltonian in General Relativity is in fact a constraint (see (1.6)). Thus time
evolution in GR is a gauge transformation. This leads to so called problem of time in
General Relativity, which can be solved by for example coupling gravity with a matter
field (we call it clock field and denote by T') of appropriate properties (see for example
[311, 2, 32]) which adds to the Hamiltonian constraint a term 92, so that

0=H = Hgr — 9% + Huatter (1.49)

which can be solved to
aT =V HGR + Hmatter (150)

The field T is called emergent time.

We are not going to discuss the framework of emergent time here. However, the
problem of time leads to the following conclusion. If one does not use the emergent time
framework, the time evolution in the coordinate time s a gauge transformation, and thus
the traditional interpretation of quantum transition amplitudes

iHt

Woitbous (£) = (Yout| €77 [thin) (1.51)

iH
is not valid. Instead of evolution operator e~ one has to consider the projection on
the kernel of the Hamiltonian:

Wwinwout = <¢0ut‘ p W’in> <w0ut‘ e*HT |¢in> (152)

= lim
T—00

History of a spin-network
In order to evaluate matrix elements of the P operator 1' one can perform a similar
procedure, as when deriving a path integral in ordinary quantum mechanics.

The exponent in the transition amplitude is —HT = — fOT dt [d3z H (z) = — fOT dt H.
Using diffeomorphism invariance one can set 7' = 1 obtaining

1 .
quind’out = <w01lt| e fO diH ‘win> (153)
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Figure 1.1: A scheme of action of Loop Quantum Gravity Hamiltonian on a node of a
spin-network state (based on [33]).

Then one can split the “time” period into NN intervals and insert N copies of identity
operator

Wi = (Youe| LN Le N1+ Te™ ¥ 1 [ts) (1.54)

Note, that the identity operator is a sum over all spin-network states 1 =3, |NV) (NV],
not an integral. Thus the amplitude is

N-1
Wit = O (Wout] [No) Wl [m) - JT A (1.55)
{Nitico,...n =0
for A = (Nj|e” iy |M+1) So the transition amplitude is given by a (discrete) sum over

hlstorles (each history given by a series of spin-networks) weighted by amplitude factors,

not by an integral. For N > 1 the operator e~ N can be approximated by 1 — % +0 (ﬁ),
so that each path can be approximated by a sum of the path with one less change of state
and a matrix element (N H |Nit1). Thus the sum over histories can be decomposed into
parts with precisely M changes of the state:

0 1\" M-1
Wl/JJ\ifnwout = Z <_N> Z <w0ut’ |NO> <NM‘ ’win> . H Ai (1.56)

M=0 WNitico, . =0

for Az = <M‘ H ’M+1>.

The Hamiltonian operator was analysed in for example in [27] and it was shown, that
it acts only at nodes of spin-network (see figure . Thus spin-networks contributing to
a transition amplitude must form a series such that each two neighbouring spin-network
have graphs differing either by one node splitting into several new nodes or by some
neighbouring nodes joined into a node. The derivation above is based on|33], taking into
account the remarks of [34].

Such history of spin-networks was called spin-foam, since it may be graphically presen-
ted as a foam (see figure . One could derive the dynamics of Loop Quantum Gravity
by analysing all such spin-foams, where changes between two neighbouring states are
governed by the Hamiltonian constraint (see for example [29, 30]). However, this would
require detailed analysis of the Hamiltonian constraint, which is far non-trivial. Nev-
ertheless, the concept of spin-foam representation of history of a spin-network leads to
other approaches.
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Figure 1.2: A spin-foam: a history of a spin-network.
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1.2.1.2 Motivation II: BF theory

Let us consider a so called BF-theory, i.e. a theory of a dynamical G-connection w and
2-form B valued in the lie algebra g. The action of the BF-theory is

S [B,w] = /M B A Frylw] (1.57)

where F' is the curvature 2-form of the connection w. The path-integral approach says,
that given a boundary state [1)) = [1in) ® [tout) the transition amplitude between [i,)
and [tout) 1S

Ao = (2] 10) (1.58)

for (Z| being the partition function generalized state, i.e.
Zpr = /DB Dw et S (1.59)
Integrating over DB gives 0 (F [w]):

T = / Dw s (F[w)) (1.60)

so the only connections that contribute are the flat connections.

Consider now a triangulation A of a manifold M. Let the 2—complexE| k= A* be a 2-
complex dual to the triangulation A (see Appendix . One can discretise the path
integral as follows. Given two neighbouring 4-simplices s; and so let v1 and vy be
their middle points (i.e. their equivalents in kK = A*). The 2-simplices s; and sg share a
tetrahedron 6, which is represented by an edge e in k. Let g. be the holonomy of w along
this edge (let us fix an orientation of each edge of k, obviously the holonomy calculated in
the opposite direction is g, !). These holonomies will determine our discretised connection
w, so the integral [ Dw will be substituted by [ [], dge. Now consider a triangle ¢ of A
(and its dual face f € k). It is shared by a number of tetrahedra 6;, such that the edges
dual to them form a cycle e, ez,...,e;. One can consider a holonomy gy around this
face being the holonomy along the loop eq,ez,...,e;. Let us introduce a notation g ¢
being the holonomy along e calculated in the direction induced by the orientation of the
face (obviously ge s = ge if the orientation of e induced by f agrees with the orientation
of e we fixed above, and g, y = g. ! in the opposite case).

Since the connection w must be flat, the holonomy must be trivial. Thus let us
introduce the discretised partition function

ZJ%F:/Hdgené(gel,fgeg,f'"gek,f) (16]—)
e f

The integral goes over all internal edges of the 2-complex k, so that the partition function
becomes a function of the holonomies along the boundary links of &:

Z]%F = Z]%F (9@) (1~62)

the boundary of k is a graph with naturally induced structure of a spin-network. Thus
for arbitrary spin-network state N defined at O the transition amplitude is

AWN) = / TT doe (90) 787 (a0) (1.63)

{e0k

4By 2-complex we mean 2-CW-complez, for simplicity we drop CW- in what follows. For definitions

- see Appendix
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It appears [35], that the partition function is independent on the triangulation and it is
equal to the smooth partition function:

Zgr = Z8r = Zpr (1.64)

The d-functional on a group can be represented in Fourier transformed representation
as a sum over irreducible representations:

= 3" dim () Tr (o (9)) (1.65)
P

and each integral over a group element can be represented as a projection on irreducible
representations:

/ dngl Ploy(Hp, @-0Hpm) = > ) {ul (1.66)
Ly

for ¢y forming an orthonormal basis in Inv (H, ®---® H,,). This leads to another
representation of the discretised partition function in terms of colorings of elements of
the 2-complex k dual to A:

Ipp = Z ZHdlm pr H\Le L6|HA (1.67)

{or} s

where A, is a tensor that contracts the indices of t.s in appropriate way in order to obtain
the d-functionals present in ((1.61]) (in case of SO (4) — BF-theory it is 15j-symbol - see
[36]).

1.2.1.3 Concept: constrained BF theory

Note, that the Holst action for General Relativity ((1.9) is precisely the B F-action (|1.57)),
but with a constraint imposed on the B-field, namely

1
Bl =T el el + —el ne’ (1.68)
Y

Thus one can try to translate this constraint to the language of BF-partition function
and obtain a candidate for a partition function for gravity.

In order to understand the constraint let us perform canonical analysis of the
BF-action (see [37]). Let us pick a timelike vector field n = n’e; defining the foliation
of M into ¥, i.e. nuely, = 0. The momentum conjugate to wy; is BU|E. Now note,
that in gravity the gauge group is SL(2,C), thus B!/ is a s[(2,C)*-valued 2-form. A
constraint on B can be thus expressed in terms of SL(2,C)-generators. Let us split B
into generators of the little group preserving the timelike vector n (i.e. rotations) and
the dual part (i.e. boosts). The rotations are

L:=-n.xB (1.69)
and the boosts are
K =n.B (1.70)
where (*B)U = !/ ¢, BEL is the Hodge dual. Applying the condition n_ ey, = 0 we get
R .1
K=nix(eANe) and L=——ni*(eNe) (1.71)
Y
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SO
K+~yL=0 (1.72)

This is the so called simplicity constraint. They can be solved by the EPRL-map, which
is discussed in the next subsection.

1.2.2 The Spin-foam models

The EPRL spin-foam model is based on the concept presented above, i.e. to impose the
simplicity constraints on the BF-theory. There were several approaches to derive such
model [38], 39} 40, [41] [42], [43], 44], [45], 146], here we present the result known as EPRL-FK
or EPRL-KKL model (based mainly on [43], 42} 41]|, we will often shortly call it EPRL).

The subsection [[.2.2.1] presents the EPRL-map - the key object in calculating the
vertex amplitude in the model. The subsection [1.2.2.2 shows the general construction of
a spin-foam and a prescription, how to calculate the transition amplitude of a spin-foam.
The subsection [1.2.2.3| presents the interpretation of the spin-foam amplitude as a matrix
element of the evolution operator.

1.2.2.1 The EPRL-map - a solution to the simplicity constraint

The integration over the B-field in (1.61) generates the J-distribution on a group. The
d-distribution on a group is given by

Sg)= > > (g, (1.73)

pelrrep(G) |v) ,€Hp

for |v), being the orthonormal basis in the p-representation carrier space H,. One can
rewrite it in terms of a big carrier Hilbert space Hyyep() = D pelrrep(G) H,

5 (g9) = > (vl gv) = Trag, g6 (9) (1.74)

|’U> basis in lerep(c)

The simplicity constraint has it’s counterpart in Hpep(g). Indeed, the Lie
algebra g has a natural action in Hyyep(e)- The idea presented in [4T) 42 40, 39] was to
solve the simplicity constraint by replacing the d-functional by a constraint d-functional
being the trace on the subspace of Hy,ep(e) that satisfy the simplicity constraint. An
attempt to solve this constraint strongly was done [45 [46], but it appeared, that the model
build on such assumption does not capture enough degrees of freedom to be gravity. Thus
in the EPRL model the simplicity constraint is solved weakly.

In case of General Relativity the gauge group is SL(2,C). The unitary irreducible
representations of SL(2,C) are labelled by a pair (p, k) of real positive number p and a
half-integer number k (see (A.4)). Given a timelike vector n there is a SU(2) subgroup
SL(2,C) being the little group not changing this vector. This choice of SU(2) subgroup
introduce a basis in the carrier space of the representation (p, k) such that

= k
HEP = B HP (1.75)
j=k

where the little group SU(2) acts at each Hg-p k) Via the Wigner matrices of spin j (the
spins j differ from & by a an integer number, not a general half-integer). The basis in
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H(Pk) is given by the vectors |(p, k), (j,m)). Thus an arbitrary matrix element of the
(p, k) representation is

(gl (0, k) ; Gym), (5/,m)) = DPF) (g2, (1.76)

and the d-functional is

= [ 3 3 Y (i Gomlele i Gom) pek) (1)

ke Z+L;{O} j=k m=—j

for p (p, k) being a weight of the irreducible representation.

It was shown in [47, 48], that the simplicity constraint are weakly satisfied for the
vectors of carrier space such that p = vk and j = k. Thus we substitute the §-functional
by the functional

k
()= D, Y (k) (kym)| gl (vk, k)5 (kym) p (vk, k) (1.78)

ke Z+L21{0} m=—k

For each representation (p = vk, k) the carrier vectors satisfying the simplicity constraint
(p,
j:

w= P ((H,@’“”“))*@HQ’“”“)) (1.79)

z, u{0}
2

span a subspace of the subspace H IZ) C HPH*) - All these spaces for all possible ks span

the Hilbert space

ke

which is isomorphic to L2 (SU(2)). Note, that the structure of a §7-functional is also
very similar the J-functional on the SU(2)-group:

k
V(=Y Y (25 +1) (mlh|m), (1.80)

ke Z+L;{0} m=—k

The idea of the EPRL model is to consider spin-foams labelled by SU(2)-tensors,
which are mapped to corresponding SL(2, C)-tensors via the so-called EPRL-map

Y : L?(SU(2)) — HY (1.81)
This map can is determined by its action on the carrier space Hiprep(st(2)):

Yoom); = 1(vd,9) 5 (G,m)) (1.82)

and can be generalised to arbitrary tensor product of representations of SU(2).
The next subsubsection explains, how the EPRL map is used in calculation of spin-
foam transition amplitude.

1.2.2.2 The general construction

A spin-foam is a 2-complex colored in an appropriate way, such that it represents a
transition amplitude of a quantum process (this interpretation will be discussed further

in subsection |1.2.2.3]). The 2-complex &k = (F, E, \7) consists of the set of faces F, edges
E and vertices V. The boundary dx = (L, N) is a graph (build of the set of links L ¢ E
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and nodes N C V). The bulk part of the 2-complex is the complex minus its boundary, so
that k = int (&) = (F,E, V) for E=E\ L and V = V\N (more detailed introduction to
CW-complex conventions used in this thesis can be found Appendix . In the original
papers [39, 42, 40} [41] the complex k& was assumed to be dual to some triangulation of
the manifold M, later the theory was generalised (see section §2.1J), which was one of the
issues addressed in this thesis (see [chapter 3]).

The bulk 2-complex is colored as follows:

e Each face f € F is colored by a representation of SU(2)-group (i.e. by a half-integer
spin jr).
e Each edge ¢ € E is colored by an invariant tensor [t.) € HI where v is one of the

ending points of e, 7—[18“,;’ = Inv (® 7 ) the product is over the faces incident to

e and es mark the relative orientation of faces and the edge (assuming, that e points
at the vertex v, if the orientation induced by f is consistent with the one assumed,
then e, disappears, and if the induced orientation is opposite to the one assumed,
then e€; = x stands for the dual representation). In fact the tensor |i.) appears in
two copies: as |t) at the starting point of e and as the dual (i.| at the ending point

*
of e (note, that for v and v’ being the ending points of e we have Hin,}’ = (7—[?2’,) )
thus the pair {{te|, |te)} is independent on the fact which ending point we choose).

The coloring of the bulk induces the coloring of the boundary:
e Each link ¢ € L is a boundary of precisely one face f, thus it is colored by the spin
Je=17¢-
e Each node n € N is an endpoint (or startpoint) of precisely one edge e, thus it is

colored by |i,) being either |te) or (t| - respectively to the coloring of e.

Thus the boundary graph together with the above coloring determines a spin-network
function Nay j, .
The most general amplitude of a spin-foam is given by the following formula:

A Gigsee) = | TT 47 TT Ac T A -(HAZ-HAn> (1.83)

feF ecE veEV LeL neN

In the EPRL model the edge- and node- amplitudes are fixed to be 1, thus the amplitude
simplifies:

Ay (Gipyte) = HAfHA .<HA,3> (1.84)
feF veEV leL

ant the face-, link- and vertex-amplitudes are as follows:

e The face amplitude is Ay = p (py) is the weight of the representation carried by the
face. It is disputed, whether one should use the SU(2)-weight [37] or the weight of
the image of the EPRL map [44] (so SL(2,C)-weight for the Lorentzian case and
Spin (4) for the Euclidean case, which shall be discussed in subsection . For
most of the calculations presented in this thesis it is straightforward to substitute
one or another approach. If it is not, we use the SU(2)-weight, i.e Ay = 2j + 1.

e The link amplitude is 4; = \/% where f is the face containing the link £.
f
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e The vertex amplitude A, is given as follows.

Each edge ending at v contributes by the tensor |ce) (if it is the dual tensor (i|,
we treat it as an ordinary tensor of a dual space). Each such tensor has one
index m, s corresponding to each face incident to the edge (being either upper or
lower index, depending on their relative orientation). Thus overall in the tensor
product @,c, |te) there is one upper and one lower SU(2)-index per each face
incident to v. We map the tensor product using the EPRL map, obtaining a tensor
&®ccy Y |te), in which there is one upper and one lower SL(2, C)-index per each face
incident to v. We project the obtained tensor onto the SL(2,C)-invariant tensors
and then contract each pair of indices corresponding to the same face and obtain

the amplitude:
Pdao (@Y \@)] (1.85)

ecv

Ay =Trgr2,0)

This procedure can be also viewed in other way. The tensor )., |te) is in fact a
SU (2)-spin-network state, let us denote is as NV, (more discussion on the graph, on
which it is defined, can be found in section and in [43]). The vertex amplitude
is

Ay = (Pioe Y NL) (1) (1.86)
The partition function of a given 2-complex & is given by sum over all possible colorings:

Zipre = > > Ax (g, te) (1.87)
{ir}teed

where the summation over the representations goes for each face from j; = 0 to j; = oo
with the step of %, and having fixed the spin of the faces, the summation over the
invariant tensors ¢, goes for each edge through an orthonormal basis of the edge Hilbert

space HI = Inv (® s 7—[;; ) (it does not depend on the choice of the basis).

1.2.2.3 Spin-foam transition amplitude as the evolution operator

As it was already stated in subsection the partition function of a spin-foam can
be treated as a function Z" (gy) of the holonomies on the boundary graph dx. Thus
given a spin-network function N, supported on the boundary graph, one can calculate
the scalar product as:

(2% 1Now) = [ d9e2" (a0) Nox (90) (1.89)

The partition function in general does not have to be a spin-network function, because it
does not have to be normalisable in the spin-network scalar product. In fact the partition
function is an element of the algebraic dual Hj,_, i.e. the linear (but not necessarily
bounded) functionals on Hy.

Consider a graph build of two disconnected subgraphs G = Gi, U G%, (for later con-
venience we assume that the second component G\ Giy, is dual to some graph Go,t - which
is always true, since G** = G; each of these two subgraphs may have arbitrary number
of connected components). The graph Hilbert space containing such spin-network states
can be decomposed as

Hg = Hg,, ® HG, .,
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Let us now consider a spin-foam defined on a 2-complex k such that 9x = G. Then for
each coloring EPRL-coloring of  the partition function Zgpg; € Hg, thus it defines an

operator Py : Hg,, — Hg,.., by the following condition: let
[9) = Win) ® (Now| € Hg,, @ H5,, = Hg (1.89)

then N
(Nout| Ps Win) = (ZEpre| 1Y) (1.90)

(obviously since Zfpg;, does not have to be a bounded functional, the operator 1/3; can
be also unbounded).

The matrix elements of the operator f’; are interpreted as transition amplitudes for
the quantum process between the state |NVi,) and [Nyyt) described by the spin-foam k.
The partition function already contains summation over all possible colorings of the bulk
degrees of freedom. In order to obtain the transition amplitude concerning all possible
quantum processes one has to sum over all possible 2-complexes £ (or take the limit with
respect to refining the 2-complex & - see [49)]):

Nt [Nin) prgs = WNoue| D P [Nin) = lim  (Now| P [Nin) (1.91)

phys

The question, what is the appropriate class of the 2-complexes one has to sum over
is one of the problems addressed and answered within this thesis (see section §2.1] and

chapter 3).

1.2.3 Technical issues

Here let us focus on three technical details of the EPRL model, that are not of key
importance to understand the construction of the theory, but are quite significant to
follow the details of calculations in what follows.

Firstly, in subsection[I.2.3.1] we introduce a framework called operator spin-foam mod-
els, which simplifies some formulas and clarifies some physical interpretations of spin-foam
models. Then in subsection [1.2.3.2] we present a short discussion of so called Euclidean
version of the model. Finally, in subsection we recall an argument that one can
drop one of integrals over the SL(2,C) group per each vertex of the spin-foam.

1.2.3.1 Operator spin-foam models

An useful reformulation of the partition function was given in [38], called operator spin-
foam models. The authors realised, that instead of summing over an orthonormal basis

of ’HEW, one can use the fact, that each intertwiner ¢, appears twice, once as t, and once

as Ll and replace it with the projection operator Peh“’ He — ng, so that

ZEPRL = Z Ay (jg, P™) (1.92)
{ir}
The missing sum is build in the form of the projector:
Pl .— > ) (tel (1.93)
te — orthonormal basis

The amplitude A, (j f,PeInV) can be obtained by introducing any basis in each of H.-
spaces, decomposing each of P"V-operators in the corresponding basis and applying the
formula ([1.85)) at each vertex. The merit of the calculation does not change.
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There are two benefits of the operator spin-foam models approach. Firstly it gives
a clear interpretation of an edge of a spin-foam: it is an operator, that maps the initial
state of a node of a spin-network into either an interaction, or to the final state. It can
be seen as a free propagator of the state of a node. Secondly it allows to easily extend
the the model to other dynamics not only by changing the vertex amplitude, but also
by coloring the edges with the operators other then the projector - which may be useful
when considering issues related to renormalization.

1.2.3.2 Lorentzian versus Euclidean version of Spin-foams

The first papers presenting the spin-foam models of our concern there were considered a
simplified version of the theory, namely the so called Euclidean gravity. This theory is
defined by the Holst action, but with an assumption, that the metric 2-form in the fibres
of is nry = diag(1,1,1,1), and thus the gauge group is Spin (4) being the double cover
of SO (4) instead of SL(2,C) being the double cover of SO (1,3)™.

Since Spin (4) = SU(2) x SU(2), each irreducible representation of Spin (4) is a tensor
product of two representations of SU(2), thus they are labelled by two spins (ji,j-).
The Spin (4)-vectors are the tensor products of SU(2)-vectors, i.e:

Hijo g =Hjy @Hj_ 3 |my);, ®@[m_); (1.94)

The Euclidean EPRL spin-foam model is defined in by the same construction, which
was described in the previous subsections, with the only difference: the EPRL map Y
injects SU(2) into SO (4)-vectors according to the formula

m . L],
Y )y s Ot may, @ hmo), for e = 120, (1.95)
where C} ,,  are the Clebsh-Gordan coefficients [41].

1.2.3.3 Omitting of one of SL(2,C)-integrals

Consider a spin-foam vertex such that the vertex spin-network is N'. As we have noted
in ([1.86)), the vertex amplitude is given by

A= (BEvN) () (1.96)

(where we consider a generalized EPRL map with the image in representations of arbitrary
group ). The projection is

P = / dgn gn (1.97)
GN

We shall study the amplitude and show, that for a compact group G one can skip
one of integrals per each connected component of G, and if G is non-compact (for example
G = SL(2,C)) the amplitude is infinite unless one regularizes it by skipping one integral
per a connected component of G. This derivation was already presented in [46] [50].

A spin-network state can be decomposed into a basis of tensor products of intertwiners
in node Hilbert spaces (see Appendix. Thus let us consider only a spin-network state

of the form
N) = @ I (1.98)



we can write it emphasising the index structure of the tensors ¢, as

N= @ bt

nENg

Mtk mﬁ‘

(1.99)

TL
k+1 k+k’

where k and k" are the numbers of incoming and outgoing half-links at n respectively (of
course this numbers may be different for each node n). Acting by the EPRL map on N/
gives

: At A Ty - A A
0 [ 14 4 LY [ 2
1 kvt Ckl ToktE ~ 1 k
YN = ® Lnnf nf le+"'Ym£+YB_ '”YB_ - ® [Ln]B_ B _
neNg Gt e 1 k Cot1 k+k'  peNg et hn
(1.100)

for some 7,, (not necessarily G-invariant). Applying the action of the projection onto the
G-invariant states one gets

PIVYN = d e 1.101
G = gn ® [Ln]B _ .B_ (1.101)
GN neNg 1 e
N C’Z+ . Cot B - B
P (gn) 4 ! P ) (901 )p, "+ priew (gnl)DZ’“f’“
k k+1 k+k!

where ps are appropriate irreducible representations of GG. By gathering together the
term corresponding to the same link one gets

A oA
PvyN = [ d AP : v “et(1.102)
G N 9n [Ln]BE, B, p gt(g) p (gs(é))AH :
G ne€Ng k1 k+k! fcLg ]

where all A and B indices of ps are contracted with indices of 7s. The evaluation at unity
. . D, .
means contracting the above formula with ®Z€Lg 5Cj+ , which leads to

B,_
(Planj\/’ /GN dgn ® in)g ® ot (91:@1)98([))14; (1.103)

n€Ng Cht1 k+k’ LeLg

ﬁA

Let us now pick a node ng and insert an extra term g, ggol between each pair gt_(t}) 9s(0)-
The result obviously does not change. Now using the invariance of the Haar measure let
us shift all the group elements g,, for n # ng to g, := g;olgn. One can then rewrite the
integral as

HInv a L Aq_ ”-Agz—
<PG YN) (]l) = dgng dgn;ﬁno ® [LN]B - B _
a aN-1 neNg LS Y

Q L

LeLg:s(£)=t(£)=ng

X o (g,;;))jt (1.104)
4

LeLg:s(€)=noAt(£)#ng

~ B,_
X " (Fs0) Ay

leLg :s(f);éno /\t(f) =no

B,_
® Pé (gt_(l})gs(f))Ai+

LeLg:4Nno=0
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where we can factorize the integral fG dgn, thanks to the fact that the integrand does
not depend on g, any more. We can simplify this formula by introducing g, := 1 and
putting it in the places, where there was gy, so that we have

HInv ~ - AZT""AZQ'
(Pyn) ) = ([ a9 QGosny Q) [l 5 (1.105)
G GN-1 neNg ot Chpw
B,_
0 (=1~ ¢
& r (gt(z)gs(ﬁ)) A

teLg Gng—1
If the group G is compact, the Haar measure is normalized, so that the integral [ cdg=1
and we can skip it. If the group G is not compact, the integral | ¢ dg = o0, thus in order
to obtain a finite amplitude one has to regularize it by dropping one integral over G.
Such regularization does not guarantee, that the result is finite, but it is necessary to
make any chances for the amplitude to not diverge.

If the graph G is not connected, all the above formulae factorize into a product
over connected components of G, thus one can perform the same derivation for each
connected component separately, concluding that one can drop one integral over G per
each connected component of G.
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Chapter 2

Presentation of the issues addressed
in the thesis

This chapter is devoted to present the questions that was addressed an answered
within this thesis.

There are three main topics that contribute to this thesis. The first one was the ques-
tion about a class of 2-complex that should be used in defining the spin-foam models. It
is presented in section §2.1 and answered in The second one is the problem
of higher order contributions to the transition amplitude calculated in Dipole Cosmology
model - one of basic applications of spin-foam models. This question led to more general
problem, i.e. finding all spin-foams with a given fixed boundary, at some given order of
expansion. We present this question, together with a brief review of Dipole Cosmology
model, in section §2.2] and answer it in The last topic is the problem of diver-
gences and renormalization of spin-foam models. In this thesis we focus on two aspects of
it: finding the bubble part of a spin-foam and calculating one transition amplitude related
to one of bubbles. The issues are presented in section and answered in and
Each section of this chapter contains a brief review of research in the field,
that was done already, together with fixing some conventions of notation.

2.1 What class of 2-complexes should we use in Spin-foam
models?

The EPRL spin-foam models were designed in analogy to the BF-model on spin-foams
defined on 2-complexes dual to triangulations of a 4-manifold M [51]. This construction
was based on a concept of discretisation of an appropriate action (either BF' or Holst).
Such approach restricts the topology of the 2-complexes - and respectively their boundary
graphs - to a certain class. On the contrary Loop Quantum Gravity admits all the spin-
networks with the support being an arbitrary graph. This leads to an inconsistency of
these two theories.

Original EPRL-vertex amplitude was defined in terms of geometrical data of a quantum
4-simplex (i.e. as a 15-j symbol, being a function of areas of triangles at the 4-simplex).
Further study [43] [38] allowed to express it in terms of more general objects, so that
it was easy to extend to case of vertices with more general structure - other then ones
dual to 4-simplices. It was a major step to extend the EPRL-spin-foam formalism the
one compatible with Loop Quantum Gravity kinematics: one can calculate spin-foam
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amplitude for 2-complexes that are not necessarily dual to any triangulation, thus their
boundaries can be arbitrary.

However, a question arose: what class of 2-complexes one should consider when sum-
ming over all possible processes? Obviously 2-complexes dual to triangulations are too
narrow class, but on the other hand the class of all general 2-complexes seams to be too
wide. The appropriate class should admit a natural way to calculate the transition amp-
litudes and should be compatible with the kinematic structure of LQG on the boundary.
We addressed this question in our research.

The subsection [2.1.1]emphasises differences between the topological structures dual to
triangulations and the general ones. The subsection [2.1.2) presents the KKL construction,
being the starting point to our answer to the above question. The subsection [2.1.3] states
the question formally and guides to the answer.

2.1.1 Incompatibility of topological structures of Loop Quantum Grav-
ity and spin-foam models

As it was mentioned above, in canonical Loop Quantum Gravity the physical states
are spin-network functions defined on closed graphs. On the other hand the underlying
topological structure of spin-foam models are 2-complexes dual to triangulations of 4-
dimensional manifolds. Boundary graphs of these 2-complexes determine the possible
boundary spin-network states of the spin-foam theory.

Consider a 2-complex s dual to a 4-dimensional triangulation *A of a manifold M.
Its boundary Ok is a graph dual to a 3-triangulation G = 3A*. If the boundary manifold
> = OM has no boundary, the graph G is closed and thus one can define a spin-network
on the graph G.

However, the kinematics of Loop Quantum Gravity considers spin-networks defined
for all closed graphs. The difference is in allowed valence of nodes of graphs - a graph
dual to a triangulation of a 3-manifold has only 4-valent nodes, while a graph of a general
spin-network may have nodes of arbitrary valence (greater then 2).

A general graph might be dual to an arbitrary cellular decomposition of ¥ - namely a
3-CW-complex 3C' (not necessarily a A-complex), such that Xs- = X (for more details
- see Appendix . However, a graph dual to a general cellular decomposition of
a closed manifold may be incompatible with Loop Quantum Gravity kinematics, which
requires graphs to be closed. One can introduce a degenerate cellular decomposition of a
closed manifold, in which there are 2-cells with only one faces - see figure 2.1} which would
lead to a graph with 1-valent nodes, what is forbidden for gauge-invariant spin-network
states. In this sense general cellular decompositions of ¥ generate too wide class of graphs
for Loop Quantum Gravity. Thus let us admit only these cellular decompositions, for
which the graph dual to them is closed.

In this interpretation nodes of spin-networks becomes quantum polyhedra, glued to-
gether via quantum polygons - represented by faces - see [52].

Within the original EPRL framework there is a wide class of boundary spin-network
states for which the dynamics is not defined. An extension of a spin-foam formalism is
needed. Such an extension requires two steps: generalisation of the formula for transition
amplitude (already done in [43], discussed in subsection and a strict definition of
the class of 2-complexes to be used in the computations.

A natural candidate for a class of 2-complexes, that would make spin-foam models
compatible with Loop Quantum Gravity is the class of all 2-complexes dual to all 4-
dimensional cellular decompositions of M. However, this class has the same drawback,
that considered above class of graphs dual to cellular decompositions of X - it is too wide
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(a)

()

Figure 2.1: Degenerate cellular decompositions. (a) - A 3-cell with one face, no edges and
one vertex on its boundary. In the dual graph it is represented by a 1-valent node and
a half-link. (b) - A cellular decomposition of a 3-sphere into two 3-balls glued by their
boundary; each 3-ball is a cell like at (a). (¢) - A graph dual to the cellular decomposition
presented at (b); it is build of two 1-valent nodes connected by a single link.

for Loop Quantum Gravity. An immediate example is a cellular decomposition of M such
that it’s boundary is a cellular decomposition of ¥ = 9 M with the dual graph containing
1-valent nodes. It is not clear, whether putting a restriction, that the boundary of the
4-celural decomposition is compatible with Loop Quantum Gravity is enough to avoid all
non-physical behaviours in the bulk, so the question on the class of 2-complexes requires
further investigation (see subsection [2.1.3| and |chapter 3)).

2.1.2 KKL construction

Recently a generalisation of spin-foam transition amplitude was proposed in [43]. The
generalized prescription allows to calculate spin-foam amplitudes for 2-complexes with
vertices more general, than dual to 4-simplex. The key concept of this generalization is
to assign to each vertex a graph (called vertex graph), that encodes the local structure
of the 2-complex at this vertex. Then one colors this graph using the coloring of the
2-complex in a neighbourhood of the vertex, obtaining a so called vertex spin-network.
The transition amplitude is then read from the vertex spin-network function.

This procedure is the starting point of our research for the proper class of 2-complexes,
thus let us recall it here with more details. In subsection 2.1.2.7] we recall the definition
of a vertex graph for an internal vertex of a 2-complex. In subsection [2.1.2.2] we present
the exact calculation of spin-foam transition amplitude using the vertex spin-networks.

2.1.2.1 Vertex graph

Consider a 2-complex r dual to some cellular decomposition (we assume, that the 2-
complex satisfies all required properties, not stating yet, what they are). Let us focus on
one internal vertex v of k. We shall define a graph I',, that captures the local structure
of k at v, as follows. Let I';, = (N, L), then:
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KV/V
(a) (b) (c)

Figure 2.2: An illustration of the KKL procedure of obtaining the vertex graph.
(a) - A spin-foam with a sphere drawn around the interaction vertex. (b) - Zoom at
the interaction vertex. Note the relation between orientation of faces of the spin-foam
and orientation of links the vertex graph. (c¢) - The vertex graph.

e For each edge e incident to v there is precisely one node n, € N (and there are no
other nodes).

e For each face f incident to v there is a link ¢; € L as follows. Let us go along
the boundary of f. At some point we arrive to v through the edge e, and leave it
though the edge €’ (it may be the same edge). We introduce a link ¢ such that
s(ly) = ne and t(¢y) = ne. If the face f is multi-incident to v, we introduce one
link per each appearance of v at the boundary of f.

There is a geometrical interpretation of the above procedure. Let us embed  in R* and
draw a sphere S3 centred at v with the radius small enough that there is no other vertex
of x inside the sphere. The graph T, is precisely the intersection of x and the sphere (see

figure .

2.1.2.2 Vertex spin-network and vertex amplitude

Given a spin-foam, i.e. a 2-complex x with faces colored by irreducible representations
of SU(2) and edges colored by invariant SU(2)-tensors (see subsection [1.2.2.2)), one can
define a spin-network state for each internal vertex of k. Indeed, let v be an internal
vertex and I, its vertex-graph (as it was defined above). Each link ¢ of I', corresponds
to a face f of k, thus it can be colored by the irreducible representation, as the face, i.e.
Je; := jf. For each node n. of I'; the invariant node Hilbert space ’H}{;V is the same, as
Hénq}’ , thus the tensor |i) is a good coloring of the node n. (in the operator spin-foam
framework one decomposes each operator P, in a basis, and then obtain appropriate |i.)-

tensors - see subsection [1.2.3.1). The spin-network Nt, j,,, obtained by the j, ;=
and ¢, = (e is precisely the one, that is used to calculate the vertex amplitude according

to the formula ((1.86):
Ay = (Piioc) Y NT i ) (1) (2.1)
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This construction allows to decompose a spin-foam into a set of spin-network states
(each per each vertex). Note, that for two vertices v and v’ connected by a face f the
links of I, and I',r corresponding to the face f are colored by the same spin j¢. Similarly,
for two vertices v and v’ connected by an edge e the nodes of I, and I'/ corresponding
to the edge e are colored by dual invariant tensors |..) and (t.|. These properties will be
the base for construction of operator spin-network diagrams framework (see [chapter 3.

2.1.3 The question: What class of 2-complexes one should use in spin-
foam models?

One of technical details of the KKL model was still unclear, namely: what class of 2-
complexes should be summed over in the formula (1.91))7 The following properties of this
class are suggested by physical intuition:

e The boundary of a 2-complex should be an arbitrary graph

e The boundary graph G should have a neighbourhood of the topology G x [0, 1] in
the 2-complex, i.e. there should not be any interaction vertex on the boundary.

e There should be a well defined operation of composition of 2-complexes, corres-
ponding to composition of evolution process.

We found a class of 2-complexes, that satisfy the above properties and which is in natural
way compatible with the dynamics described by the KKL model. We give our definition
constructively, i.e. we provide a procedure of constructing a 2-complex, and our claim is
that each 2-complex that can be a result of our procedure belongs to our class.

Our attempt to study this issue lead to the concept of Operator Spin-network Dia-
grams - a framework that far exceeded the answer to the question presented above. We
developed an approach to note the dynamical processes in quantum gravity in terms
of certain diagrams. The elements of these diagrams are graphs, each graph represent-
ing an interaction vertex of a spin-foam. Our framework allows both to reconstruct the
2-complex picture and to easily read out the formula for a transition amplitude of a
quantum process. It is also easily extendible for more general models of spin-foam dy-
namics. Moreover, the Operator Spin-network Diagrams framework is a basic tool used
in all other issues addressed in this thesis.

The Operator Spin-network Diagrams framework, being our answer to this question,

was presented in [53] and it is described in [chapter 3

2.2 What is a contribution of higher order transition amp-
litudes in the Dipole Cosmology model?

A KKL construction, recalled in previous section, allowed to study a toy-model of Spin-
foam theory, called the Dipole Cosmology model [54] [55], (6] 57, 58| 59]. It is based on
several approximation assumptions:

e boundary states are assumed to be spin-networks on a fixed graph, called the Dipole
Graph,

e interaction is calculated in large-j-limit,
e there is only one interaction vertex,

e the interaction vertex is of very specific type.
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We will introduce the model in subsection [2.2.1] explaining in detail the assumptions
presented above.

We are interested in generalizing the Dipole Cosmology by relaxing the above assump-
tions, especially by relaxing the last one. We do it by applying the Operator Spin-network
Diagrams framework and finding all diagrams at certain level of expansion. Moreover,
we found a general algorithm to find all diagrams (thus all spin-foams) with an arbitrary
fixed boundary at all levels of expansion. The precise formulation of issues we addressed
at this stage of research is presented in subsection [2.2.2

2.2.1 Description of the model

The Dipole Cosmology model was introduced in [55, [54], then it was extended and stud-
ied in detail in [50, 57, [58]. It is based on an assumption, that a space of in and out
states of the Universe is restricted to the ones supported on the Dipole graph (see subsec-
tion and that it is a coherent state (see subsection. The quantum process
itself is assumed to follow the simplest non-trivial spin-foam (see subsection [2.2.1.3).
The overview on the derivation of the amplitude can be found in subsection and
the approximations taken in the limit of large volume of the Universe are recalled in
subsection

2.2.1.1 Dipole graph

In Dipole Cosmology one assumes that the boundary spin-network state of the considered
spin-foam decomposes into in and out state, so that the underlying graph has two con-
nected components. It is assumed that the topology of the graph is not changed during
evolution, so the in and out part of the graph look the same.

The Dipole graph Ggipole = I’ icﬁpolc I_IFQ?IEOIC is presented at figure Let us focus on
only one of its connected components. Note, that it is a graph dual to a triangulation of
some 3-dimensional manifold (see Appendix. Indeed, consider a 3-sphere. It can
be decomposed into a pair of 3-dimensional balls glued along their boundaries. Each node
of Tgipole is dual to a tetrahedron, which is homeomorphic to a 3-ball, thus the I'gipole is
dual to a decomposition of a 3-sphere into two tetrahedra glued along their boundaries
(see figure [2.3b)).

Recalling the fact, that nodes of spin-network can be labelled by eigenvalues of the
volume operator (see subsection , the Dipole graph captures the total volume of
the Universe and the volume of each of the tetrahedra of the triangulation. Thus one can
encode the dipole-moment of the volume, which is the origin of its name (see [54]).

2.2.1.2 Coherent states

In Dipole Cosmology model one assumes that the in and out states are coherent states
of Loop Quantum Gravity, designed according to the procedure presented in [60].

To define a general coherent state one peaks for each link ¢ of T’ 1(11;/)211161; an element
H;, € SL(2,C) and then define the state as a spin-network function given by
b, (Uy) —/ dh, TT K, <h_1 Ushye H—l) (2.2)
¢ SU@N n 1;[ s()C (0 g

where K; : SU(2) — C is the heat-kernel function:
K (h) (2 + 1) e MUY [DI (h)] (2.3)

J=0
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Figure 2.3: The Dipole Graph. (a) - The graph and it’s decomposition into Fiﬂp ol el—lrglil[t): et

(b) - The triangulation of a 3-sphere dual to one of Ggipole connected components.

where the sum goes every half-integer j, the parameter ¢t determines the spread of the
coherent state and the Planck constant & is kept to ensure the formulae to agree with
[55,56] (for D7 (H,) we use the analytic continuation of the Wigner matrices, which are in
fact the nonunitary representations of SL(2,C)). One can show, that for H, = ¢/(iXe)p,,
where hy € SU(2) and X € su(2), the expectation values are

W, | Us [¥m,)

Wl om) 24

and

<¢Hz‘ Ey |77/)H/z> _ thYX
(o | o)~ 4t "

and that their spread is small [55, [60, [61].
In Dipole Cosmology model one chooses the coherent states such that their expect-
ation values agree with the classical quantities calculated for a homogeneous isotropic

(2.5)

space, SO

_ iacZ3 —1
hg = nge"“2'n,

and X, = ngﬂp%ne_l (2.6)

where (¢, p) are symetry-reduced canonical coordinates - equivalents of the Ashtekar vari-
ables on an isotropic S3-Universe (see [62]), o and 3 are two real constants (irrelevant in
further considerations) and ny is the SU(2)-element such that ngO'gTLZl =ny - for ny -
the vector normal to the triangle dual to the link ¢ (obviously there are many such ng-
elements, but the ambiguous part of n, commutes with o3, thus hy and X, are determined
unambiguously). Introducing a complex parameter z := ac + i3p one can express

Hy(z2) = ngeiz%ﬁnf_l (2.7)

and then label in/out states of Dipole Cosmology model by the phase-space point on
which they are peaked:

V2 = Vh,(2) (2.8)
thus the full boundary state is

wzitnzout = z7ZJZin ' wzout (29)
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Figure 2.4: A spin-foam used in dipole cosmology model. The structure of the interaction
vertex is determined by the vertex graph being identical with the boundary graph.

2.2.1.3 Spin-foam

In Dipole Cosmology model one considers only one spin-foam, presented at figure [2.4
This spin-foam consists of precisely one interaction vertex, connected by edges with the
boundary nodes. There are no other edges. Each face has a boundary link and forms
a triangle build of the link and the edges connecting the nodes of the link with the
interaction vertex. There are no other faces.

Although it is the most natural nontrivial spin-foam connecting the in and out part
of Gaipole-graph, it is not the only one. We have shown (see , that even for only

one internal vertex there are many more possible spin-foams.

2.2.1.4 Amplitude

The Dipole Cosmology vertex transition amplitude was calculated using the formula
. Originally it was calculated in the Euclidean EPRL scheme [55], later it was
generalized to the Lorentzian case [57]. The calculations presented below comes from the
quoted papers. We recall them with details as a reference point for notation conventions,
because very similar calculations will be performed in

Thanks to the very simple structure of the interaction vertex, the transition amplitude
is

Aziny zout) = (PE Y0 ) (1) (2.10)

where G = SO (4) in the Euclidean case and G = SL(2,C) in the Lorentzian case (the
face amplitudes are omitted).

The EPRL map Y acts at 1, as follows (see (2.2))

Y, - 2TV K (R2E YigY by H 2.11
(Yb2) (ge) /SU(Q)Ndh l;[ t(hs(e) 9¢Y hypH, (Z)> (2.11)
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where we generalize the notation of the heat kernel Ky, such that in presence of Y-map
it is defined as follows:

K (h Yty h’) =37 (2 + 1) e 20D pi (pym, Y1 DYO) ()4 vE, DI (1)

m
5=0
(2.12)
where Y (j) is the unitary representation of G corresponding to j according to Y map (it
is (1, 77) in the Euclidean case and (7, j) in the Lorentzian case), the indices m,m’, m”

label the coefficients in #H; and the indices A, B label the coefficients in Hy-(;.
The projection Pén" can be written in terms of the representation matrices:

P (ge) = / dgnt) (g;é)gegt(z)> (2.13)
GN
which composed with (2.10) and (2.11]) gives

A(Zin, Zout) = dgn, dhy, VT K (B2 Yo 19,00 Y by H ! 2.14
(Zin, Zout) /GN g /SU(Q)N 1;[ t( s() ¥ Is(e) L 900 t(0)41y ) ( )

the SU(2)-integrals were omitted, because each h € SU(2) commute with the Y-map (see
Appendix , and then one can shift each integral fG dg, to fG dg, for g, = gnhn,
so that the integrals over SU(2) result in multiplication by the group volume (which is 1
due to normalisation of the Haar measure). Thus

-1 -1
Ainszon) = | g, [T (Voghoey H) (2.15)

Notting the fact, that for £ = 1,2,3,4 the nodes s(¢) = N and ¢(¢) = S, and for
¢ =5,6,7,8 the nodes s(¢) = N’ and ¢ (¢) = S” one can easily factorise the amplitude
into

A (Zin, Zout) = A (2in) 4 (Zout) (2.16)

where

A(z) = /G2 dgndgs [ K (Y*gﬁlngH[l (Z)> (2.17)
4

Again one of the integrals may be omitted (by shifting the other one and using the
normalisation of the Haar measure in the Euclidean case or by using the property of
SL(2,C)-integrals recalled in subsection [1.2.3.3]), thus finally we have

A(z):/Gdg I1x (YTgYH[1 (z)> (2.18)
y4

2.2.1.5 Large-j-limit

Here let us again recall the details of calculations done in [55], which we shall refer to
when doing some calculations in [chapter 4]

The transition amplitude in Dipole Cosmology model is calculated by assuming, that
the volume of the Universe is far bigger than E%l. It is represented by the requirement,
that J(z) > 1. This assumption allows to approximate the Wigner representation of Hy
by

DI (H;' (2)) = DY (Hy (—2)) = e P (2.19)
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where Pg(j) = ng|j); (3, n;t = ng) (ng|; is the projector on the state with maximum
spin-projection on the direction given by 77, (all the other matrix elements are suppressed
by e~S(2) factor). This simplify the formula for heat kernel:

K, (m,y H;! (z)) 2N (25 + 1) e MU (| YigY |ny) (2.20)

J
The exponent is a 2nd order polynomial in j, with maximum at j = jg & ZTiZ (we assume
that the real part of z is negligible when compared to it’s imaginary part). For $(z) > 1

the sum can be approximated by a Gaussian integral around the maximum point, so that

_ o2
K (YTQY H! (Z)) = Mﬁe 57 2o (ng| YTgY 10) 4, (2.21)

(we approximate (2j + 1) by 2j), so that

4
U 22
~ L T4 i
A(z) = ( o8 2.70) /Gdg |Z| (ne| YTgY [ng) ;o (2.22)

In the Euclidean case (i.e. G = SO (4)) the integral gives the volume of the Livine-
Spezial_e coherent tetrahedron [63, [55], which is approximately Ngj—3. Recalling, that
Jo = 7 one gets finally

2 2 2

A(z) = _WNO ze 3t = N ze 3t (2.23)
and the total amplitude is
Zi2n+zgut
A (Zin, Zout) = N2 2 zoue” " 20 (2.24)

In the Lorentzian case the integral fSL(Q o d9 1, (el YTgY ) ;, requires techniques that
are developed in [chapter 6]

2.2.2 Formulation of the question

We are interested in finding the contribution to the Dipole Cosmology transition amp-
litude from spin-foams with more general interaction vertices that the one presented in
subsection An attempt to such generalization was already done in [59], where
some of the possible interaction vertices were found. We go further: we want to find all
spin-foams with this certain boundary, and order them in a well behaving expansion.

In order to do that we apply the operator spin-network diagrams formalism, which
was developed as an answer to the question posed in section and which is presented
in and in [53]. We used it to develop a general algorithm to find all diagrams
with some specified properties, such as: total number of vertices, total number of edges,
structure of the boundary graph. Moreover the diagrammatic structure of our framework
allows to introduce convenient Feynman-like rules to read the transition amplitude out
of a diagram.

We applied the algorithm to find all diagrams with one vertex and minimal number
of internal edges and with the boundary being the dipole graph. The Feynman-EPRL
rules allowed us to estimate the contribution of most of them to the total amplitude in
large-j-limit. These results, together with the algorithm to find all diagrams with given

properties, were published in [64] and they are presented in [chapter 4}
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2.3 How to identify and compute the divergent part of Spin-
Foam amplitudes?

In spin-foam models it might happen, that some foams give infinite contribution to
the transition amplitude. This is usually caused by so called bubbles - fragments of
2-complexes forming closed surfaces. The bubbles are spin-foam analogues of loops in
Feynman diagrams.

In this thesis we focus on two aspects of bubbles. First is to identify the spin-
foams containing bubbles - which is discussed more in subsection and answered
in [chapter 5] Second is an issue of regularisation one specific example of bubble - which

is discussed in subsection and answered in [chapter 6

2.3.1 A spin-foam with a bubble

As we have already noticed, a total spin-foam transition amplitude is a sum over all
possible 2-complexes of amplitudes of corresponding spin-foams:

Z=Y 7 (2.25)

It appears, that some of these amplitude may diverge, when summed over all possible
colorings. This situation highlights the necessity of applying renormalization techniques
to the theory. Developing a renormalization of spin-foam models is a huge project, which
far exceeds the scope of this thesis. Nevertheless, one of the necessary steps in this
direction was done: we found a way to identify the part of the spin-foam that admit
infinite number of colorings giving nontrivial amplitude and thus is a candidate for the
divergent part.

We start with some general remarks about the state of the research (in subsec-

tion [2.3.1.1)). Then in subsection |2.3.1.2| we present the problem that we have studied.

2.3.1.1 Why bubbles cause divergence

The divergent parts of spin-foam models was already studied [65, [66] 67, 68, [69] [70],
however so far the research were limited only to spin-foams dual to a triangulation of
a 4-manifold. Since we have shown, that spin-foam models should be defined for more
general class of 2-complexes, one should generalize the research to the extended case.
Most of bubbles admit infinite number of colorings giving non-trivial contribution
to the transition amplitude for a fixed coloring of the boundary. This is not the case
for bubbleless spin-foams, where the spins coloring of the internal faces is limited (via
triangle-inequalities) by combinations of the boundary links spin-labels. One could at-
tempt to solve this divergence problem by coloring spin-foams with representations of the
quantum group SU(2), for g € ]0, 1], where the total number of representations is limited
by the g-parameter |71, [72], [73] [74], i.e. let ¢ = e~ ", then the maximum spin is less then
im where v is the Barbero-Imirzi parameter. However, the deformation parameter has

?7’
interpretation of exponent of the cosmological constant in Planck units:
_te? , 1
g=-e > where /(. := n (2.26)

(see [73]) so the maximum spin is bounded by

1 4n

jmax < X€P12’Y (227)
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Nevertheless, since A ~ 1071207p, 72 [75, [76], such regularization in general does not help
to the problem of huge contribution of the order of 10™2° from the bubble parts. Thus
the issue of renormalization is still unresolved.

2.3.1.2 How to find a bubble sub-foam?

The first step to renormalize the theory is to identify and characterize the possible sources
of divergences. As we have noticed, a natural candidate to the source of divergence is
a bubble. So far bubbles were defined as a subset of faces of a spin-foam, that form a
closed surface [T, 169 [65]. Such definition is neither precise nor applicable to operator
spin-network diagrams framework, which we introduced in [chapter 3|

We introduced a strict definition of a bubble in terms of operator spin-network dia-
grams framework, together with an procedure that allows to find the bubble subdiagram.
Moreover, we introduce a notion of rank of a bubble - the number simple bubbles for
which the bubble can be decomposed - together with another procedure to find it. We
study several examples showing, how our algorithms works. Our results are presented in
(the publication is in preparation).

2.3.2 A study of an example of a bubble

One example of spin-foam with bubbles was already studied in details [78] [79]. It is
so called melonic bubble. It can be interpreted as a self-energy-like correction to the
transition amplitude of a 4-valent edge of a spin-foam. The recent research led to a
regularization of the transition amplitude together with a derivation showing, that the
operator corresponding to the edge with a bubble is proportional to

WA onic = In (A) - T2 (2.28)

elonic

for some operator T, where A is the regularization constant. We studied the leading order
of the operator T.

A brief presentation of the regularization procedure is recalled in subsection [2.3.2.1]
The problem of the operator T is presented in subsection 2.3.2.2] and our solution is

described in

2.3.2.1 Riello’s melonic bubble

Consider a spin-network containing a 4-valent node ng. This node may evolve into a
spin-network in which all nodes and links are unchanged, except n, which is split into
4 new nodes ni,...,ny - see figure Now if in the next step of evolution the nodes
ni,...,n4 join into one node ny, the spin-foam representing these two steps would contain
the so called melonic bubble. - see figure 2.5b]

Let us now fix the spins at the boundary spin-network, but not at the internal faces
of the bubble (i.e. the spins ji2,713...,j34 can be arbitrary) and consider an Operator
Spin-foam of such process. It is easy to see, that it factorises into product over the nodes:

We =) Pn (2.29)
nel’

The operators related to all the nodes n # ng are simply the projectors onto the invariant
node Hilbert space P}lnv. The operator P, is a composition of the bubble amplitude
Whubble sandwiched by PTILEV—operators:

Py = P Woppie P2 (2.30)
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Figure 2.5: An example of a quantum process represented by a spin-foam with the melonic
bubble. (a) - A 4-valent node ng splits into four 4-valent nodes nq,...,n4; the nodes
ns,...,ng evolve unchanged to ng,...,ng. (b) - The nodes ny,...,nq join back to ng;
the other nodes evolve unchanged to nf,...ng.
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where

Whubble = Z Whubble (412, - - - 5 ji34) (2.31)
{j12,-.,534}

The regularization introduced in [78] introduces a cutoff on the internal spins, i.e.
one assumes that jio,...,734 < A. Moreover one assumes, that the the spins on the
external faces of the bubble are also high, but they are much smaller, than the cutoff, i.e.
1 < j1,J2, J3, j4a <€ A. Under such assumption one can estimate the W&bble' The details
of this estimation can be found in [7§|, they are not relevant to the further parts of the
thesis, so let us recall only the result, which is

4
Wintble ~ * (A)/ dgdg' [ (mel YTy Y1g'Y ng),, (2.32)
SL(2,0)2 ey

where f is the degree of the polynomial Ay (j) of the face amplitude in the model con-
sidered and

A A AS(—1)
FUA) =) ol ¢-A nl (2.33)
= C-In(A) p=1

for some constants C' and C (since we consider A > 1, only the leading order in A is
taken into account in (2.33)). For the standard face amplitude Ay (j) = 2j + 1, so the
parameter i = 1 and we have

4
Winibble ~ In (A) / dgdg’ H (me| YTgYYig'y Ine);, (2.34)
SL(2,C)? Py

2.3.2.2 Lorentzian Polyhedra Propagator

The integral, that appears in (2.34]), is a matrix element of a certain operator acting at
Hy. One can easily separate the integrals and obtain

Wikibble ~ I (A) (my, ma, ms, my| T |my, ma, m3, ma) (2.35)

J1,J2,93:4

for

Je

4
T:= d yigy .
/SL(M) g g { g ] , (2.36)

where [YTgY]j := D(13:J) (g)jzz

The T operator seams to be of key importance to deal with the melonic bubble at an
edge of a spin-foam. Knowing it’s exact form one could renormalize the edge operator
by modifying the bare operator ]3\” by a “radiative correction” coming from the bubble.
Thus we decided to investigate the properties of T.

We calculated the leading order of T operator under the assumption, that the spins
on the external faces are much bigger then 1. It appeared to be proportional to the
identity operator, with the proportionality factor being a function of the spins ji ..., j4.
The details of our calculation are presented in

Note, that the same operator’s matrix elements appeared in the Dipole Cosmology
transition amplitude in the Lorentzian model - see subsection 2.2.1.5 Indeed, our calcu-
lation can be applied also to this model.

46



Part 11

My own work






Chapter 3

Operator Spin-network Diagrams

The KKL procedure (recalled in subsection first presented in [38] 43]) of calcu-
lating spin-foam vertex amplitudes provides a tool to decompose a spin-foam into a set of
graphs with links colored by spins and nodes colored by operators. In this decomposition
each vertex of a spin-foam is represented by a graph, each edge ending at this vertex is
represented by a node of this graph, and each face sharing this edge is represented by a
link incident to the corresponding node.

An extra structure emerges from this procedure. Consider an internal edge, i.e. an
edge that has two internal vertices at its ends (in contrary to an external edge - namely
an edge with one internal and one boundary vertex at its ends, and a boundary edge -
an edge with two boundary vertices at its ends). Such edge is represented by precisely
two nodes of graphs. Since both nodes represent the same edge, their structure must be
related - i.e. if a node n has k incoming and [ outgoing links, the node n’ related to it has
to have [ incoming and k outgoing links. These links represent the faces incident to the
edge we consider, thus each link incident to n is strictly associated with a link incident
to n’ representing the same face. The external edges in this language are represented by
a single node of a graph, because they have only one internal vertex on their ends.

Thus the structure that emerges from KKL procedure is a set of graphs with some
extra relations between nodes and links of these graphs. Appropriate coloring of this
structure provides all data necessary to compute the transition amplitude of a spin-foam.

The key concept of our framework was to inverse this procedure: since all the data
one need to compute a spin-foam amplitude is encoded in such structure, why not to
start from such structure an reconstruct the spin-foams out of it? We gave a name of
graph diagram to the topological structure of our framework, and the structure colored by
SU (2)-tensors is named operator spin-network diagram. We developed the tools necessary
to operate on them.

Very soon a question arose: are there any restrictions on graph diagrams? In other
words: given a general graph diagram - defined as an arbitrary collection of graphs with
nodes and links connected in some way (that will be precised soon) - is it always a graph
diagram of some 2-complex? We addressed this question and answered it by providing
an algorithm showing how to reconstruct a 2-complex out of an arbitrary graph diagram
- no hidden assumptions on graph diagram are taken, thus all diagrams are admissible.

The similar question arises for coloring of diagrams and spin-foams. Here the answer
is: our framework is more general than the standard spin-foam models. It admits the
BF and EPRL models if certain constraints on the coloring are taken. However one can
easily generalise it to other schemes of computing transition amplitudes.
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Our framework gives one of possible answers to the question raised in section
what class of 2-complexes should be used in spin-foam models? Our answer is: all 2-
complexes that can be constructed out of an operator spin-network diagram - it will be
explained in the discussion at the end of this chapter.

This chapter is organised as follows. First of all we provide a brief mathematical
introduction: definitions of most needed notions from CW-complex theory and from har-
monic analysis on SU(2) group (the full mathematical context - the definitions, theorems
and references to the textbooks - can be found in Appendix . Then in section we
study the topological aspects of our framework. We introduce the definition of graph dia-
grams and describe their structure and basic properties. Then we explain the algorithm
of constructing a 2-complex out of a graph diagram. In section §3.3] we study the com-
putational properties of our framework. First we describe colorings of graph diagrams by
SU(2)-tensors, then we explain the procedure of diagram-driven contraction of tensors,
which lead us to a formula on a transition amplitude operator of a diagram. Finally we
explain, how to obtain a transition amplitude compatible with various spin-foam mod-
els. In section §3.4) we study some special cases of graph diagrams: trivial diagram and
one-interaction diagram. We also explain the procedure of gluing the diagrams. In fact
each diagram can be decomposed into a number of gluings of trivial diagrams and one-
interaction diagrams, thus these examples cover all possible cases. In the next chapter
we will use these examples to develop more sophisticated techniques, that will be used in
finding higher order corrections to transition amplitudes of the Dipole Cosmology model.
Finally, in section §3.5) we conclude and discuss the answer to the question raised in
section

This chapter is based mainly on [53] (some partial results were also presented in [80),
81]). The work was done in collaboration with mgr Marcin Kisielowski. The research on
the topological structure of the framework in section §3.2|was done mainly by the Author.
The analysis of tensor structure of Operator Spin-network Diagrams in section §3.3is
mostly the result of Marcin Kisielowski’s work, thus they are recalled with less details.
The examples in section are the common result.

3.1 Introduction

3.1.1 The idea: to inverse the KKL procedure

The key concept of the KKL procedure is to take a little neighbourhood of each vertex
(i.e. a contractible neighbourhood containing only one vertex, and having nonvanish-
ing intersection only with edges and faces, that are incident to the vertex). Each such
neighbourhood can be treated as a 2-complex with a boundary, and the boundary of this
2-complex is a graph that encodes the structure of the vertex.

This procedure can be visualised as follows. Since each vertex of a 2-complex has a
neighbourhood, that can be embedded in R*, let us embed it and then draw a sphere S3
around it (7 is the radius of the sphere). The topology of the intersection of S? and the
2-complex may depend on r, however there is ry > 0 such that for r < rg the topology of
the intersection does not depend on 7 and it is the topology of some graph. This graph
is precisely the graph defined above.

Consider now the inversed procedure: given a set of graphs, draw each graph on a
sphere S3. Then shrink each sphere radially to its middle point. The trace of the graph
will determine a fragment of a 2-complex being a neighbourhood of a vertex. Moreover
the structure of the vertex will be indicated by the graph - it will be precisely the same,
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as if the graph were obtained from this vertex via KKL procedure.

Now if some nodes of the graphs we had were gathered in pairs, and the structure
of nodes in each pair is compatible (to be defined later), one can glue the fragments of
2-complexes obtained in above shrinking procedure along fragments of their boundary -
neighbouring the nodes in a pair (a procedure of relating links incident to the node is also
needed). One can perform such gluing for each such pair, resulting a more complicated
2-complex.

The concept of graph-diagrams concretises the intuitions presented above: it gives
precise definition of compatible nodes and of relating links incident to the nodes. It
describes in detail the glueing procedure and proves uniqueness of the result of glueing.
As a result we end up extracting the minimal set of data necessary to construct a spin-
foam. We find the structure of this data more convenient, then the traditional 2-complex
approach, for at least two reasons. First of all: even though graphs do not have to be
planar, they are far easier to draw then 2-complexes - the later ones require 3d- and
sometimes even 4d-imagination (there are 2-complexes nonembeddable in R3). Moreover
the diagram structure is very closely related to the index structure of the coloring of a
diagram - thus reading the transition amplitude and finding, which indices should be
contracted with each other is natural. Of course there is a drawback of our framework.
A spin-foam has its natural interpretation as a time evolution of a spin-network, which
is not explicit in graph-diagrams approach.

3.1.2 Mathematical introduction

The detailed mathematical introduction can be found in Appendix [A] Here let us fix
some conventions and briefly recall definitions of non-standard notions.

3.1.2.1 Graphs

Graphs will be denoted by G = (N,L), where N = {nj,...,ny} is the set of nodes
and L = {¢1,...¢41} is the set of links. All graphs are oriented, unless explicitly stated
otherwise. Given a link ¢ its source node is denoted by n = s(¢) and its target node by
n’ = t(¢) (some links might be loops, i.e. such that s(¢) = t(¢)). All graphs (except so
called squids) are closed, which means that each node has at least two links incident to
it. In general graphs are not required to be connected. However for each graph one can
define its decomposition into connected components. We will write G = {I'1,..., 'k}
if G =T71U---UI'g and each of graphs I'; is connected itself. General graphs will be
denoted by G letter, connected graphs will be denoted by I'. A graph dual to a graph
G is a graph G* with the same set of nodes and links, as G, but orientation of each link
reversed.

A useful notion of a half-link of a graph is introduces in Appendix A half-link
is a pair of a link and a sign ¢¢ = ({,€) € L x {4+, —}. A half-link defines a decomposition
of a link into two halves, without introducing any extra nodes. A half-link is incident to
only one node, called its boundary n = 9¢¢. For the positive half-link we have 9¢* = s(¢)
and for the negative half-link we have 0¢~ = t(¢). Set of all half-links of a node n is
denoted by £, (possibly with a superscript + or —). A set of all half-links of a graph G
is denoted by Lg.

Half-links allows to introduce a notion of duality of nodes: two nodes n,n’ are dual,
iff number of positive half-links of n equals to number of negative half-links of n’ and vice
versa. For each pair of dual nodes there is at least one duality map ¢y, v @ Ly — Ly, ie.
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(a) (b) (c)

Figure 3.1: Graphs. (a) - A graph G = {I'1,'2}. The source of the link ¢; is s (¢1) = ny,
the target is t (¢1) = nyr (b) - Half-links of the node nyr; are highlighted (positive by
red, negative by blue). (¢) - The nodes nyy and ny are dual. The dotted line describe a
duality map between them.

a bijective map such that ¢, (£}) = £, and vice versa (for nodes of valency higher
then 2 there are more than one such map).

A graphical explanation of the above definition can be found at figure [3.1]

Given a graph G there is a group Aut (G) of automorphisms of the graph. In order to
be an automorphism a map ¢ = (qb(o), gb(l)) must be a pair of a bijection ¢ on the set
of nodes Ng and a bijection #™M) on the set of links Lg and it must satisfy the following
condition:

Vicrg s (600)) 0 (s(0) At (61(0)) = 6 (1(0)) (3.1)

Each automorphism has the following property (called the node-consistency property):
each node of G is mapped onto a node with the same structure of incident links. Obviously
there is always at least one automorphism of G, namely the trivial automorphism. Other
automorphisms represent the symmetries of G.

Consider now a map ¢ : G — G* being a composition of an automorphism of G with
the inversion of all the links of G. From the node-consistency property one can see, that
¢ maps each node of G onto a dual node of G*. We call such map a duality map of a
graph induced by an automorphism. Obviously ¢ induces a duality map of half-links of
each pair of nodes mapped one to another.

Squids and squid-graphs

A squid is a very specific kind of a graph defined as A= (N,,L,) with
Ny = {n} U{z1,...,zx} and Ly = {¢1,...,¢;} such that each link ¢; connects the
node n and the node z;. Example of a squid is on the figure The node n is called
the head of the squid. The links ¢; are called legs of the squid, the nodes x; are called
leg-nodes. A leg ¢; is called outgoing iff s(;) = n At(4;) = z;. A leg is called incoming
iff s(¢;) = z; At(¢;) = n. Valence of a squid is the number of its legs k. One can also
introduce the positive valence kT being the number of outgoing legs, and the negative
valence k~ being the number of incoming legs. (see Appendix. Squids are always
open graphs.

Given a graph G one can define the squid-graph ~g as the pair (G (5) § ), where

o G (called the split graph) is a graph obtained by splitting each link ¢; of G into
two links £ and ¢! by putting an extra node zy, in the interior of each link (the
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(a) (b) ()

Figure 3.2: Squid-graphs. (a) - An example of 6-valent squid, with kT = 4 and k~ = 2.
(b) - A graph IT" that we will turn into a squid-graph. (c) - The split graph ') of the
graph I'. One of the squids, i.e. the squid A, of the node n of I'; is emphasised.

link ¢¢ starts at s(¢;) and ends at zy,, the link £} starts at zy, and ends at ¢(¢;)).

e S is the squid-set of the graph G, i.e. for each node n of the graph G there is one
squid A, € S such that n is the head of \,, and the legs of A, are links of G(®)
incident to n (in fact they are in 1-tol correspondence with half-links of G).

A procedure of obtaining a squid-graph of a graph is illustrated on figures [3.2b}i3.2¢

Remark 3.1. Later we will need to know the precise graph structure of G(®). Let
G = (N, L), then
G¥ = (NUX,LYUL") (3.2)

where X = {xy, € ¢; : {; € L} is the set of middle points of the links of G, and the
sets LT/~ contain the links of G(*) representing the positive/negative half-links of G
respectively, i.e. LY ={¢ : ¢, e L} and L™ = {ff 2l € L}.

3.1.2.2 2-complexes

The 2-complexes are CW-complexes with maximal dimension of cells equal 2. We shell
use the definition of CW-complexes consistent with [82]. It can be also find in the
appendix of [53] (some minor changes were done in the definition, they are explained in
Appendix .

A 2-complex k = (F,E, V; f5,f]) is a triple of sets: of faces F, edges E and vertices
V, together with a pair of boundary maps f; : 9E — V and f5 : OF — E defining how
the 1- and 2-cells are glued onto lower dimensional skeletons. There are two so called
boundary relations ~p, (m = 1,2) defined by the boundary functions f,,. Two points
x,y € OE are in ~ relation iff f;(x) = f1(y) (and likewise for x,y € OF with ~y and f3).
The topological space X, of a 2-complex & is X, := (| _|g f) / ~2 (see Appendix|A.1.2.1]).

A face f € F is called incident to an edge e € E iff e C f5(0f). An edge e € E is
called incident to a vertex v € V iff v € f; (Je). The incidency relation is symmetric (if
a face is incident to an edge, than the edge is incident to this face) and transitive (i.e. a
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(a) (b)

Figure 3.3: Removable cells. (a) - A simple oriented 2-CW-complex. Orientations of faces
is given by black round arrows. Induced orientation of edges is given by green arrows.
The edge e; can be oriented with respect to fi (see the upper arrow) and with respect
to fa (the lower arrow). The edge es can be oriented with respect to fo (the left arrow)
and with respect to f3 (the right arrow). The boundary edges are oriented uniquely.
(b) - The faces fo and f3 are oriented consistently, because the orientations induced by
them on eg are opposite. Thus es is a removable cell. The edge e; is not removable. The
vertex V' was not removable when the edge es was present, but now it is removable (we
can call it pre-removable, as it was defined in Appendix but we will often call it
also removable).

face may be incident to a vertex - if there is an edge incident to both of them). Two faces
are called adjacent iff there is an edge incident to both of them. Similarly two edges are
adjacent iff there is a vertex incident to both of them.

An edge is called a boundary edge iff there is precisely one face incident to it. A vertex
is a boundary vertex iff it is incident to a boundary edge. A boundary Ok is a subcomplex
of k build of all boundary edges and vertices.

All 2-complexes we shall use are oriented, which means that for each face f € F we
introduce its orientation (each face treated as a topological manifold is a disc - thus it
is orientable). Orientation of an edge is defined only with respect to one of the faces
incident to it (except for the boundary edges - they can be oriented uniquely, and thus
the boundary graph is an oriented graph). We say, that two adjacent faces f, f’ are
oriented consistently iff for each edge e incident to both of them the orientation of e
induced by f is opposite to the orientation of e induced by f’.

We say, that a vertex is removable iff it is incident to precisely two edges. We say, that
an edge is removable iff it is incident to precisely two faces, these two faces are oriented
consistently and none of its ending vertices is removable (see figure . There is a strict
procedure of removing such cells (see Appendix .

Whenever in this section we will say that two 2-complexes x and x’ are equivalent,
we will mean that they are the same oriented 2-complex up to a number of removable
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cells. In other words the topological spaces X, and X, are homeomorphic and the ori-
entations of 2-cells agrees. It is so called weak equivalence, of CW-complexes, in contrary
to strong equivalence, which requires the same structure of the skeleton of 2-complex at
all dimensions (see definitions and .

Consider a graph G and its squid-graph vg = (g<8), S) and a 2-complex x such that
Ok = G We can naturally introduce an extra structure on the boundary of & - the
decomposition into squids. The pair (k,.S) will be called a squid-2-complez.

3.1.2.3 SU(2)-tensors

Graph diagrams will be colored by SU(2)-tensors. These tensors are described in Ap-
pendix Here let us recall some basic objects and introduce some shortcut names
for mostly used notions.

First of all: we will often call the representation Hilbert space H; shortly as j-
representation.

Consider now a node n with k™ positive half-links and &~ negative half-links, each
half-link labelled by a representation j,. The Hilbert space @+ H;+ ® @,- H,- will be
called the node Hilbert space and denoted by H,. The SU(2)-invariant part of H,, (i.e.
Inv |:®g+ Hi+ ® Q- Hg—] - see Appendix we will call invariant node Hilbert space

—

and denote by H™. For each H,, there is a natural projection map PV : H, — HIV,
called the invariant projection. Of course the projection becomes the unity operator,
when its domain is restricted to H™, however we will often call it anyway the projection,
even if the domain will be restricted (this is to keep our notation consistent with [53]).

Consider now a spin-network state with the underlying graph I'. For fixed spins on
the links the Hilbert space of such states is a product of the invariant node Hilbert spaces
of each node of this graph and is denoted by

Hez= Q) H™ (3.3)

neENp

(we will not consider any non-invariant spin-network states in this chapter). The total
Hilbert space of all spin-network states of this graph is Hp = @ Hp > The Hilbert space
dual to Hr will be called the contractor space of the graph T', and elementb of it we will
call contractors (A|:

(A] € Hp (3.4)

Of course for fixed spins there is a fized-spin contractor space 7—[* r

Given a spin-network Hilbert space H rj and an automorphism ¢ of the graph I' we
say, that ¢ is a spin-network automorphzsm iff each link of I is mapped by ¢ onto a link
colored by the same spin. The group of spin-network automorphisms is smaller then the
corresponding group of graph-automorphisms, since there are more constraints on them.
However there is always at least the trivial one.

3.2 Graph diagram - the underlying topological structure

3.2.1 Graph Diagram - definition

The original definition of graph diagram [53] was given in terms of squid-graphs and maps
between squids. Here we will first provide an improved definition, based on the notion of
half-links of a graph. Then we will explain, how to translate it to the language of squid-
graphs. Finally we will define two relations that can be read out of a graph diagram
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(so called edge- and face- relation), which play key role in translating graph diagrams to
spin-foams (however they are not necessary in defining the diagrams).

3.2.1.1 The definition

Definition 3.1. Graph diagram
Let us define a graph diagram D = (G,R) as a graph G and a family of relations
R = (RnodeaRlink); where

® Riode 5 a symmetric relation in the set of nodes N of the graph G, such that for
each node n € N one of the following possibilities take place:

— either m is in relation with precisely one node n’, such that n' # n and n' is
dual to n

— or n s not in relation with any node.

In other words:

VneN (H'n’EN\{n} (na TL,) € Rnode)v(ﬂn’EN(ny n/) € 7-‘7'nod6) and VpeN (n7 7’L) ¢(§g())de

e Riink is a family of relations:
Riink = {R](ITIL{;:) : (nanl) € Rnode} (36)

where each relation T\’,l(;;’l?,) 1 a relation on the sets L, and L, induced by one of
the duality maps between the nodes n and n'. In other words for each pair of nodes

(n,n') related by the node relation we pick one of the duality maps ¢, v and define
Rie) = {60 € Lo x Lo+ S (6) = 0} (3.7)
where —e = + iff e = — and vice versa.

An example of a graph diagram is presented an described at figure [3.4}

3.2.1.2 Translation to squid-graphs

Given a graph-diagram (G,R) one can naturally translate it to the language of squid-
graphs. A squid-graph diagram is defined as follows:

Definition 3.2. Squid-graph diagram

A squid-graph diagram is a pair (v, ®) of a squid-graph vy and a collection of a duality
maps between pairs of squids, such that each squid \ € S is either a domain or an image
of at most one duality map ¢ € P.

The graph G has its squid-graph ~g - see subsection [3.1.2.1] Each pair of nodes in
node relation indicates a pair of dual squids. The link relation indicates the duality map
of the pair of squids representing these nodes. Thus instead of a graph and a family of
relations one can consider a squid-graph and a family of duality maps between the squids.
This definition is used in [53].
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Figure 3.4: An example of a graph diagram. Dashed lines show the node-relation, dotted
lines show the link-relations.
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3.2.1.3 [Edge- and face-relations

It is convenient to introduce two more relations on a graph-diagram: the edge-relation
Redge and the face-relation Rpace. They are named after faces and edges of 2-complex,
because equivalence classes of them will be in 1-to-1 correspondence with the internal
cells of the 2-complex constructed out of a graph diagram (see subsection .

Definition 3.3. FEdge-relation
The edge-relation Reqge of a graph-diagram is the smallest equivalence relation on the
set N of nodes of the graph G, such that the node relation Ruode S a sub-relation of it.

The simplest way to characterise a relation is to list its equivalence classes. In case
of Redge there are two types of equivalence classes:

1. For each pair of nodes (n,n’) being in node relation there is a two-element equival-
ence class {n,n’} of edge relation. We will call it an internal equivalence class, or
an internal edge.

2. For each node n that do not belong to any pair of the node relation there is a
single element equivalence class {n} of the edge relation. We will call it an external
equivalence class, or an external edge.

The names internal and external edge are explained in subsection

Knowing Reqge 0ne can reconstruct Ryoqe and vice versa. The node-relation is easier
to define and to use in construction of the 2-complex out of the graph diagram, however
the edge relation will be more convenient in further use.

Definition 3.4. Face-relation
The face relation Riace of a graph diagram is the smallest equivalence relation on the
set of half-links of the graph G, such that

e cach two half-links of the same link are in face relation,

o whenever there is a relation Rl(i?i’m) such that ET is in relation with (5 , then Ei‘
and {5 are in face-relation.

Again it is easier to characterise Rgace by listing the equivalence classes of it. There
are two major types of classes: open and closed. The closed classes are these, where there
is a cyclic series of connected half-links. The open classes are these, where the series of
connected half-links is not cyclic. The following examples clarify these definitions:

1. If there is a link £ of G such that none of its half-links is related to any other half-link
by any of Rl(:zl’l? )—relations, then the pair {¢*, ¢~} is an equivalence class of Ryace

relation. We say it is an open equivalence class.

2. Consider a link ¢ of G such that n = s(¢) and n’ = ¢(¢) and the pair (n,n’) is related
by the node relation Ryode - It may happen, that ¢T is related to £~ by Rl(ffﬂ?)
In such case the half-links {¢*, ¢~} form an equivalence class of Race. We call it a

closed equivalence class.

3. Consider now a pair of links (¢1,¢3) such, that Ef and ¢, are related by one of
relations Rl(;f/), but ¢ and E; are not related with any other half-links. Then the
quadruple {Ef,ﬁf, 4, E;} form an equivalence class of Race. We call such a class

an open class.
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4. Consider a pair of links ({1, ¢5) like in previous example, however now assume, that

¢ and E;r are also related by another link-relation Rl(iz/{(’nm). Then the equivalence
class of the Reyce relation is the same quadruple {Kl_,éf, 4, 63“}, but now we will
call it a closed equivalence class.

5. The example [3] can be generalised to arbitrary number of links: consider a k-tuple
of links (¢1,4s, ..., ¢x) such that each pair Zj and ¢;_; is related by one of 7?,1(:1; )
relations (fori =1,...,k—1), but /] and E; are not related to any other half-link.

Than the 2k-tuple {ﬁf,ﬁf, . ,E;,E,j} is an open equivalence class of Ryace-

6. Analogously the example[d] can be generalised to arbitrary number of links: consider
a k-tuple of links ({1, lo, ..., ) such that each pair K;r and £, is related by one of

Rl(sl’l?/)—relations (fori=1,...,k—1), and ¢] and ¢; are related by another Rl(i%?/)
relation. Than the 2k-tuple {Ef,@f, e ,6,;,6;5} is a closed equivalence class of
7?'face~

The half-links that are not related to any other half-link (in the open equivalence classes)
are called boarder members of the equivalence class. There are always two boarder mem-
bers of each open equivalence class.

Note, that although Rp.ce is fully determined by Rynk, the opposite is not true. The
information about openness and closeness of equivalence classes of Rgace i not encoded
in this relation itself.

Some examples of equivalence classes of Riaee relation can be found at figure[3.5] The
edge relation, thanks to its simplicity, does not require extra illustration.

3.2.2 How to construct a 2-complex out of a graph diagram

As we noted at the beginning of this chapter, given a spin-foam we can construct a graph-
diagram out of it. Now we shell show, that for each graph diagram we can construct a
spin-foam out of it.

The procedure will be as follows. First for each connected component I'; of the graph
G of a graph diagram D we shell construct a 2-complex, that represents a fragment of a
spin-foam being a small neighbourhood of a vertex with structure encoded in the graph
I'; (see subsection . Then we glue these fragments of 2-complexes into bigger
complexes according to the procedure, that we shell define in subsection [3.2.2.2} for
each pair of nodes, that are in the node relation we glue the complexes by identifying
corresponding half-links in a certain way. Finally we realise, that some elements of the
resulting 2-complex are in fact redundant, and thus we remove them (see subsection[3.2.3)).

The procedure was first presented in [53]) and in [81].

3.2.2.1 From a graph to 1-vertex foam

Our construction is reversing the procedure presented in subsection where we were
drawing a sphere around a vertex of 2-complex to capture the graph representing its
structure. Here we draw a graph on a sphere and then shrink the sphere radially to
a point in order to obtain a 2-complex. Given a connected graph I' we will obtain a
2-complex containing precisely one internal vertex (we shell call it a I-vertexr foam kr).
Resulting 2-complex is characterised by the following prescription (which can be treated
as its definition).
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Figure 3.5: On figures (a) — (f) there are highlighted examples of equivalence classes of
types 1-6 respectively.
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Definition 3.5. I-vertex foam

Consider a closed connected graph T' = (N, L). Its squid-graph is yp = (F(s), S) with
') = (NUX,L* UL") - see Remark in subsection . The 1-vertex foam of
the graph I is a squid-2-comples kr = (F,E, V; fa,f1; S) such that:

e The set of vertices is V. = {v} UN U X.

e The set of edges is E = LT UL~ UNypU Xy, where Ny = {n; x I : n; € N} where
I=[0,1] is an interval, and similarly Xy = {z; x I : z; € X}

e The set of faces is F = LX ULy, where Lz/f = {Ag NS L+/_}, where A is a
2-simplex (triangle).

o The map f1 is defined as follows:

— for each edge e, € LT UL™ the function fi is induced by the adjacency relation
of the graph T® | i.e

f1(e0(0) = s(/) ENUX CV and fi(e(1)) =t(l) e NUX CV (3.8)

— for an edge e, € Ny the function f1 maps its beginning onto the central vertex
v, and its end onto the node n:

fi(en(0)) =v and fi(e,(l1))=neNCV (3.9)
and analogously for e, € Xj.

o The map f5 is defined as follows. Boundary of each triangle consist of three inter-
vals, let us name them VN, NX and XV . The boundary map acting on 0f, € Lz
maps the NX interval onto the e, edge f5(NX C 8f;) = e, € LT CE, the VN in-
terval onto the edge of  the source node of  the link:
£2(VN C 9fy) = ey € N1 C E and the interval XV onto the edge of the tar-
get node of the link: £2(XV C 0fi) = eyp) € X1 C E. For a face 0f, € Ly the
action s analogous, the only change is that VN is mapped onto the edge of the
target node ey, and X'V is mapped onto the edge of the source node ey ).

o Fach link ey is a boundary link, thus it can be oriented. We orient it in agreement
with the link ¢ of the graph T'() (i.e. in such a way, that the boundary graph
Okr <« T including orientation). The orientation of each face fy by definition
agrees with the orientation of the edge of the link e,.

Since the graph T is closed, the boundary of kr is precisely T®) | thus the squid-decomposition
S is directly induced from ~r.
An illustration of the construction is presented at figure [3.6,

Given a graph G = {I'1,...,I'x} we perform this construction separately for each
connected component I'; and obtain a squid-2-complex kg = kr, U - -+ U k1.

3.2.2.2 Gluing along squids

Consider a squid-2-complex (k,S) and a duality map ¢ between two squids A1, Ao € S.
We will show now, how to glue this 2-complex along this pair of squids.
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Figure 3.6: Illustration of the construction of the 1-vertex foam. (a) - A connected
component I'. (b) - Its split graph I'®). (¢) - The 1-vertex foam kr-.

Definition 3.6. Glueing a 2-comlex k along a duality map ¢ : Ay — Ao

The squid-2-complex k = (F,E, V; f5,f1; S) glued along a pair of squids A1, Ay € S,
A1 # A2, according to the duality map ¢ : A\ — Ag is a squid-2-complex k/¢ given by
(F,E,V; fg,ﬂ; g) defined as follows:

o The set of faces does not change: F = F.

¢

o The set of edges is the original set of edges divided by a relation E = E/ ~edge”

where two edges e, e’ € E are in the relation Nfdge iff e € A1, € € \y (or opposite)

and ¢(e) =€’ (or ¢~ (e) = ¢’ in the opposite case).
¢

vertex: Where two
vertices v,v" € V are in the relation Nfertex iff v e, v € Xy (or opposite) and

d(v) =" (or p~1(v) = in the opposite case).

o The set of vertices is defined in the analogous way: V = V/ ~

o The function fi coincides with the function fi, but it must be followed by the pro-

jection 7['((? onto equivalence classes of the relation Nfertex"
fi: OE 32— ) (fi(z)) eV (3.10)

One needs to check consistency of £1 with the relation Nfdge, i.e. check, if x Nfdge x’

implies fy(x) = f1(2). Outside the glued squids it is obviously satisfied, since in

this regime equivalence classes of Nfdge are one-element sets. Assume therefore,

that € Oe for e € \1 and we have ' # x such that ¥’ ~%, x. If it is so, '

edge
must be in Ay and ¢(z) = x'. We have f1(z) = 7rg> o fi(z) and fi(x') = 78 o f1(z).
However, since ¢ is a morphism of graphs, the condition ¢(x) = ' must follow
o(fi(x)) = fi(2'), and thus £1(z) ~opiee f1(2), s0 7§ (Fi(z)) = 7§ (f1(2")), what
ends the proof.

o The function fy coincides with the function fa, but it must be followed by the pro-

¢

L b . . i
jection w; onto equivalence classes of the relation ~edge

fo: OF 3 x> 1) (fa(z)) € E (3.11)

Since F = F, no consistency check is needed.
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Figure 3.7: Tllustration of the 2-complexes. (a) - Fragments of graphs that will be glued.
(b) - Fragment of 2 complex before gluing. (¢) - The glued 2-complex.

o The new set of boundary squids is S = S\ {\1, \a}.

Each leg of the glued squids becomes an internal edge, because after gluing it is adjacent
to precisely two faces. Thus the new squid set S covers all the boundary graph, and thus
the resulting 2-complex K/ is a proper squid-2-complex.

Ezample of the gluing procedure is presented at figure [3.7

Given a graph diagram (G, R) and a squid-2-complex kg of its 1-vertex foams we can
associate a duality map of squids ¢; which each pair of nodes (n;,n;) which are in the
node relation (see subsection. Then we can perform gluing along each pair of dual
squids obtaining a 2-complex £/ (41,02, ..., duRr,0) = (- (kg/P1) /P2 ) | O#R oae -
The resulting 2-complex does not depend on the order in which we perform gluings (for
proof see Appendix of this thesis or Theorem 1 in [53 appendix]|). So there is an
unambiguous procedure of gluing a squid-2-complex along a set of maps, and the result
is well defined: kg := K/ {¢1,...,¢xr} for an arbitrary order of gluings.

Thus we define the 2-complex of the graph diagram as

kp = kg/R (3.12)

and we know that the resulting 2-complex is well defined.

3.2.3 Properties of the 2-complexes and removing the unnecessary cells

Let us now characterise the resulting 2-complex xp. We shell describe all types of cells
(vertices, edges, faces) that can appear in the complex. We will start with describing
the edges, because knowing, which types of edges are removable will make easier to
understand, which vertices are removable and why. Then we will deal with faces, and
finally we will characterise the boundary graph of xp.

In subsection we introduced a notation in which each face is a triangle VN X.
At that stage the vertices N were heads of the squids of the boundary graphs of the
1-vertex foams, and the vertices X were the leg-nodes of these squids. Note, that through
all the gluing procedure the vertices N can be glued only to other vertices N’ and the

63



vertices X are also glued only to other vertices X’. The vertices V are never subjects
of the gluing procedure. Thus it is convenient to introduce three classes of vertices -
V-type, N-type and X-type vertices. Those classes allow us also to characterise the
edges as V N-type, V X-type and N X-type edges. We shell use these classification in
what follows.

3.2.3.1 Edges
There are four types of edges: VN, VX, internal NX and boundary N X.

1. Each V N-type edge is a history of a head of a squid (the head itself corresponds
to the point N). It is always shared by at least two faces (actually: the number of
faces equals to the number of legs of the squid it was build from).

2. Each V X-type edge is a history of a leg-node of a squid (the leg-node itself corres-
ponds to the point X). It is always shared by precisely two faces (coming from the
links that were meeting at the node). These faces are oriented consistently.

3. Each N X-type edge is a leg of a squid. It is a boundary edge if and only if the
squid it belongs to was not glued to another squid (i.e. the head of this squid is a
type [2| equivalence class of the edge relation Reqge, and the leg itself is a boundary
member of an open equivalence class of Ry,ce - see subsection .

4. An edge of type NX is an internal edge of the complex if and only if the squid it
belongs to was glued to another squid. In such case this edge is shared by precisely
two faces. These faces are oriented consistently (i.e. the head of this squid is a
member of a type [I] equivalence class of the edge relation Reqge, and the leg itself
is a member of a closed equivalence class of Ry,ce - see subsection .

The edges of type VX and the internal edges of type NX are always removable edges
(see definition subsection .

It may happen, that an edge of type VN is removable (if the squid of the vertex N is
bivalent, and it has one incoming and one outgoing leg) - however in most cases we will
not remove them. They constitute the skeleton of the spin-foam.

Removing the removable edges and anticipating from subsection [3.2:3.2] that the
internal N-type nodes are removable, we are left with three types of edges:

e boundary edges - one for each pair of the boundary N X-edges sharing the same
boundary X-vertex. After removing the X-vertex they become a single N N-edge.

e internal edges with one boundary end - the V' N-edges of the nodes that has not been
glued. There is one such edge for each external equivalence class of Reqge-relation.

e internal edges - one for each pair of V N-edges sharing the same N-vertex. Removing
all N X-edges starting at this N-vertex makes the vertex removable, so the final
edge is VV-type. There is one such edge for each pair {n,n’} being an internal
equivalence class of the Reqge-relation.

3.2.3.2 Vertices

There are six classes of vertices to describe: the V-type vertices, the internal N-type
vertices, the boundary N-type vertices, the internal X-type vertices, the simple boundary
X-type vertices and the complex boundary X-type vertices.
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. Vertices of type V' are always internal vertices. There is one such vertex for each
connected component I'; € G. The structure of this vertex is encoded in the split
graph T'(5),

. Vertices of type N are heads of squids. Such a vertex is an internal vertex if and
only if the squid, that the vertex came from, was glued with another squid. In such
case the N-type vertex looks like it were the vertex of type V coming from the
f-like graph (see figure for illustration and subsection for definition). Of

course the similarity is only local.

There are always two edges of type VN ending at such a vertex, and a number
of internal N X-type edges. Since all those NX - edges are removable (what we
shall explain shortly), after removing them the internal N-type vertex also becomes
removable.

. The vertex of type N coming from a non-glued squid is a boundary vertex. It is
then a node of the boundary graph.

. Vertices of type X are leg-nodes of squids. Such a vertex is an internal vertex
if and only if the squid-leg it came from is a half-link that belongs to a closed
equivalence class of the face relation (i.e. equivalence class of type or |§| - see

subsection |3.2.1.3))

Since all edges ending at such X-type vertex are removable (i.e. V X-edges and
internal N X-edges), the vertex itself also becomes removable (after removing all
but last two edges).

. If none of the squids, to whom a vertex of type X belongs, is glued to any other
squid, it is a simple boundary vertex (it is a leg-node in the middle point of a
link being unrelated to any other link by Ry relation, so it belongs to a type
equivalence class of the face relation Ry, - see subsectio

Removing the V X-edge ending at such vertex makes it a boundary bivalent node.
Both links incident to it have consistent orientation. Thus such vertex is a removable
cell.

. The last possibility for the X-type vertex is that it is the middle of a link ¢ being
an element of a non-trivial open equivalence class of the face relation Re,ee (i.€. an

equivalence class of type |3| or |5|- see subsection [3.2.1.3)).

Such a vertex is also removable, because all internal edges ending at it are either
V X- or internal N X-edges, thus they are removable (see subsection . Re-
moving all of them leaves us again with a simple bivalent boundary node, like in
the previous case.

In what follows we will call the vertices of type [f] and [6] boundary X -vertices and treat
them as the same type. The vertices of type [4 will be called internal X -vertices.

The only non-removable vertices are vertices of type V and boundary vertices of

type N. Each boundary N-type vertex has a structure determined by the squid it came
from. Each V-type vertex at first had structure indicated by the graph I'®) it came from,
however each node 2y € X C N is represented by a V' X-edge, that was already marked
removable. Thus the structure of each vertex of type V simplifies while the removable
parts are removed. Anticipating that the non-removable edges will be only the V N-type,
we conclude, that each zy-node of I'®) should be removed. Removing them leads us to
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the original graph I', and thus after removing all removable parts the structure of each
V-type vertex is indicated precisely by the connected graph I' it came from.

3.2.3.3 Faces

The set of faces do not change during the gluing procedure, so the final set F of the
2-complex kp is the same, as the set F of the 2-complex rkg. All the faces are triangular.
Each face has two internal edges (VN and VX) and the third edge (N X-type), which is
either also internal iff the squid that the face came from was glued to another squid, or
it is a boundary edge iff the squid was not glued to anything. Topologically each face is
a disk, placed onto some skeleton. Given a face, none of its edges are glued with other
edges of the same face (see subsection [3.2.3.1).

Since the VX and internal N X edges are all removable, it is convenient to introduce
generalised faces - being collections of faces sharing the same X-vertex. There are two
types of generalised faces, determined by the type of X-vertex they contain.

e The boundary generalised face is a generalised face containing a boundary X-vertex.
There is one such face for each open equivalence class of Ryce-relation. The face
contains precisely one boundary edge (being the boundary NjNs-link) and the
orientation of the edge and the face are consistent. Other edges of that face are
in order: the NyVi-edge (where Ns is the ending of the boundary link), then a
sequence of internal edges ViVa,..., Vi 1V (however k may be equal to 1) and
then Vi V;.

Some of the V; vertices may be equal, in that case it effects the topology of the
generalised face. Moreover it may happen, that N3 = Na (the boundary link is a
loop), and thus V; = Vj. In such case the edges NoVj and Vi N; are the same -
with all the consequences for the topology of the generalised face (i.e. the face is
either a cylinder of a cone).

e The internal generalised face is a generalised face containing an internal X-vertex.
There is one such face for each closed equivalence class of Race-relation. All edges
of such face are internal V'V-edges.

Orientation of such face is determined by orientation of links in the graph diagram.
Each simple (triangular) face is oriented consistently with the half-link it came
from. Then all the way through the gluing procedure the new neighbours of each
face were oriented consistently with it. Thus after removing the removable edges,
the orientation remain the same.

In other words we orient the generalised face in such a way, that if one considers a
small neighbourhood of any internal vertex V', then the boundary of this neighbour-
hood agrees with the connected component I' of the graph G of which the vertex
came from, including the orientation of the graph.

The edges of such face form a cyclic sequence. Some elements of this sequence
(edges or vertices) may appear more then once.

After removing the removable edges and nodes each generalised face become a face of the
2-complex. Examples of generalised faces are shown at (3.9

Note, that even though the interior of each face is a disc, its boundary may be glued in
a topologically nontrivial way. A suitable example is shown and explained at figure [3.10]
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Figure 3.8: Types of vertices: The vertices V; and V5 represent the type|l| of the enumer-
ation of subsection [3.2.3.2] The vertex Nj represents the type[2] The vertices Ny and N3
represent type [3] The vertices Xo and X3 might be of type [4] iff the dashed green edges
are the internal edges of the graph 2-complex. Otherwise they are of type[6] and so does
Xi. The vertices Xy, X5, Xg, X7 are of type 5} One can also read the possible types of
edges : the edges V;N; and V; X; are straightforward. The edges N1 X7, N1X2 and N1 X3
are the internal N X-edges (of type 4 of the enumeration of subsection , the other
N X-edges are the boundary N X-edges (of type .
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(a) (b)

Figure 3.9: Examples of generalised faces. The removed edges are represented by
dashed lines, the removed points are denoted by weak dots and grey letters. (a) - The
face NoViNoVoN3 X, of figure which after removing the removable cells becomes
NoViVaNs. (b) - The same face after gluing the boundary nodes corresponding to the
vertices Ny and Nj.

3.2.3.4 Boundary

The boundary of the 2-complex kp is a so called boundary graph of a graph diagram (we
shell denote it as D). It can be read out of D by a following simple algorithm:

1. Take the graph G and remove each node, that is related with another node by
Ruode-relation.

2. Remove the nodes together with the half-links incident to them.

(a) If both half-links of ¢ are removed, we say that all the link is removed.

(b) If only one half-link of ¢ is removed - an open half-link is left. We shell deal
with them in the next point.

3. Each open half-link is a boarder member of an open equivalence class of Rgace-
relation. Each such class has two boarder members, of the opposite signs - so one
can connect them into one new link. Thus we do connect them.

This algorithm can be illustrated graphically. An example is drawn and explained at

figure
The graph 0D can be characterised by description of its nodes and links:

e There is one node for each node of G not related to any other node (one for each
one-element equivalence class of Redge)-

e There is one link for each boundary generalised face (for each open equivalence class
of Rface).
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X
(c) (d)

Figure 3.10: A face with the topology of the projective plane. (a) - Fragments of graph
diagram that will be glued. The half-links a, b, ¢ and d are related to a’, ¥’ ¢ and d’
respectively. (b) - Fragments of one-vertex-foams. The edges o = V1 X" and 8 = Vo X" are
drawn in two copies each in order to make figure more legible. In fact each copy of v (or 3
respectively) represent the same cell of 2-complex. (¢) - The same fragment of 2-complex
but with the edges a and § drawn in one copy. The green arrows do not mean the
orientation of the links, but the pattern of gluing (for example a and a’ are glued in such
a way, that Nais glued with NV}, and X is glued with X" - and the interior of the edges
is glued continuously). (d) - The projective-plane-face. Each edge N1 X is removable.
The removable edges No X were already erased. The point X is thus pre-removable. The
arrows on the edges N1 X represent, in which way they are glued. Removing them leads to
the topological space homeomorphic to a projective plane RP (2). However, the series of
edges N1V1NoVo Ny is not removable - it is the part of the core skeleton of the 2-complex.
Thus our generalised face is in fact a disk glued onto this skeleton in such a way, that the
topology of the result of gluing is nontrivial. The topology of the face itself is trivial.
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(c) (d)

Figure 3.11: An example of the boundary graph of a graph diagram. (a) - A graph
diagram. (b) - Step 1: the pairs of nodes related by Rpode-relation are removed.
(c) - Step 2a: four links had both of their half-links removed, thus we remove them
completely. (d) - Steps 2b and 3: connecting the remaining open half-links result with
the boundary graph of the graph diagram.
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3.3 Operator Spin-network Diagrams - colored graph dia-
grams

Operator Spin-network Diagram is a Graph Diagram colored by some SU(2) tensors.
The brief recall of types of SU(2)-tensors we are going to use was presented in subsec-
tion [3.1.2.3] The detailed definitions and discussion can be found in Appendix

In the next subsection we will describe in detail the rules of general coloring of a
graph diagram. Then in subsection [3.3.2] we will explain, how to calculate the transition
amplitude of a colored diagram by performing so called diagram-driven contraction of
the tensors used in the coloring. Then in subsection |3.3.3| we will explain, what specific
coloring should be taken in order to obtain the transition amplitude compatible with one
of standard spin-foam models amplitude. Finally, in subsection we will discuss,
what is the influence of the objects, that were marked as removable in the previous
section, on the transition amplitude calculation.

3.3.1 The proper coloring of a graph diagram

In order to obtain an Operator Spin-network Diagram one have to color a graph diagram
D in the following way:

e Each link of each graph is colored by a spin jy.

e Each node of each graph is colored by an operator ]/J\n € HI'v* @ HIV  where HIV
is the invariant node space defined by the spins of links incident to n.

e Each graph is colored by a contractor (A| € HY 2

The coloring cannot be arbitrary, the following consistency conditions must be held:

e If two half-links are related by one of link relations, the links they come from must
be colored by the same spin.

e If two nodes n and n’ are related by the node relation, their operators must be

hermitian conjugations, i.e. ]/D\n = PT]:,.

The first condition ensures that all equivalence class of Rgace relation has the same spin
coloring. Thanks to this fact, the second condition is self consistent: since n’ is a dual
node to n and each half-link of n has the same spin, as its corresponding half-link of n',
the Hilbert spaces are dual: HI"V = Hg}"*, and thus the operators P, and P, belong to
the same space.

An Operator Spin-network Diagram will be denoted by (D; 7, P, ff) or shortly (D, C)

with C' = (;, ]3, ff) being the coloring. An example can be found at figure |3.12

Boundary

The coloring of a graph diagram indicates also a so called boundary Hilbert space.
Each link of the boundary graph can be assigned to a single equivalence class of the Rgace
relation. Thus for each link of the boundary there is a uniquely determined spin j,. This
fixes a spin-network Hilbert space for the graph 0D with spin labels j_l;. Let us then define
the boundary Hilbert space of a graph diagram as this spin-network Hilbert space H oD.j

71



Figure 3.12: An example of operator spin-network diagram

3.3.2 The amplitude operator of OSD

Operator Spin-network diagrams are in fact designed to be a tool to compute transition
amplitude for boundary states |¢) € Hap 7 Let us now explain, how to construct a
functional (A| € Hop 7 such that the transition amplitude will be (A| |¢)). The functional

(A| will be called am;;)litude operator of the diagram. The name operator comes from the
fact, that given a diagram with a disjoint boundary graph 0D = G; UG5 (where G* is the
inversed graph i.e a graph G with each link’s orientation reversed - see subsection
and a boundary state 1) = [ig,) ® |1/Jg;>, the transition amplitude can be treated as

(Ap| ) = (g, | Ap [1hg,) (3.13)

and the operator //1; has interpretation of the evolution operator (see subsection .

The amplitude operator of a diagram (D, C) will be given by certain contraction of
indices of the tensors (Ar| and ]/3;, called diagram-driven contraction _p, multiplied by
face- and link-amplitudes (from equivalence classes of Rg,ee relation and from links of the
boundary graph):

(Ap| = <®<Ar!>m R E|| II 4 -(H Ag) (3.14)
Feg [n]ERedge feRface £eoD

The following subsections explain the diagram-driven contraction and other terms in
the above formula.

3.3.2.1 Diagram-driven contraction

The diagram-driven contraction gives us the so called unweighted diagram operator

AR = Q) (Ar|op @) P (3.15)
Before defining it, let us point out some properties of tensor objects appearing in the

coloring.

First let us remind that given a spin-network state |[Nr) € Hr supported on a graph
" for each link ¢ there are two indices in spin j; representation: the upper one (related
to the positive half-link £*) and the lower one (related with the negative half-link £~)
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.
- see subsection [A.3.3] i.e. |[Np) = Z{m W}N Zfl...n[_zL |m, 7). Since the contractors
e 1 L

belong to the dual space (Ar| € Hf., it is opposite for them: the lower indices are related
with positive half- hnks and the upper indices are related with the negative half-links:

(Ar] = X gy Aty o, (T

Consider now an operator P, € HIY @ HIV*. Since

v CHa=| Q) Hy | @ | @ H, (3.16)

ttect —eLly

the operator ]3\” has two spin-jy indices for each half-link incident to n. For a positive
half-link it has one upper index from H,, space and one lower index from . In case of
a negative half-link the upper index come from H; and the lower index come from H,,.
The indices of H,-space will be denoted by my for positive and ny for negative half-links
(and they will be called small indices). The indices of H;} will be denoted by A, for
positive and By for negative half-links (and called big indices), thus

P m + mz+ B — B — —+>
_ ket G - _ Ly Ly
Pn - ”nZ, n,— AZ* AZJF = Pn n_>A—> (317)
1 k= Et+ o b

If the node n is related with another node n’, than we can say, that 157: € Hn @ Hyy,s
and then we translate the big indices coming from H into small indices from H,, and
denote it as

—>—>
— £+mz+

n_—_n, _

Ly L,

In this case all the indices will be called small indices. Note, that now each positive index
Aﬁ becomes a negative index -, and vice versa: B,- becomes My, -

The unweighted diagram operator is obtained by appropriate contraction of indices of
all P operators and all contractors (Ar|. Let us make it more precise. Consider the tensor
product or all contractors (A| := @rg (Ar| and the tensor product of all operators (the

edge Pn :

product is taken over the7 equivalence classes of the edge relation): P = ®[n] R
The tensors (A| and P are very multi-index objects. However for each half-link of each
graph of the diagram D there is precisely one index in (A|, one small index in P and zero
or one big index in P. The big index appears if and only if the half-link is not related to
any other half-link by the link relations. If the half-link is positive, the index of (A] is
lower, the small index of P is upper and the possible big index of P is lower. If the half-
link is negative, the index of (A| is upper, the small index of P is lower and the possible
big index of P is upper. The procedure of diagram-driven contractionLp is following:
each small index of (A| is contracted with the small index of P corresponding to the
same half-link. The big indices remain uncontracted, thus the result of this construction
is a tensor having one lower index per each positive half-link of the boundary graph and
one upper index per each negative half-link of the boundary graph. Such tensor structure
is precisely the same, as the tensor structure of functional of H(’; - Hilbert space.

Graphical illustration of the diagram-driven contraction can be found at figure [3.13]
Given a boundary state 1) € H,p, H the unweighted transition amplitude is

Aunwelghted <A’D| |¢> (319)
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(a)

Figure 3.13: Graphical illustration of diagram-driven contraction. (a) - The contractor
A; and relation between its indices and the half-links of the diagram (only four of them,
in order to keep the figure clear). (b) - An example of an operator P of a pair of nodes
related by the Rpoge-relation. Some of indices of this operator refer to half-links at the
node ny, and the others refer to half-links at n;. (¢) - An example of an operator of a
boundary node n’ - only half of the indices refer to half-links of the diagram, the other
half is left uncontracted.
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3.3.2.2 Face and link amplitudes

In the spin-foam models the amplitude is weighted by the so called face amplitudes. In
fact one can introduce an amplitude for each cell-element of the diagram: Ay for faces
(i.e. equivalence classes of Ry, relation), A, for edges, A, for vertices, A, for nodes of
the boundary graph and A, for links of the boundary graph. However vertex amplitudes
can be obviously incorporated to the contractors (Ar| and edge- and node-amplitudes
can be incorporated to the operators l/D; For face- and boundary link-amplitudes (we
will call them weight amplitudes) it is not possible in a general case. Thus finally the
Operator Spin-network Diagram transition amplitude for a boundary state [¢)) is

Ap(y) = | [T 4r]- (H Ae) - (Apl|¢) (3.20)

feF LedD

3.3.3 Relation to the spin-foam transition amplitudes

In order to obtain the diagram transition amplitude equal to the BF transition amplitude
the following assumptions on the coloring and weight amplitudes must be done:

e Each contractor (Ar| must be the natural contractor <ATT{ given by the following
formula:

(AT = T ont: (3.21)

leLr

e Each operator I/D\n must be the identity operator on the invariant node Hilbert space
HIV (or in terms of H, it is a projector Plnv).

e The face amplitudes must be Ay = 2j + 1 and the boundary link amplitudes must

_ 1
be Ag— NITESh

In order to obtain the diagram transition amplitude equal to the EPRL spin-foam trans-
ition amplitude, the following assumptions on the coloring and weight amplitudes must
be done:

e The nodes operators J/D\n and the weight amplitudes Ay and Ay are like in BF' model.

e Each contractor (Ar| must be either the EPRL contractor <AEPRL‘ or the natural
contractor <AT&”‘. However the later one is allowed only in case of the 6-like graphs.
The EPRL contractor is given by the following formula:

—_— =
(AEPRL| — H Y:@_zg_j} [Pénvc;}%%t) . H 53;; (3.22)

(€ELr

where G stands for a group (either SO(4) in case of Euclidean theory or SL(2,C)
in case of Lorentzian theory), the tensor Y is the EPRL map to the group G (see

subsection [1.2.2.1)), the tensor Pi™¢ is a projection onto the invariant tensors in
the representation of G-group, and the big A, B, C and D indices are indices of
G-group action. For more details see Appendix
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3.3.4 The redundant parts of a 2-complex of an OSD

Note, that the #-like graphs labelled by <AT‘”‘ correspond to the fragments of spin-foam
that do not change the transition amplitude. Indeed, they are (locally) fragments of BF'-
foams, which are invariant under removing bivalent edges and vertices (see [38], see also
the calculation in subsection . Thus the only meaning of the 6-like graphs labelled
by <ATr‘ may by topological: they ensure some topological properties of the 2-complex
and of the boundary graph.

Note then, that each of the vertices, that we marked as removable in subsection [3.2.3]
had a structure of #-like graphs. Moreover the necessary criteria of choosing them was
, they
would indeed be irrelevant from the point of view of the transition amplitude calculation.
On the other hand in the KKL procedure each vertex referring to some dynamical process
was represented by one of graphs of the diagram - so all vertices other then V-type (i.e.
other then coming from graphs of the graph diagram) should not refer to any dynamical
process, and thus there is no reason to color them by anything else then <ATY‘. So in
the end we see, that each removable vertex of 2-complex of a graph diagram is in fact
redundant from the point of view of the transition amplitude operator.

Let us thus summarise the redundant parts of a 2-complex of an Operator Spin-
network Diagram.

The redundant edges are:

o All V X-type edges, i.e. all edges that are traces of the leg-nodes of squids.

e All internal N X-type edges, i.e. all edges that are legs of squids glued with another
legs of squids.

The redundant vertices are
e All X-type vertices, i.e. leg-nodes of the squids.

e All internal N-type vertices i.e. heads of squids, that were glued to other squids.

3.4 Examples and properties of OSDs

Let us now provide some examples of operator spin-network diagrams to illustrate our
framework in use. First of all we will describe a diagram corresponding to the amplitude
operator equal to identity, called the trivial diagram. Such operator can be constructed
for an arbitrary boundary spin-network Hilbert space and can be seen as a free propagator.
Then we will describe a diagram referring to a spin-foam with precisely one nontrivial
(interaction) vertex inside. Finally we will show, how to glue two diagrams into a bigger
one. In fact this operation allow to construct arbitrary complicated diagrams out of the
building blocs presented in first two steps.

3.4.1 The Trivial diagram

Let us now show, how to construct a trivial diagram, i.e. such diagram, that the transition
amplitude operator related to it will be the identity operator.

Consider a graph G = (Ng, Lg) with every link ¢ colored by a spin j,. This defines a
spin-network Hilbert space H = In order to construct an operator on such Hilbert space
we need a diagram with its boundary graph being G LI G*. Indeed, then the transition
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Figure 3.14: Construction of 6-like graphs
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To make the construction more transparent, let us first explain how to construct a
0-like graph of a node n (called 6,,).

e Given a node n let us take a squid A, of this node, and a dual squid \.

e FEach leg-node of A\, has a corresponding leg-node of A¥. We connect them into one
node.

e We introduce the following naming of elements of this graphs:

— The head node of A\, will be called n, the head node of A} will be called n*.

— For each half-link ¢¢ incident to n in the original graph (the sign € comes from
its relation with n, not with n*) there are two links and one node in the #-like
graph. The link incident to the head of A, we shell call £, the link incident
to the head of A\« will be called /.. The node between them will be called
T pe.

An example of a 6, graph is presented at figure [3.14]
The trivial diagram Dé;d of the graph G is constructed as follows:

e For each node n € Ng we construct a #-like graph 6,,. The graph of Déd is | |,en On-

e We introduce the node relation R4 as follows: For each link ¢ € Lg we have two
nodes of type zge: we have xy+ of 0, and - of 0,y). Each pair (z,+,7,-) is in
the Ruode relation.

e We introduce the link relation as follows: for each pair (z+,x,-) there are two
links £} and £, incident to z,+ and two links ¢, and /£, incident to x,~. The

relation Rl(lif: ) connects 4 with ¢, and £}, with £ ..

Example of such diagram - together with its interpretation in terms of 2-complexes - can
be found at figure Note, that the 2-complex is in fact a cylinder over the graph G,
with an extra set of horizontal internal edges, forming a subcomplex homeomorphic with

g.

The coloring of the diagram is following:

e Each of links /5, and £;. is labelled by the spin jy.
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(a) (b) (c) (d)

Figure 3.15: Example of a trivial diagram. (a) - The diagram. (b) - Reading the boundary
graph of the diagram. (c) - The spin-foam corresponding to the diagram. (d) - Since each
horizontal edge is bivalent and labelled i BF-manner, thus they can be removed and the
resulting foam is a simple cylinder.

e Each node n is labelled by the identity operator ﬁ\n = ]l]v on H™. The node n* is

—_—

labelled by the same operator P, = P,.

e For cach node 4 the invariant node Hilbert space is #}2" = Inv <sz ® HL> =C.

We label each pair (z,+,2,~) by the identity operator on this space f’; = 1]y
Ty

e Each 6-like graph 6, is labelled by the natural contractor <ATr‘.

1
V2je+1°

e The face amplitude is Ay = 2j; + 1 and the boundary link amplitude A, =

The transition amplitude operator calculated according to subsection [3.3.2]is precisely

Indeed, the following calculation proves above result.
Let us write explicitly the matrix elements of the tensors in the spin basis (i.e. in
terms of elements of H,,).

e The contractors <Ag:‘ expressed in the spin-basis are given by set of deltas:

N,/ n* /—
(g;l=II oo’ (3.24)
et —eLh/™ ‘

The my,+,- indices are always associated with the starting node of the link ot/=
in 6, the indices n,,- are associated with the target node of the link ¢t~ in 6,.

*

The indices my,,

and nz ., refer to the links E:*/ o

e The ﬁ,; operators expressed in the spin j, basis are ﬁ; = mﬁé%z__ 522‘:” (the
naming of the indices is the same as in case of contractors, however now indices
my, and ny+ refer to the graph 6,,, while the indices m,- and nj_ refer to the graph

0,, where n = s(¢) and n’ = t({)).
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=
m,{B,—
—> ; .
n, A4

The P,» operators are the same operators, however their indices are named differ-

e The J/D\n operators expressed in spin basis are projection operators P, = [qun"]

e O

— m*_

ently: P+ = [P2] T‘%D*ﬁ'.
Mot

The unweighted transition amplitude operator is

unweighted Tyt /— nz+/f
Apgr = I 11 ‘5me+/—5m;+/_ -D
nENg €+/_€L¢/*
Inv] e+ Bo— Inv]™— CeJr
D H <[Pn }ﬁﬁ '[Pn* ]nT*D—** ’ (3.25)
nENg ¢ ¢ et e
‘T L sme s
250+ 1 - et
KELQ

the weight amplitude is: since there are two faces per each link, the face amplitude factor
is H@eLg (240 + 1)2, and since there are two boundary links per each link of G, the link

amplitude factor is []ser, 7, thus overall weight factor is []ser,, (2j¢+ 1) and

1
(V25,+1)
cancels with the factor HzeLg 2]71+1 coming from the P,, operators. Thus we are left
with the index contractions:

n n*
_ /= et/ =
aop = [T T wdi )|
n€Ng e+/76£:/7
= g
Inv] Mot By Inv]™— Cot
2| ] ([P,;W] e -[P,;V]%_f>>- (3.26)
neNg e Kaats
my— My
I (511} n )
éELg

Note, that the terms coming from F; operators can be decomposed into the product

. my— M\ Myt My~
over nodes: [[ser, (571;_ On,5 ) = Il eng (Hﬁeﬁi On,y ) - (erz; 5”2— ), so we end
up with

n n*
_ ot/ = 5t/
ADE* - H H 5mz+/—5m;f+/_ -D
nENg g+/_65:§/*
Inv| Mot Bo— Inv] -+
<[ O S L (327)

[T on |- IT o

ttect —eLy
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Performing the contraction we can group the deltas:

=
A _ l [ [Plnv] m£By—
DTIr — n y——
g T'LefA[,,
nENg

R B I ) QR RGeS
et —€eL,

—
. [PInV]iCz+:|
n* *
£+De—

Each triple of deltas in the brackets simplify to either (5::1‘; or (52? :

mo m* CT>
A _ PInv my{ B, . 5 e+ . 5”@* PInV My—Co+
DG~ n g2 M+ w D
L= + —
n€Ng el (el "ot
— s o
| G S e [phw] i Gt (3.29)
neNg ! WAZ e me* ny +D-

so at the end of the day, knowing that PTILHV = PInv for each node n of G we have a

n* o

product of P"v operators

|
|

o)
Q

o=

|
E

Apre= 1]

nENg

(]

b
)

¢+

*] (3.30)
now knowing that in the spin basis PTILI1V is a projection operator, we have

B, G,
Apr =[] [[P}lm} éﬁ#] (3.31)
( —

nENg

which is precisely the identity operator on the gauge invariant spin-network Hilbert space

Hgz (see subsection |A.3.3).

The coloring of the diagram we introduced here is in fact the BF-coloring. Note,
that the BF-model has a very convenient property, namely each bivalent edge in BF'-
spin-foam can be removed with no consequences for the transition amplitude (see [38]).
Indeed, it can be derived from the form of contractor. Thus the transition amplitude of

Dgr is equal to the transition amplitude of the foam being a simple cylinder over a graph

G (see figure [3.15)).

3.4.2 The one-interaction diagram

Consider now a following process. The initial state is given by a spin-network state
supported on a graph Gi,. There is precisely one interaction vertex represented by a
connected graph I". We pick some nodes nq,...,n; of Gy and relate them with some
nodes n},...,n} respectively of I'. This process is represented by a spin-foam with
precisely one interaction vertex. It can be treated as a Feynman diagram with a very
simple interaction.

The Operator Spin-network Diagram of such process is called one-interaction diagram.
We will characterise such diagrams in this subsection. They are also studied in section
6.3 of [53].
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The one-interaction Operator Spin-network Diagram can be always constructed by
the following procedure.

1

2.

Construct a trivial diagram Darnof a graph Giy.
Add the graph I' to the set of graphs of Dgfn.

Extend the node relation as follows. For each node n; of the nodes ny,...,n; that
participate in the interaction take the node n] of the graph 0,,. Extend the Ryode
relation by the pairs (n},n}), where n} € N (note, that n} must be dual to n}, and
thus it must be isomorphic to n;).

. Extend the link relation as follows. For each pair (n},n}) introduce a duality map

(ﬁ(n:’n;) and the link relation induced by this map. The maps may be arbitrary,

however one has to keep an eye on the consistency of the coloring of the diagram

(see [pb)).

Color the graph as follows:

(a) The trivial diagram is colored as it was indicated in the previous subsection.

(b) The links of the graph I' that are incident to the nodes n has spins indicated
by the spins of links of G;;,. Note, that this indicates a constraint on the duality
maps chosen in @ in order to obtain non-vanishing transition amplitude, one
has to ensure that two half-links of the same link are never connected to two
links with different spins.

(c) The links of T" that are not incident to any of n} are colored by arbitrary spins.

(d) The nodes of T" are colored by the invariant projectors of an appropriate node
Hilbert spaces.

(e) The graph I itself is colored by (AFPRL| contractor.

We will denote such diagram by Dg, r. An example of a one-interaction diagram is
presented at figure [3.16

It is interesting to study the boundary of one-interaction diagrams. The boundary
graph of Dg, 1 can be always decomposed into two disjoint components:

9 (Dg,,,r) = Gin U Gout (3.32)

The first disjoint component is precisely the initial graph Gi, (of course in the general
case it does not have to be connected, what we emphasised by using the letter G). The
second component Gy, is determined by the following algorithm:

1.

2.

3.

4.

Take the graph Gy and reverse its links, obtaining Gin.

For each node n; € Ng, that was connected to the interaction vertex, there is a
node m; € Nﬁ. Remove each m; together with the half-links incident to it.

Remove each node n;, € Np that was connected to one of initial graph’s nodes.
Remove it together with the half-links incident to it.

Whenever in step [2] of in step [3] two half-links of a link are removed - consider all
the link removed. If only one half-link is removed - consider it as a temporary open
half-link.
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(a) (b) (c)

Figure 3.16: Two examples of one-interaction diagrams. (a) - A very simple example.
(b) - The spin-foam corresponding to the diagram presented at (a). (c) - A more complic-
ated example (link relations between the trivial part of the diagram and the interaction
graph are indicated by letters, i.e. a goes with o/, b with b’ etc.). The spin-foam corres-
ponding to this example is hard to draw, thus we do omit it.

5. Note, that each removed 7; node was dual to the corresponding removed n; node.

Thus for each positive open half-link that is left in I' because of removing n), there is

a negative open half-link in Gi, left there because of removing 7;. Moreover there is

a map between these half-links induced by the duality map ¢ {ns .t} that we picked
} relates the half-link
incident to the nodes, however for each temporary open half-link there is precisely
one half-link incident to the removed node, so the generalisation of the duality map
is natural). Thus let us connect these open half-links according to the map and
obtain Goyus.

in point {4| of the previous procedure (in fact the map ¢ {ntn

/
7

The coloring of the out-graph is in natural way induced by the coloring of Gi, and of I'.

This procedure is very similar to the one used in subsection [3.:2.34] to find the bound-
ary graph of a graph diagram, however here instead of the graph of a diagram we use the
initial graph. For graphical illustration of this procedure see figure [3.17}

3.4.3 Glueing of diagrams

Consider two graphs G and G’ with decomposition into connected components given by
G=A{T1,...,I'y} and G’ = {I",...,I",}. We say that G and G’ have a compatible con-
nected component iff there is a pair of connected graphs (Fi, F;-), where I'; is a connected
component of G, I‘; is a connected component of G’ and I'; = FT We say, that G and

G’ have k compatible connected components iff there are k pairs <Fi1 ) F;d) - (Fik,ng)

satisfying the above condition (each connected component I';,, I‘;-b may appear in these
pairs at most once).
Given a spin-network Hilbert spaces ’Hg;. and ’Hg, 7 supported on the graphs G and

G’ respectively we say, that they have k compatible connected component, if the graphs

G and G’ have k compatible connected components, and for each pair (T, F;-a spins of
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(c)

Figure 3.17: Graphical illustration of the procedure of finding boundary of a one-
interaction diagram, presented for the diagram of figure

the corresponding links match.
Let us now consider two diagrams:

D1 = (G1, Rnode,1, Riink,1) ; C1) and Do = (G2, (Rnode,2, Riink2) ; C2) (3.33)

such that their boundary graph Hilbert spaces has k£ compatible connected components.
We can glue the diagrams along these components. The resulting diagram D; 9 is defined
up to a spin-network automorphism-induced duality maps ¢, : I';, — F;-a for each pair
of compatible connected components (see subsection . Let us thus pick k spin-
network duality maps ¢1, ..., ¢r and describe the glued diagram.

1. The graph of Djg is simply the disjoint sum of graphs of the ingredients:
G142 =G1UGo.

2. The node relation Ryode,1+2 is the sum of the node relations Ryode,1 and Ryode,2;
extended by the gluing node-relation.

e The gluing node relation Rrgllou;elg is defined as follows: each node ngB) of the
boundary graph 9D; (or dD2) has its corresponding node n; in the graph
Gy (or Go respectively), being unrelated with any other node. Suppose, that
ny € Gy is an unrelated node such that ngB) belongs to a component I';, that

) = ¢q (ngB)

we are gluing along. Then there is a node n ) of the component

F;»a and its corresponding unrelated node ny € Go. Thus we put a pair (nr,ny)

Rgluing

into the relation code -

Having defined the Rrgj)uégg we can formally define Rpode 142 as

lui
Rnode,1+2 = Rnode,l U Rnode,Z ) Rg e (334)

node
which means that two nodes of G1 2 are in node relation iff they are either in Ryode,1

ng

. relation.

relation, or in Rpede,2 relation, or in Riloué
3. The link relation is defined analogously:
L
Riink,142 = Riink,1 U Riink2 U RE S (3.35)
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where the Rﬁlrﬁing is defined as follows. Given a pair of nodes (ni,n2) in Rigﬂgg
relation, there is a duality map between them induced by the graph morphism ¢, of

the components they belong to (see subsection |3.1.2.1]). This duality map induces
the Rl(SiM) being a part of the family Rﬁlﬁlﬁng.

4. The coloring of links is completely induced by the colorings C and C5 since no new
links appeared. The same works for the coloring of graphs by contractors.

The coloring of nodes needs more care. It is also induced at these nodes, that do

not belong to any pair of REMINE olation. For the pairs of nodes that do belong to

- node
Rglulng link

node node» W€ color

we need to do some extra adjustment. Namely if (ny,n2) € R
both the nodes by the operator P(/n;) = ]S,Z o I/Dn: . This composition is permit-
ted, because the node Hilbert spaces of n; and ny are dual (see subsection
and Appendix . Note, that if the diagram is colored in one of the schemes
presented iigbsection the operators f’n\l and ]/3,1\2 are projections, thus the

operator P, n,) = Py = Pp,.

The transition amplitude of a composed diagram is the composition of the transition
amplitudes of the diagrams being composed. To prove it consider a decomposition
of the graph 9D into 81){“*’ U 8D%lued, where 8D%1ued =T, uly, U---uly, is the
sum of the components compatible with 0Dy. We can decompose D2 analogously into
oDk L 9DE" ! where oDE™ ! = (8D%lued)*. Then, according to subsection |1.2.2.3

p

*
we can treat the transition amplitude (Ap,| € (Hap{ree ®H8.Dglued) as an operator
1

_ .
Ap, .HaD?ee — H e and similarly (Ap,| € <H8D£ree ® Hapilued) as an operator

— *
Ap, + Hypeinea — H Now since 8D§1ued = <8D%1ued) , the corresponding Hilbert
2

free *
D2

* ——
spaces are also dual: HaDglucd = (Hapglucd> , so the image of Ap, is in the domain of
2 1

ZD\Q, so the operators can be composed.
The composition of these operators would be given by taking the tensor product of

them and then contracting all the indices, that refer to half-links of gf}ged:

Ap, o Ap, =[Ap, ® Ap,Jo [] ome (3.36)
Eeeﬁg%lued

where mye is the index referring to a half-link of 8D%lued

and nye is referring to a half-link
of 8D§lued iff € = 4, and opposite if ¢ = —. But this contraction is precisely what is
done, when the operator P(/mz) = F; o l’/Dn\2 is calculated. So we already know, that the
unweighted amplitude operator is the composition of unweighed amplitude operators of

the ingredients:

mweighted nweighted _ junweighted
unweighted _  4unweighte unweighte
Dy = Ap, o Ap, (3.37)

To prove, that the weighted amplitude operator matches, we have to check the face and
link amplitude factors. Again only the amplitudes referring to 81)%11;6‘1 matters, because
all the other terms in the weight amplitude are simply multiplied. In the diagrams D; and

D5 each link £ of apfb‘;ed corresponds to an open equivalence class of the face relations

(one in each diagram, i.e. fé(l) of Rface,1 and fé(Q) of Rface,2). Thus the corresponding
weight factors are A ) - Ay for £ € L, _giuea and A ,(2) - Ap for £* € L._gluea, S0 the overall
fe oD7 fe 0Ds3
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factor is

A(é),unglued - A

Ap A Ap = (2j+1) (25 +1) =2j+1
4

1
7Y 2+ 1 V21

(3.38)

In the diagram Dj1o each link ¢ € 82)%1‘16(1 corresponds to a closed equivalence class of
the face relation. Indeed, the positive boundary member of each equivalence class fg(l) is

glued with the negative boundary member of fe(Q) and vice versa - so the half-links form
a cyclic series, and the face fy is internal. Thus the corresponding weight factor is

A(@),glued _ Afz =2j4+1= A(Z),unglued (339)

So the weight factors are the same in the composed operator ED\I OJZD\Q and in the operator
Ap,,,. Thus at the end of the day we have

Ap ., = /Tp\l o 111;2 (3.40)

Quod erat demonstrandum.

Two remarks on the glueing procedure should be done. First: the glueing procedure
can be easily generalised to the case, where the boundary graphs 9D, and D3 do not have
to have compatible connected components, but only a number of compatible nodes. The
procedure is analogous, but the property does not have to be satisfied any more.
Second: the very special case is gluing the trivial diagram Dgr because it’s operator is the
identity operator. These remarks are discussed in subsection[3.4.3.I)and subsection[3.4.3.2]
respectively.

3.4.3.1 Generalisation of the gluing procedure

Consider two diagrams D; and Dy with the boundary graphs 0D; and 0D» respectively.
Let us pick k pairs of pairwise dual nodes (n;,n}),_; . and the duality maps {bitica .k
such that n; € Nyp, and n, € Nyp, and each dualit}; map is compatible with the spin-
network structure of the graphs (i.e. each ¢; preserves the coloring of the links with
spin-labels). Then we can glue the two diagrams along these pairs of nodes, and the
resulting diagram Dj. o is defined as follows:

1. The graph of the diagram Dj5 is just the sum of graphs of D; and Ds - as in the
step [1] of the previous procedure.

2. The node and link relations are defined by the same extension of ingredient relations,
as it was presented in the steps [2] and [3| of the previous procedure. However now
the REM™ connects the nodes of the selected pairs (n;, n}),—, , which do not have

gluing

node
face 15 indicated by the picked
e instead of graph automorphisms.

to form any subgraph of any of graphs, and the R
duality maps{¢;}

i=1,..
3. The coloring of Di49 is defined analogously to the one defined in the step [] of
previous procedure: the glued nodes are colored by P(/nl;) = ﬁn\ioﬁ;, the coloring
of all the other cells is precisely the same as the coloring of Dy or Ds.
To study the transition amplitude of a result of generalised glueing procedure first note,
that each spin-network Hilbert space can be decomposed into product of node Hilbert
space (see (3.3)):

Ho= & H™ (3.41)

nENg
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thus if we named two sets of glued nodes Ny := {n;},_; , and N := {n/}._, ., we
can say, that

Hop, = () HVe Q) HY = Hj @ H (3.42)
neNBDl\Nl nENl
and
Hoo, = Q) MM o @ MY = Hy @ (1) (3.43)
nENaDQ\NQ neNy

SO ZD\I : Hy — HeEved and fT\DQ o HeEled 5 3, so composing these two amplitudes
is admissible. And in fact the unweighted amplitude of a composed diagram is the
composition of unweighted amplitudes:

/\h 4 /\h q /\h 4
unweighted __  junweighte unweighte
pvcighted — g o A (3.44)

However when we consider the weight factors, the following problem arise: in the previous
procedure we were always sure, that either all the boundary link were glued to another
boundary link, or it was left unglued. Thus in the resulting diagram each face containing
a link of glued subgraphs was an internal face being a composition of two external faces
of the ingredient diagrams. That’s why the identity holds. Conversely in the
generalised procedure it may happen that only one half-link of a boundary link is glued,
and thus the resulting diagram contains an external face being a composition of two
external faces of the ingredient diagrams (see figure . Even more complicated
scenarios may happen: a face of the resulting diagram may be composed of many more
than two faces of the ingredient diagram (see figure . Thus the weight factors of
Ap,,, are related to the weight factors of Ap, and Ap, in a nontrivial, glueing dependent
way. We shell call this difference of weight factor the gluing weight factor and denote as
Asluing - thyg

Ap,., = AgMe . AL o Ap, (3.45)

The gluing weight factor is a product over pairs of glued nodes of node gluing weight factor
Asluing — Hle Aglumg) , which are products of terms related to each glued pair of half-

(ni,n;
. gluing gluing
links A )= H£€€£ni A ve g

(ni7ni/ ( ”
general A%leffz,g_ = AL%A& - because it reduces by one both number of boundary links and

) The gluing weight factor of any pair (ZE,ELE> is in

€

number of internal faces. The only exception is when two half-links of the same boundary
link are glued (two examples can be found at figure and figure [3.18d)) - then the

gluing weight factor is A?lzfizgi ) = A% - because number of faces does not change. The

gluing weight factor should be calculated node by node, i.e. when calculating A%lumg,

ni,mn;

one
)

asks whether two glued half-links are of the same boundary link of the boundary graph
of diagram after the pairs of nodes (ni,n}),..., (ni,l, n;_l) had been already glued.

The generalised gluing procedure in fact is simply extending of the node and link
relations. An example of the generalised gluing procedure is each one-interaction diagram
(see subsection being the trivial diagram (see subsection glued to a one-
vertex diagram (i.e. a diagram with graph with precisely one connected component -
see subsection . We will also use it a lot in the next chapter while defining the
algorithm to find all diagrams with a fixed boundary (see section .
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D, D,

(c) (d)

Figure 3.18: Examples of different configurations of gluing weight factor. For simplicity
assume that each half-link at n; and n’H is positive and each half-link at n’l and njyr
is negative. (a) - The diagrams D; and Dj are glued via the nodes n; and n. The
links ¢; and ¢} were external faces of D; and Dy respectively. After gluing they are
form a single external face of Dj4o. (b) - The diagrams were glued also via nj; and
ny;. The duality map ¢,,,, s}, Was chosen in such a way, that now the series of links
{05, 01,0, 02,05, 03,05, 04} for a single external face of Dy4o. Before the gluings each of
these links belonged to separate external face of Dy or Ds. (¢) - Simple example of closing

the face: the duality map ¢y, was chosen in such a way, that {1, 0]} is an internal

face of Di42. The gluing weight factor for connecting ny; and n); is Agéleu_inég/+> — ﬁ.
1

1"
(d) - More complicated example of closing the face: Before gluing ny; with n;; there were

had three external faces {¢1,¢}}, {¢2,¢5} and {3, ¢4}, which now became one internal face

{01,0},09,0,, 03,05} The gluing weight factor is A%l = A%Q = A%’s'
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Figure 3.19: Equivalent chains of diagrams Dy of #-like graphs.

3.4.3.2 Gluing of the trivial diagram.

Second remark refers to the properties of the trivial diagram Dgr. As we have proven in
subsection the transition amplitude of the trivial diagram is precisely the identity
operator. Thus given a diagram D = (G, R, C) we can glue it with the trivial diagram DE*
of any connected component I' € G without changing neither the transition amplitude
nor the boundary structure of the diagram. Moreover the 2-complex of a diagram D is
equivalent to the 2-complex of the diagram D glued with D%\r . Thus we will consider
these two diagrams equivalent.

Moreover, compiling the concept of trivial diagrams with the generalised gluing pro-
cedure, consider a diagram Djp_ being a simple 6-like graph (of some node n), with void
relations, and colored by the A" contractor. Given an arbitrary diagram D such that its
boundary has a node n* dual to n one can glue this diagram to Dy, with no effects to
neither the transition amplitude nor the topology.

One can go even one step further. Consider a series of Dy, diagrams, glued together
into a chain (see figure 3.19). The input of such chain into a transition amplitude of
any graph is precisely the same as the input of one 6-like graph - what can be proven
analogously to the calculation presented in subsection The bivalent nodes in this
chain has no influence on the spin-network structure of the boundary, thus they can be
removed harmlessly. The only meaning of them is when they are related in a nontrivial
way to other nodes of the diagram. Then they effect the topology of the 2-complex of
the diagram.

3.4.4 Disconnected diagrams

Consider now a diagram D such that its graph G consists of two disconnected parts Gy
and Gy (each of them may have arbitrary number of connected components), such that in
the node relation there is no pair containing one node from G; and one node from Gy. We
say, that such diagram is disconnected (or that the graph G of D is diagram-disconnected

- see also deﬁnitio in subsection |5.1.1}).
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An operator spin-network diagram based on a disconnected graph diagram can be
treated as two independent quantum processes D1 and Ds. Indeed, its diagram operator
factorizes into a tensor product of two operators, one related to G; and the other to Gs.
One can see it easily by considering the formula . Let us recall it here:

<AD|:<®<AF|>—'D R || I 4 (H Ag) (3.46)

Feg [n] 67?'Cdgc fERface €0D

The contractor part of the formula is a product over connected components of G, thus it
can be naturally split into

Q) Arl= [ @ ]| @ | & (Ar| (3.47)

reg reg: regs

The projector part is a product over equivalence classes of edge relation. But since there
is no pairs in Ryede that mix nodes of G; and Go, this product again split into

& Pn= X Be &R P (3.48)

[n}eRedge [n]GRedge:neNgl [n]ERedge:neN92

The same happens for face amplitudes - since there are no pairs of nodes linking G; with
Go, there must not be any equivalence classes of face relation containing links from both
Gy and G, thus

IT 4= I 4@ I 4 (3.49)

fE€Rtace fERface:gf ELgl feRfaCe:éfeng

and for the same reason there are no boundary links that come from one half-link of G
and one half-link of Ga, so

IT 4= II 4@ I 4 (3.50)

LedD LedD:4*+eBg, LedD:A*€Bg,

The diagram driven contraction up connects only the indices that refer to the half-links,
that are somehow connected within the diagram (i.e. either they are the same link or
there is a link-relation), thus it does not mix the terms referring to G; with the terms
referring to Go, thus the overall amplitude can be written as

(Ap| = (Ap,| ® (Ap,| (3.51)

3.5 Conclusions and discussion

We developed a framework in which one can describe the structure of a spin-foam in
terms of 2-dimentional drawings, that we named graph diagrams. This framework is
capacious, it allows many schemes of coloring a foam by SU(2)-tensors, among which
there are standard BF model and both Euclidean and Lorentzian EPRL models (see
subsection , but there are many more. In fact our framework allows even more
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general approach, i.e. to consider spin-foam models for an arbitrary gauge group G -
what is discussed in subsection

It is worth to notice, that our approach do not change the calculation of a transition
amplitude of a foam. Every step of the diagram-driven contraction (introduced in subsec-
tion was designed in such a way, that the final formulae agrees with the standard
BF or EPRL computation (if appropriate choice of contractors was done).

Our framework however has some input on the calculation of total transition amp-
litude being the sum over all quantum processes between the in and out states. The
graph diagrams precise the list of processes, that should be taken into account in such
summing - see subsection |3.5.1

Next chapter describes, how to use operator spin-network diagrams when addressing
concrete questions. We provide there a detailed algorithm to find and order all diagrams
with some properties (i.e. with fixed boundary). We also show, how they can be used to
simplify the process of reading the formula of the transition amplitude out of a diagram
- by adopting Feynman-like rules of spin-foams [37] to Feynman-like rules of diagrams.

3.5.1 The class of 2-complexes

Our framework provide an answer to the question raised in section §2.1} what class of
2-complexes is appropriate in defining the spin-foam models for Loop Quantum Gravity?

Let us recall the question with more details. The spin-foam models claim, that the
transition amplitude of a boundary state [¢) is

Ay = > A (3.52)

K:0K=1

The question is: the spin-foams & in the above formula are elements of what class? Which
of them are considered equivalent, and thus counted as one and the same? Are there any
2-complex that we consider (for some reason) inadmissible?

Our answer is: the class of the 2-complexes should be all the 2-complexes that can
be obtained out of a graph-diagram by the procedure described in subsection [3.2.2
Moreover, two 2-complexes that differ only by some removable cells colored in BF manner
are considered the same diagram.

The answer above although being strict, is not very convenient. What one would
expect is a set of assertions listing the properties that the admissible 2-complex must or
must not satisfy. We have such list (see below), however we do not know whether it is
complete.

1. The boundary vertices are always incident to precisely one internal edge.

Whenever two or more internal edges meet, an interaction takes place. The interac-
tion vertices are always internal vertices of the 2-complex (which is a straightforward
conclusion of constructing the one-vertex foams in subsection . An example
of inadmissible situation together with explanation, how to correct it, is shown at

figure [3.20]
2. Each internal vertex’s structure can be represented by a connected graph.

This is an obvious conclusion of the fact, that in subsection [3.2.2.1| we were creating
the one-vertex foams only for connected components of the graph G.

To be more precise - in our framework we admit the vertices with structure defined
by a disconnected graph. Omne can obtain it by gluing together the vertices rep-
resented by the connected component of it. However the input to the transition
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(a) (b)

Figure 3.20: Admissible boundary vertices. (a) - The forbidden situation, where three
internal edges meet at the boundary. (b) - Possible representation of similar process in
our framework.

amplitude coming from such a vertex is precisely the product of the inputs of ver-
tices of the connected components. Thus we simply treat a foam containing such
vertices as equivalent to the foam with the connected components separated - see

figure [3.21]

3. All removable cells that are colored in BF' scheme are irrelevant in calculation of
the transition amplitude. Thus we treat each foams that differ only by a number
of such cells as equivalent - see figure [3.22]

In the points [2] and [3] of the above enumeration we claimed some classes of spin-foams
being equivalent. One of the reasons we did it was the fact, that the transition amp-
litude of them was always equal. Obviously this was not the only reason. The other
one was a common sense. It might happen, that there are many spin-foams giving the
same transition amplitude for the same boundary conditions, however representing qual-
itatively different processes. This decision was our choice, based on our understanding
what should be considered physical in the spin-foam models. One could provide a self-
consistent framework without these assumptions. Of course the final distinction should
be done by comparing transition amplitudes computed in both approaches with some
experimentally measurable quantities.

3.5.2 Generalisation to groups other then SU(2)

The framework presented in this chapter can be easily generalised to the theories of
dynamical connections of an arbitrary group, not only SU(2). This of course require
redefining the rules of coloring. The general rules, for an arbitrary group G, should be
as follows:

e Links of the graph of a diagram should be colored by unitary representations p; of

the group G (perhaps the framework might be generalised also for the coloring by
non-unitary representations, the author however did not studied this issue).
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Figure 3.21: Vertices with structure described by a disconnected graph. The transition
amplitude of the fragment of a spin-foam presented at (a) is precisely the same, as the
transition amplitude of the one presented at (b). We treat them as equivalent.
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Figure 3.22: The two spin-foams k1 and k9 differ only by a removable edge V1 V5 and two
removable vertices V; and V5. The vertices are colored by <ATT| and the edge is colored

by P!V thus it is the BF coloring. They spin-foams x; and kg are equivalent, which
means that when summing the transition amplitudes, we will always count only one of
them.
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e Nodes of the graph of a diagram should be colored by operators f’\n tHp — Hn
acting on the node Hilbert spaces HS = <®£+e£¢ ”Hpe> ® (@k el H;e). However

for the author it seams convenient to use everywhere Hg oy being the G-invariant
subspace of HG.

e Connected components of the graph of a diagram should be colored by contractors
(Ar| € (ng)* where 7—[19 is the Hilbert space of G-spin-networks with the support
on the graph I'. A G-spin-network is a gauge-invariant, square-integrable function
on L copies of the group G, where the gauge action is determined by the structure
of the graph I" (i.e. the gauge transformations act in nodes and act only on the
variables related to the links incident to the node - see also Appendix |A.3.3.3).

Thus ’H? =L (GL/GN>, where L and N are numbers of links and nodes of T'.,
r

and the gauge action is determined by the graph structure.

e Face and link weight factors are some functions depending on the representation py
and py. They might be related to the dimension of the representation, but they do
not have to.

By comparing the above rules with the subsection [3.3.1] one can clearly see, that the
coloring scheme presented there is precisely an application of this general rules to the
SU(2) group.
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Chapter 4

Boundary Formalism for OSD and
its application in Dipole Cosmology

In we have introduced the formalism of Operator Spin-network Diagrams
(OSDs) as an alternative language for Spin-Foams theories. A spin-foam - and equi-
valently a graph diagram - can be treated as a quantum process between the in and out
states determined by its boundary, as it was discussed in subsection Considering
any quantum transition amplitude one has to take into account all possible elementary
processes have some property - like for example a specific boundary condition. An import-
ant issue arises: how to find and characterise all such processes? As we have mentioned
in section §3.5 the operator spin-network diagrams provides a convenient tool to find
all spin-foams (i.e. all OSDs) that have a fixed, given boundary graph. This chapter is
devoted to this problem.

This chapter is organised as follows. First in we describe a decomposition of an OSD
into very elementary building blocks. The graphs and relations of half-links we were
using in the previous chapter are already a simplification when compared to 2-complexes,
however, here we will find that it is still not the elementary level - each graph is in fact a
set of nodes connected in some way, and the structure of each node is encoded in a squid -
what will be described in detail in section Then, in section §4.2] we will describe the
main part of this chapter, namely the algorithm of finding all diagrams (and thus all spin-
foams) with a fixed boundary. The algorithm’s input is the boundary graph. We read out
of the graph, which elements of the diagram are necessary to have such boundary, then we
add an arbitrary number of extra building blocks and connect them in an arbitrary way
to obtain one of the result diagrams. In fact for each boundary graph there are infinitely
many diagrams, however, the procedure order them in a well organised series. One of the
additional results of our procedure and of the diagrammatic representation of quantum
processes is a simple way to read out the formulae for the transition amplitude out of a
diagram. These Feynman-EPRL rules, adopted from the Feynman rules for spin-foams
[37], are presented in section The tools presented in this chapter are applied to the
model of Dipole Cosmology (described in [55] 56l 57, 58], recalled in section . The
section presents the application of our algorithm to find all the diagrams in the first
order. The section presents, how to use the Feynman-EPRL rules to calculate their
input to the transition amplitude.

This chapter is based mainly on [64]. The paper is a common work of the Author and
of Marcin Kisielowski. However, the results presented in sections and were
mainly effects of the Author’s research. Application of these results to the example of
Dipole Cosmology model was done mainly by Marcin Kisielowski.
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4.1 Elementary building blocks of OSD

There are two main representation of the spin-network states: the holonomy represent-
ation and the invariant tensors representation. The first one focus on the links, along
which the integrals of the underlying spin-connection are taken (see Appendix. In
the later one main role is played by the nodes the graph - where the tensors seat. In this
chapter we will use only the tensor representation of the spin-network states, because it
simplifies identifying the elementary building blocks of states.

The spin-network Hilbert space of a graph G with fixed spin-labelling j can be de-
composed into

Hg == ® HIY where HIY = Inv ® H;, (4.1)

neNg leeLly

7]

One can see that what is crucial for the structure of the Hilbert space is the structure
of the nodes, not the particular way of connection between them. Of course adjacency
relations matter when an evaluation of a spin-network state |1)) € Hg 7 on a certain field
configuration {u¢}ey,, is taken:

b)) = 7 el )7 o= | T D e, |- W25 (4.2)

=
eELg

where the way, in which the indices are contracted is determined by the links. However,
the tensor structure of the Hilbert space H G is indifferent on neighbour relations of the
nodes. The only thing that matters is the tensor structure of the node Hilbert spaces.
But we have already introduced an object that captures the structure of a node: a squid
(see subsection and Appendix .

In the end, the full information contained in a spin-network state can be encoded in a
set of colored squids and an instruction, how to connect their legs. To obtain an operator
spin-network diagram we need to enhance this structure by a set of duality maps between
some pairs of heads of squids, which will induce the node and link relations.

Next three subsections concretise the intuitions presented in above paragraph and
illustrate them by appropriate figures. In subsection [£.1.1] we provide a strict definition
of an oriented squid set (OSS), in subsection we show, how to construct all possible
OSDs from a given OSS, and in subsection we discuss in what way the coloring of
squids influence all the construction.

4.1.1 Squids and oriented squid sets

The notion of squids was introduced in subsection and it was described in details
in Appendix A squid is a graph with one node (head) in the middle and several
links (legs) incident with it - thus its shape is reminiscent of a squid or an octopus (that’s
the origin of the name). The precise definition is as follows:

Definition 4.1. Oriented squid

An oriented squid is a graph A = (N),L)), where Ny = {n} U {x1,..., 2} and
Ly = {t1,..., 0} and each link ¢; (a leg) connects the node n (the head) with the node
z; (aleg-node). A link (leg) is called outgoing or positive, iff s(¢;) = nAt(;) = z;. A link
(leg) is called incoming or negative in the opposite case, namely s({;) = x; AN t({;) = n.
The number k is called the valency of the squid. The numbers of positive/negative legs
kt/= are called positive /negative valency respectively. An example of a squid can be

found at figure[{.1d
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Remark 4.1. Squids are always open graphs. In fact they are the only open graphs we
ever consider in this section. Whenever in what follows we mention a graph - we mean
closed.

The squids are oriented, because the orientation of their legs matters. Such definition
of squids were used in [64] (in contrary to [53], where all the legs of all squids were
by definition oriented positive - thus actually their orientation had no meaning and the
squids were unoriented). The word oriented in terms of both squids and squid-sets is used
here to keep consistency with [64] notation. However, we often drop this word, because
both in this and in previous chapter we use almost only the oriented squids (whenever
we consider the unoriented ones, we explicitly mention it).

Let us introduce a notion of oriented squid sets. A general oriented squid set S
is simply a set of oriented squids: & = {A1,..., Ay} and does not contain any extra
information - see figure However, it is convenient to define a squid set of a graph G.

Definition 4.2. Oriented squid set of a graph

An oriented squid set of a graph G is a collection of squids: one per each node of G,
capturing the structure of this node. Namely Sg := {\, : n € Ng}. Graphically one can
express it by erasing a point from interior of each link of G, and then “shaking” the whole
think, so that the disconnected parts of each link “go apart” - see figure [[.1d

Note, that two different graphs may have the same squid set. This was a hint for us
to treat the squid, not the graph as an elementary building block in our constructions.

Not every squid set S is a squid set of any graph. This happens if and only if the
total number of positive legs of all squids of a squid set equals to the total number of
negative legs. In such case such procedure is obviously not unique (except some very
special cases). This gives us a way to describe graphs: to get a graph one can provide its
squid set an a prescription of connecting its legs (which we will call the closing of a squid

set) - see figure

4.1.2 Constructing an OSD from an oriented squid set

Let us now describe, how to find all graph diagrams sharing a given oriented squid
set §. We have noted already, that a graph can be constructed out of a squid-set by
indicating, which legs should be connected. To obtain a graph diagram, one needs to
introduce furthermore a node relation and a family of link relations. In order to do
it, note that all the possible nodes to be related are in fact heads of the squids of the
squid set. Thus one needs to pick some pairs of dual squids and introduce the duality
maps (see subsection between them. This leads us to the following algorithm of
constructing all graph diagrams:

1. Squids: fix a squid set S (see figure . Ensure it may be closed into a graph
(namely the total numbers of incoming and outgoing legs are equal).

2. Node relation: choose N pairs of dual squids {\;, Aj},_; , nothing, that a squid
can appear at most once among the pairs. The relatioanvnode is such, that heads
of the chosen squids \; and X, are related to each other, and heads of other squids
are not related at all (see figure [4.4).

3. Link relation: for each pair of squids chosen in previous step pick a duality map
éi : Ai — A.. The duality map induces the node relation, as it was described in
subsection [3.2.1.2)
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(c)

Figure 4.1: Oriented squid set’s basics. (a) - An oriented squid with k™ = 4 outgoing
(positive) and &~ = 2 incoming (negative) legs. (b) - An example of an oriented squid
set. (c¢) - A graph (on the lhs) and its oriented squid set (on the rhs) consisting of four
three-legged squids.
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Figure 4.2: Three examples of closing of an oriented squid set. (a) - An oriented squid
set (lhs) and a unique graph obtained by gluings the legs (rhs). (b) - An oriented squid
set whose legs cannot be glued to give a closed oriented graph. (c¢) - An oriented squid set
(Ihs) and three different oriented graphs (rhs), each of which can be obtained by different
closing prescription.

Figure 4.3: The step [1| of the squid-set algorithm: An oriented squid set S.
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Figure 4.4: The step [2| of the squid-set algorithm: Three pairs of squids have been chosen
to be related by the node relation.
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Figure 4.5: The step [4] of the squid-set algorithm: One of the graph diagrams that can
be constructed from S (the link relation is omitted).

4. Closing the graph: connect the leg-node of each outgoing leg with the leg-node of
exactly one incoming leg of either the same of a different squid (see figure .

5. Iterating: repeat each of above steps, such that all possible choices are done precisely
once (see for example figure [4.6)). For example:

(a) In step El perform all possible options of connecting the graph

(b) In step |3| pick all possible combinations of duality maps, and hence link rela-
tions.

(c) In step [2 pick all possible combinations of dual pairs.

Note, that step [f] commutes with [2] and [8] We choose to put it at the end to emphasise
the role of squid set over the particular choice of graph. However, it can be done as well
before choosing the pairs to be node-related (as it was presented in , or after
choosing the node relation, but before the link relation (as it is expressed at figure [4.6)).

The steps [2| and [3| obviously do not commute - the link relation is strictly dependent
to the node relation and cannot be determined before picking related nodes.

We will call the above procedure the squid-set algorithm. Each graph diagram ob-
tained in the squid set algorithm becomes an OSD after coloring by SU(2)-tensors - as
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Figure 4.6: The step [5| of the squid-set algorithm: Three graph diagrams obtained by
different choices of link relation for diagram of figure Diagrams (a) and (b) can
be mapped one to another by an automorphism of the right graph. The diagram (c)
is essentially different from (a) and (b), because they cannot be mapped on it by any
graph automorphism. In total, there are 16 different graph diagrams for this choice of
the node relation and graph-closing (which reduces to 4 diagrams, when applying the
graph automorphisms), and many more for arbitrary choice of a node relation and graph
closings.
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it was described in subsection To obtain all diagrams one needs to iterate over all
possible coloring, where possible means consistent with the diagram structure. It might
be however convenient to determine the coloring already at the level of squids, so at
the step [I Such approach causes some constraint on the above procedure, which are
discussed in the next subsection.

4.1.3 Constraints on oriented squid sets caused by coloring

In previous subsection we constructed a graph diagram, and then considered only these
colorings, that are consistent with its structure. Of course the inversed approach is also
valid: one can consider from the very beginning a colored oriented squid set and for
each step of the squid-set algorithm allow only such connections, that the consistency of
the coloring is held. Such variation of the procedure will be called the colored-squid-set
algorithm.

A squid captures the structure of graph’s node, thus a colored squid captures the
structure of a spin-network’s node. We will consider squids colored in the following way:
each leg ¢ of a squid is colored by a spin jglndlcatmg a unitary SU(2)-representation.
The head n of a squid is colored by an operator P s HIY 5 WV where HIMV is the
invariant part of the node Hilbert space H,, := &), Hj, where € stands for * (i.e. the dual
representation space) for the negative leg and stands for nothing (i.e. the representation
space) for the positive leg (see subsection |3.1.2.3)).

The coloring of the squids allows to construct an Operator Spin-network Diagram,
not just a graph diagram out of the squids. However, it cause certain constraints on the
construction. To be precise let us list them:

e Closing the graph: when considering colored squids, one can connect only legs of
the same coloring in the step [ of the squid-set algorithm. This induce an extra
constraint on the oriented colored squid set to be closable: now it is not enough
to have the same total number of incoming and outgoing legs. One has to ensure,
that there is the same number of positive and negative legs colored by each spin.

e Node relations: When in the step [2] of the squid-set algorithm one chooses the pairs
to be in the node relation one has to ensure, that not only the squids are dual,
but also the node Hilbert spaces are dual. This requirement allows to compose the
operators attached to the related heads, thus i in the the resulting OSD each related pair
of squids {\, X'} is labelled by the operator P{n ny = P,oD,

e Link relations: the duality maps chosen at step [3] of the squid-set algorithm must
be consistent with the coloring - by mapping each leg onto the leg colored by the
same spin (i.e. they must be the node-Hilbert spaces duality maps).

e The procedure based on the oriented squid sets do not create any restrictions on
the coloring by the contractors (besides the requirement that they have to be in
a contractor Hilbert space indicated by the graphs structure). The only difference
with respect to the previous chapter is that here at the beginning of the procedure
we do not know, how many connected components the graph of our diagram will
have.

4.1.4 Summary of the squid sets

The approach of (colored-)squid-set algorithm presented in this section allows to control
the complexity of the diagram by the following measures: the number of internal edges
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(namely the number of pairs of squids related by the node relation), the number of
disconnected components of the graph (which gives the number of internal vertices of the
spin-foam) and the complexity of each component (i.e. the the number of legs of each
squid - the more legs, the more complicated graph it produces).

However, from the point of view of the physical application, what is more important
is the boundary part of the diagram. Here it is build out of all the squids that were
not chosen to be paired at the step [2] of the squid-set algorithm. In each particular
case the squid set can be decomposed into the boundary and the internal part, but this
decomposition varies during the procedure. Thus in order to keep the boundary structure
of considered diagrams under control, we developed an improved algorithm, presented in
the next section.

4.2 The algorithm finding all diagrams with a given bound-
ary

As we have mentioned in previous section, the (colored-)squid-set algorithm is a tool to
find all diagrams described by a certain squid set, however, in the physical applications
it is rather the boundary, not the squid set, that we are given. In this section we will
study the problem of finding all diagrams with a given fixed boundary.

Note, that the drawback of the squid-set algorithm was that we had no control on
the boundary of our diagram. Nevertheless, the procedure of finding all diagrams with a
given squid set might still be useful in problem considered here. The boundary structure
of the diagram depend only on these squids, that are not related with any others. Thus we
should keep control on the squids that are necessary to reconstructed the given boundary,
and enhance our squid-set by all possible pairs of squids, that must be pairwise related
by the node relation (what ensures that they will not influence the boundary). The
subsection [£.2.T] explains our concept in detail.

There are two possible approaches to construct an operator spin-network diagrams
using the graph diagrams obtained in our procedure: one can first construct all possible
graph diagrams and then for each diagram consider its colorings, or one can color the
input data (namely the boundary graph) at first, and then consider only the diagrams
that are compatible with this particular coloring. The subsection presents the
first approach, the subsection [.2:3] explains, how to adopt the algorithm presented in
subsection to the second approach.

4.2.1 The concept

In subsection [3.4.1) we have introduced a graph diagram corresponding to the static spin-
foam of an arbitrary graph G, describing the trivial evolution of the graph. Such graph
diagram was denoted by Dg and is called the static graph diagram of G. The boundary
of Dgr is the disjoint union G LI G*. The static graph diagram colored in the BF-manner
represents the identity operator on the boundary graph’s Hilbert space.

All the diagrams constructed by the improved algorithm, called the fized-boundary
algorithm (introduced below), will have the boundary G given as the input, ant they will
have a subdiagram being the trivial diagram of the boundary Dgr. Given a boundary
graph G, our construction provide all the diagrams D with the boundary 0D = G, modulo
the trivial subdiagram. In other words, in terms of spin-foams, we construct all the spin-
foams which boundary is the graph G, such that the neighbourhood of the boundary is a
cylinder G x [0, 1].
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The key trick behind our construction is the following observation: given a graph G
of the squid set Sg and an arbitrary graph diagram Dj, called an interaction diagram,
whose boundary graph 9D, has the same squid set:

Sopye = Sg (4.3)

we can combine the diagram Dj,, with the trivial diagram Dgr into a new graph diagram
Dgr#Dmt such that the graph G is the boundary of the combined diagram. We achieve
that by gluing each node of the graph G* of the boundary of Dgr with one of the nodes
of the boundary of Djy according to the generalised gluing procedure described in sub-
section It is possible thanks to the matching of the squid-sets : the squid
set of 67)5Y is Sg U Sg= and thus each squid of the boundary of Dy is for sure dual to
one of the squids of Sg+. The only squids left unrelated are those of Sg and they form a
graph G being the boundary of the resulting diagram.

The identification of the squid sets Sg+ ans Spp,,, is defined module symmetries of
Sg+ (exchanging identical squids, different duality maps). Of course there are more such
symmetries, then simply the automorphisms of G, what enriches the set of results of our
procedure.

Below we implement this idea in detail.

4.2.2 The algorithm

The input of the fixed-boundary algorithm is an unoriented boundary graph |G|. We
consider an unoriented graph, because given two oriented graphs G; and G such that
|G1| = |G2| there is always a unique unitary map identifying Hg, and Hg,. Thus from
the physical point of view these two Hilbert spaces represent the same sets of states (see
subsection[I.1.2:4] in fact two diagrams obtained by our procedure that differ only by some
reorientations of links are considered one and the same diagram - see subsection .
Nevertheless a specific orientation of the boundary graph may cause some interaction
diagrams forbidden. However, since we want to find all processes with the fixed boundary,
we need to consider all possible orientations.

The fixed-boundary algorithm goes as follows: given a boundary unoriented graph
|G| we pick one of its possible orientations G and construct the trivial diagram Dgr, then
construct all possible interaction diagrams Dj,; compatible with G, and finally glue them
together in all possible ways. The first step was described in detail in subsection
thus let us just recall it at figure[£.7] The last step was discussed in subsection [3.4.3.1] thus
we also just illustrate it at figure[d.8] The middle step, namely constructing all interaction
diagrams compatible with G, uses the squid-set algorithm (see subsection , with
certain constrains imposed on the squid-sets considered. All the procedure is described
below step by step.

1. G: choose an orientation of each link of |G|. The result is an oriented graph (fig-
ure . Keep in mind the static diagram of this graph, that will be recalled in the

step [}

2. Sint: Take the squid set Sg of the graph G and add to it N pairs of squids
A, ALy oo A, Ny, such that for each pair the squid A; is dual to A,. Denote the
resulting squid set as Sine. Within each pair (A;, \]) the heads of the squids are re-
lated by the node relation (figure . No other node relation will be introduced
(compare this step with the steps |1] and [2] of the squid-set algorithm).
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Figure 4.7: A static diagram. (a) - A given graph G consisting of two connected compon-
ents. (b) - The corresponding trivial graph diagram ’Dg\r build of #-graphs and suitable
defined node and link relations (the link relation is omitted). (¢) - The scheme of building
a trivial foam from the diagram. (d) - The boundary graph 81)? of the diagram Dgr is
the disjoint union of G and G*.

Figure 4.8: The static diagram Dgr of figure @ glued to an interaction diagram Djy.
The result is the diagram Dgr#Dint (link relations are omitted).
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Figure 4.9: The step [1] of the fixed-boundary algorithm: choosing the orientation.

(a) (b)

Figure 4.10: The step [2|of the fixed-boundary algorithm: (a) - Sg, which becomes Sjy in
case of N = 0 pairs of squids added. (b) - Siy obtained by adding N = 2 pairs of squids
paired by a node relation.
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(a) (b)

Figure 4.11: The step [3| of the fixed-boundary algorithm: glueing of a graph diagram
Dint (one of several possibilities) from the squid set Siy¢ presented at figures figure
and figure respectively. The dotted lines mark the glueing of the legs of the squids.
The link relation is not drawn, to keep the clarity of the figure.

3. Dint: take the squid set Sjy¢ with the node relation as defined in the previous step
and apply to it the steps [3[ and {4 of the squid-set algorithm (see subsection ,
namely choose the link relation at each pair of related squids and define gluing of
the legs of the squids, such that they can be connected into closed graphs. The
resulting diagram we will denote by Diy (see figure .

4. Dg‘r#Dim: take the static graph diagram Dg of the boundary graph G and glue
it to the interaction diagram Diy, as it was explained in subsection (see
ﬁgure. In order to perform the glueing, pick an automorphism of the oriented
squid set Sg C Sint covering the unrelated nodes of Diy. This automorphism will
characterise the Riuégg and ’Rﬁﬂﬁng relations.

5. Coloring: define an arbitrary coloring of the diagram D?#Dim, which turns it
into an operator spin-network diagram (see figure . An alternative approach is
possible, namely one can pick the coloring at the very beginning or the procedure
and then in the step [3] perform gluing and relating of the edges consistently with the
coloring chosen, i.e. using the colored-squid-set algorithm instead of the squid-set

algorithm (see subsection {4.1.3)).

6. Consider all possible: orientations of |G| in the step |1, N-tuples of pairs of squids
added to Sg in the step[2] ways of connecting the legs of Sin, link relations for each
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(a) (b)

Figure 4.12: Step @ of the fixed-boundary algorithm: the graph diagram D;y, of figures
|4.113| and |4.11b| respectively, combined with the trivial diagram Dgr of the graph G of
figure into the final graph diagram Dint#Dgr..
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Figure 4.13: The graph diagram of figure figure colored in two possible ways. The
coloring of the boundary trivial diagram by operators and contractors is omitted for
transparency of the figure (each pair of nodes in this part of the diagram is colored by
appropriate 1;, each graph is colored by Ag‘r). The coloring of (a) represents diagram
with trivial evolution on the vertical edges. The coloring of (b) represents diagram with
the EPRL norm calculated for each vertical edge.
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Ai, A} in the step , ways of gluing the trivial diagram in the step [4| and colorings
in the step [f

The construction presented above allows us to control the level of complexity of resulting
diagram by the level of complexity of the diagram Dj,;. The complexity can be measured
by the number of pairs of the nodes related by the node relation, i.e. the number of
internal edges. The simplest case is zero internal edges, i.e. the squid set
N=0
S =g (4.4)
A general example of the interaction graph diagram Ding in N th order is build of a graph

Gint and a node relation Rglotde consisting of exactly N pairs of nodes. Increasing the
number, we increase the complexity of the diagram Dg#Dim.

Remark 4.2. One remark on the orientations should be done. In fact in order to find
all diagrams with the boundary fixed by an unoriented graph, it may be convenient to
consider unoriented squids in the interaction squid set Sint. We choose to use the oriented
ones to keep the control on the gluing of the boundary static diagram to the interaction
diagram. One could choose the other approach: one could construct all the interaction
diagram using unoriented squids (then closing the legs simplifies - one can connect each
two legs), and then when the orientation of the boundary is chosen - use only these
interaction diagrams, that can be oriented consistently with the boundary. Anyway, even
using this approach the unoriented squid may be only the ones that comes from Sg. The
added pairs of the squids must be oriented, because we must ensure that they are dual
within each pair - to be connectible with the node relation.

4.2.3 Constraints on the coloring

Consider a boundary state [¢) € ng with a fixed spins. Obviously any diagram with

boundary spins different than the ones indicated by ; gives zero contribution to the
transition amplitude of such state. Thus it is reasonable to consider an algorithm for
which the input graph will have fixed spins - we will call it the colored-fixed-boundary
algorithm.

In such approach we slightly change the procedure presented in previous subsection:

e In the step [2 the squids of the squid set Sg have already chosen their coloring. This
of course influence the coloring of squids of Siyy that come from Sg.

e When adding the pairs of squids in the step [2, within each pair the two colored
squids must be dual to each other (namely node Hilbert spaces of their heads must
by dual).

Moreover, in order to obtain any nontrivial interaction with the internal edges, at
least two legs of the added squids must be colored by spins that agree with spins
of the boundary. Otherwise the only possible graph diagrams obtained in the next
steps are such, that all internal edges form a disjoint subdiagram. Such diagram is
an isolated bubble (for more details see and can be treated analogously
to the vacuum self-energy in quantum field theory (see figure .

e In the step [3]one has to follow appropriate steps of the colored-squid-set algorithm,
not the squid-set algorithm, i.e. only the legs labelled by the same spin can be
connected when defining both the link relations and the graph course.
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(a) (b)

Figure 4.14: A vacuum self-energy example. (a) - A disjoint diagram. (b) - The foam
corresponding to the diagram.

e Similarly in the step[dthe coloring limits a lot the possible ways to attach the trivial
diagram - namely the automorphism that determine the gluing must preserve the
coloring of the links.

e In the step [5 one has to pick the coloring of the diagram by the contractors. The
coloring of the links was already chosen and is fixed. The coloring of the nodes is
usually fixed by the considered scheme of the coloring. In general from the point
of view of the coloring there are three possible classes of nodes:

— the boundary nodes of the diagram: they are only the nodes of the static
diagram, that refer to the G part of its boundary They are colored - as it is

indicated in figure - by the operators PIn"

— the pairs of nodes such that one node in the pair comes from Dgr and the
other comes from Dyt - then be/fge gluing the node n coming from the static
diagram had been colored by PV the node n’ coming from the interaction
diagram had been colored by ]5;/ determined by the coloring scheme one had
chosen, and in the final diagram Dg #Djnt the palr of the nodes is colored by

the composition of the operators: m = PInv o P /

— the coloring of pairs of nodes coming from heads of squids added at the step
to form the interaction squid is fully determined by the coloring scheme one
had chosen.

e When iterating over all possibilities of diagram’s content (in the step |§[) one has to
limit the iteration to such configurations, that the above rules of consistency hold
(namely the coloring of links match at every step of the construction).

The (colored)-fixed-boundary algorithm will be used in section to find all diagrams
with 0 internal edges in the Dipole Cosmology model.
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4.3 The Feynman - EPRL rules

The operator spin-network diagrams encode not only the topological structure of spin-
foam models. They also provide a tool to read out transition amplitudes of the processes.
They do not change the calculations, nevertheless it is convenient to represent the com-
plicated formulae in a graphical way. In this sense they play the role of Feynman diagrams
of the theory - they encode the formulae of transition amplitudes in drawings.

In this section we explain procedure of decoding the formula for the transition amp-
litude out of a diagram.

4.3.1 The components of Feynman-EPRL rules

Before going to the Feynman-EPRL rules, let us describe the components of the formulae:
the Livine-Speziale semicoherent states, the EPRL map and the Generalized Wigner
Matrices.

4.3.1.1 The Livine-Speziale semicoherent states

The LS semicoherent states were introduces in [63]. They form an overcomplete basis
in the Hilbert space of spin-network functions. They are interpreted as states with fixed
areas of faces dual to the spin-network links, that are peaked at certain orientations of
vectors normal to these faces.

In order to describe them let us recall, that given a unit vector

U (6,¢) = (sinf cos ¢, sin O sin ¢, cos 0) (4.5)

1

one can define an SU(2)-element u such that uosu™" = -6 (where o; are Pauli matrices).

It is given by

() _p—id [%
B cos § e % cos
u(6,9) = ( e'? sin % cos g ) (4.6)

(of course it is defined up to a z-rotation, but we choose it to have real diagonal elements).
Let us also introduce a shortcut notation for SU(2)-elements in j-representation

SU(2) 3 b |h); == DY (h) [j), = EJ: DY) (h)T |m) (4.7)
m=—j

and in the dual representation:
(hl; = [h)} (4.8)

The Livine-Speziale semicoherent states are determined as follows: given a graph G,
for each link ¢ € Lg pick a triple: a half-integer spin j, and two unit vectors u,+ and
iy— referring to the half-links of the edge. As we have already shown, the vectors can
be translated to the SU(2)-elements u,+. Now using the above notation, the non-gauge-
invariant LS semicoherent state is defined as the following spin-network function

Ny U0 = T (wer| Uelug-),, (4.9)
ZELQ

and the gauge-invariant states are

ar 1
. — . ny 4.1
Oy (U0) /SU(Z)N dh Zelng (uer | higpy Uthaey ue=);, (4.10)
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GI

In Dirac notation we will denote the LS states as = |je, up+,up-) (and

jé»uz+7u,g—
wﬁilﬁ,w— = | jg,uﬁ,u@_)NGI). The gauge-invariant LS states form an overcomplete
basis of spin-network functions. The scalar product between the non-gauge-invariant

states is

, NGI | ; NCI
(Gosugesug- [N g ) " = T Gy (] Nuagr ), (o =) (4.11)
leLg

and between gauge-invariant it is

(Jeo, ugr, up-| W, Upy Ulz—> = dhn, H 51‘43‘2 <“2+‘ hs_(;) ’W*)jz (wg—| o) ‘“2— >jé
SU(2)N leLg

(4.12)
GI

which we will denote shortly as []jer,, 95,5 (| |u@+>gl (ug-| |ul- >jz .

4.3.1.2 The EPRL map

The Feynman-EPRL rules are valid for the EPRL spin-foam models. The EPRL map
was discussed in subsection [I.2.2.T] here we will just recall it.

The EPRL map Y maps the vectors of representations of SU(2) group to the vectors of
representations of G group, where G depends on the particular model. In the Lorentzian
model the group G = SL(2,C) and the map is given by

Y s fm); = [(15,9): 3.m) (4.13)

where 7 is the Barbero-Imirzi parameter, and (vj,j) is the (p,k)-pair that labels the
primary series of SL(2,C) unitary representations. In the Euclidean model the group
G = SO(4) and the EPRL map acts as

|1+
2

Y i|m); = Gt my);, @ lmo); - for ji = J (4.14)

where C7 . are the Clebsh-Gordan coeflicients.

m—

4.3.1.3 Generalized Wigner matrices

The Wigner matrix elements DY) (h);" are building blocks of unitary representations of
SU(2):
SU(2) > hw DY (h)l = (n|; h|m), (4.15)

Thanks to the EPRL map we have a representation-like functions of the G-group,
acting on the SU(2) representation spaces. It is convenient to introduce a similar to
Wigner’s notation for these functions - it will simplify a lot the formulae in what follows.
We call them generalized Wigner matrices and define them as by the formula:

G>gr DY () = (n|;YTgY |m), (4.16)

They are not true representations, because they do not satisfy the composition principle:

~ / ~

DY) (g)m, DY) ()™, £ DD (g ¢)", (4.17)

m
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4.3.2 The rules
4.3.2.1 Labelling

Knowing the assumption, namely the coloring consistent with the EPRL scheme, we can
relabel our diagram by the terms that will appear in the formula for the amplitude. We
do it according to the following scheme:

1.

Each link ¢ € 6,, at the boundary static diagram Dgf label by ’Wv”>j[ they are the
external legs of the diagram. For this procedure we neglect the fact that the links
in Dgr are split into two parts and we treat each such pair as a one link.

. BEach link ¢, that is in the face relation with one of the boundary links ¢, label by

the spin jg/ = jg.

Each link £f, that is not in the face relation with any boundary link, label by an
arbitrary spin j; - the same for all equivalence class [(].

Each node I of each graph colored by APPRL label by a G-group element g; (where
G = SL(2,C) in the Lorentzian case and G = SO(4) in the Euclidean case).

Example of this relabelling can be found at figure

4.3.2.2 External faces

The terms for the external legs of the diagram, namely the external faces, are obtained
as follows:

1.

2.

. Then, whenever leaving a graph colored by

Pick a node n in the boundary graph and a link ¢ outgoing from it.

Go to 0, in the boundary static diagram and pick the link corresponding to £. Write
for it

(upml;, -

Follow the link relation of /. Whenever it leads to a node I of a graph colored by
AFPRL rite YTgI_I:
<u€,n|jé YT9;1 T

AFPRL at node I1, write gr7Y:

(wenl;, Y gr gy -

. Repeat it for each graph passed - if it is colored by APPRL But if the graph passed

is colored by AT" - write the identity (or just do not write anything):

(wenl;, Yl gt Y 1Y gy gyrY -

When reaching again the boundary static diagram, end the formula with ‘W/»"'>jzﬂ

where ¢ is the appropriate boundary link (it does not need to be £):

WSt i= (upp,

o Yig g Y 1Y g gy Y YigytigvinY | wgr s >je, (4.18)
thanks to the consistency conditions (see subsection|3.3.1|), we are sure that j, = jp.
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(d)

(c)
Figure 4.15: An illustration to section m (a) - A labelling, as in [4.3.2.1, To make
the figure more legible, only those elements of the labelling and the link relations are

written that are used in the following examples. (b) - The elements of the diagram that

contribute the term (u; |j1 YTglflgHY 1 YTg‘;lgV[Y |u1/>j1 coming from an external face.
(c) - The elements of the diagram that contribute to another external term, this time
including only 6-graphs: (us|;, |ug);,. (d) - The elements of the diagram that contribute

to the internal face’s term: ij Trj, [YTg;}HgHY 1 YTg;lgVHY].
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One can find two examples on figures figure and figure
Recalling our notation introduced in subsection [£.3.1.3] all the elements of the formula

(4.18)) are in fact the generalised Wigner matrices subsection [4.3.1.3|in the j, represent-
ation. Thus treat (4.18)) as a shortcut notation of

Wt = Do) (W)% Do) (9;1911)2/ 5%,’, e (4.19)

. D(]Z) (g‘j,lgVI)Z”, D(](Z) (g;}IgVIII)Z//// D(]Z) (ué')?z

Repeat this procedure for all links in the boundary graphs.

Each term W/** must be multiplied by the weight factor (see subsection [3.3.2.2). In
the simplest case, when the sequence ends at the same link, at which it started (i.e.
¢' = (), this term takes into account, that our term Wf"t represents one face and one
boundary link, thus its weight factor is A" = Ay, - A, = /2j, + 1. However, if the
link closing considered series is not the starting one, then the face we consider consist of
several generalised faces with separate boundaries, and we have a series of boundary links
{l1,..., 4} (let us denote is as an equivalence class [¢;] := {¢1,..., ¢} fori=1,... k),
and one has to take the boundary amplitudes of each of them into account. The rule is
than the following: for each link in the series the weight factor is A?Xt = A, = ﬁ,
however, for the last link in the series we multiply it also by the face amplitude, so that

AZ“ = Aft’k - Ay, = \/2js, + 1. Thus after all we have
Wexternal = H AEXthXt (420)
Le0D

which simplifies to product over boundary links of link amplitude and product over equi-
valence classes of face amplitude:

Wexternal = (H AZ) ’ H Afe : erxt (421)

0) [(jcoD

4.3.2.3 Internal faces
For the remaining links in the graph diagram do as follows.

1. Pick a link ¢; that has not been used yet and write (m/|
m € {—jf, —Jr+1,... ,jf}).
2. Repeat the steps of the procedure for external faces (see subsection 4.18)).

ir for it (using a half-integer

3. When reaching the link £ again, close the formula with |m); (since the link we
have chosen was a member of closed equivalence class of the face relation, for sure
we will reach it again).

4. Sum over m:
W}nt = Z <m|jf VitV - Yighavy |m>jf (4.22)
m=—j;
The resulting term is in fact the SU(2) trace of the generalized Wigner matrices:

Wit = Tr(r) [f?(jf) (g7 gr1) -+ Dlir) (9;11191\/)2::/] (4.23)
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An example can be found in figure

Repeat this procedure until all links of the diagram were visited.

As in case of the external faces, the terms W}m must be multiplied by the weight factor
(see subsection . In their case the weight factor is simply Ai]{‘t =Ar =255+ 1.
Then multiply all the terms together:

Winternal — H Af W}nt (424)

f—internal

4.3.2.4 Total amplitude

In order to obtain the final transition amplitude of the diagram, one has to multiply the
terms Winternal apq ppexternal “and then sum and integrate all the variables that are not

determined by the boundary data, thus:

e Sum with respect to all possible combinations of js (only Winternal hecause W external
does not depend on jys):
Z Winternal

{ir}

AEPRL

e For each node I of the graphs colored by the contractor integrate over the

group G with respect to the Haar measure dg;:

/ H dgr Wexternal . Z Winternal
GN

IENSEERL {jf}
Note, that for each graph the last integration is trivial and simply multiplies the
result by the volume of the group G. In the Euclidean case this volume is equal to
1 thanks to normalisation of the Haar measure. However, in the Lorentzian case
the integration goes over a non compact group and the volume is infinite. Thus, to
avoid this infinity, remember to drop one integration for each graph (see [50 [46]).

The resulting amplitude is therefore:

> TT4s G mlin) [YTgflgnY- : -YTgl}llgsz} (4.25)

1T Ac Ge) (wenly, Yigr gy - Yigrharey e ),
¢

4.4 Application of the algorithm in Dipole Cosmology

In this section we apply the fixed-boundary algorithm to the case of Dipole Cosmology
model (see subsection [2.2.1] and [55] 56, 57, 58, 59]).

The Dipole Cosmology model tries to test the behaviour of the spin-foam transition
amplitudes in the limit of the homogeneous and isotropic boundary states. The boundary
state in this model is a coherent state of two 3-sphears, each of which is represented by
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Figure 4.16: The dipole graph \gdipole\ = 91(;1) U Hgi)t .

two glued tetrahedra. As a spin-network it is represented by a graph being a disjoint sum
of two 4-link -graphs (see figure [4.16), called Dipole Graph \gdipole\ = 91(;11) L Ggi)t

The transition amplitude in DC model was calculated under several approximations.
One of them was the so-called vertex expansion: at the first order one considers only
the contribution of the spin-foams with precisely 1 interaction vertex. The original DC
paper [55] considered only one of such foams, in [59] some more examples were found and
studied.

In our paper [64] we proposed a different expansion: the edge- expansion. It is
easier to control within our framework, but moreover it seams to be more physically
justified. Having the number of internal edges unlimited even in the first step of the
vertex expansion one would have to consider an infinite series of spin-foams with loop
edges starting and ending at this vertex (see figure . On the other hand having
a fixed number of internal edges one can easily restrict oneself to a defined number of
vertices. In our framework vertices are represented by the connected components of the
interaction graph, thus each one can simply restrict the results to only these ones, that
has a certain number of connected components. In our paper - and in this section - we
find all the diagrams with boundary being the dipole graph, in the first order of the
edge-expansion.

The process of finding all the interaction graphs was dome mainly by Marcin
Kisielowski, thus it is just recalled here, without getting deep into details.

4.4.1 Adaptation of the fixed-boundary algorithm

As we have already mentioned, we are going to use the fixed-boundary algorithm presen-
ted in subsection to the dipole boundary graph \gdipole\. We will do it only in the
first order of the edge-expansion, thus for no internal edges - which will mean no pairs of
squids added to the interaction squid set.

The individual steps of the procedure are described below:

1. G: choose an orientation of each link of each two graphs !9(4)| (figure .
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(a) (b) (c)

D int
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Figure 4.17: Construction of the interaction graph diagram. (a) - Step : choose an ori-
entation of each link of G&iPole, (p) - Step construct the squid set Sint. (c) - Step con-
struct an interaction graph Giy being in fact the interaction diagram Diy - one of possible
examples.

. Sing = Sg: for the interaction squid set take the squid set Sgaipole of the graph
gdirole That means that in point 2] of the fixed-boundary algorithm we add N = 0
pairs of squids. The interaction squid-set consists of four 4-valent squids, oriented
according to the previous step (ﬁgure. No link relation has to be set, because
the node relation is void.

. Gint: close the squid-set Sg by connecting each incoming leg with one outgoing
leg of the squids. In the next subsection we will show all the graphs that can be

constructed in this way (figure |4.17¢).

. Dgaipote #Ding: take the static diagram Dgaipore of the graph gdirole (figure )
and attach it to the interaction diagram (figure |4.18b)).

. Coloring: Color the interaction part of the diagram in the EPRL scheme, color the
static diagram in the BF' scheme. The spins on the boundary links choose arbitrary
(but consistently with the diagram).

. Consider all possible: orientations of the graph G4P° in the step , closing of the
interaction graph in the step [3] ways of attaching the static diagram in the step []
(the last iteration will be discussed in subsection (4.4.3)).

4.4.2 All possible interaction graphs

The orientation of links in the fixed-boundary algorithm is chosen only to keep control
on the possible ways of connecting it to the static diagram of the boundary. In fact in
order to find all graphs that share an unoriented squid set, one can use the unoriented
squids, and afterwards, when attaching the boundary static diagram, for each orientation
of the boundary choose only these diagrams, that can be oriented consistently with it
(see remark in subsection . Let us do it in this case.
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(a) (b)

Figure 4.18: Construction of the full graph diagram. (a) - The static diagram of the
dipole graph (the dotted lines denote the link relations). (b) - A graph diagram Dip
attached to the static diagram gives the final diagram Dgaipote # Dint

All the interaction graphs that are allowed by the above construction can be charac-
terised as follows:

e Each graph |Giy| has precisely four nodes.
e Each node of |Giyt| is precisely four-valent.

Each such graph can be characterised by so called adjacency matriz: the N x N-matrix
(N is the number of nodes of the graph), such that A;; = z iff there are precisely z link
connecting the node i and j (in case of ¢ = j the loop links are counted twice). This is the
unoriented adjacency matriz, there is also the oriented version of it, but we will not use
it here. The above conditions put some constraints on this matrix, namely: it is a 4 x 4
matrix, and the sum of elements in each row and each column equals precisely 4. There
are also constraints on A;; coming from the fact that it is adjacency matrix: namely it
has to be symmetric: A;; = Aj;, and the diagonal elements must be even number.

Each matrix satisfying the above conditions describe one graph that can be an in-
teraction graph of our problem. However permutations of nodes may lead to different
matrices that represent the same graph. Marcin Kisielowski developed a method to find
and parametrise all such matrices, and thus all interaction graphs. It was described with
details in [64], section 4.2. Here we will just recall the result of his procedure: all the
interaction graphs are represented at figure

In our case of 4-node graph one could find all these graphs without using the sophist-
icated method of Marcin Kisielowski, however one could easily miss one of them. And if
the squid set we considered were bigger or the squids had more legs - the number of pos-
sible combinations would likely exceed human possibilities and thus the strict procedure
is needed.
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Figure 4.19: (Continued.) The list of all possible interaction graphs in the first order of
edge-expansion. The graphs are unoriented - given a specific orientation of the boundary
one has to use only those that can be oriented consistently with it. Note, that spin-foams
considered in [59] have the interaction graphs of type 18, 19 or 20.
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(a) (b)

Figure 4.20: An example of node-exchange ambiguity.

4.4.3 Gluing the static diagram

There are 20 various interaction graphs, however there are much more graph diagrams
that can be constructed out of them. This is because of many possible ways to attach
the static diagram:

e When defining the Riloudigg it may happen, that two nodes of G has the same struc-
ture. Then the two nodes of Gi,; can be exchanged. The two resulting diagrams

are usually different. An example is shown at figure [4.20]

e When defining the ngiglling, for each node one can permute the links (of course
preserving their orientation) and obtain a different diagrams. An example is shown
at figure [£.21] However, it may happen, that two different permutations of links
give the same diagram (for example see figure .

Furthermore, when gluing a colored static boundary diagram, one realises, that some
interaction diagrams may give immediately zero transition amplitude. We will call such
interaction graphs incompatible with the certain coloring of the boundary. Let us explain
it on an example.

Consider a boundary graph colored an oriented like on figure [£.22] and the interaction
graph of type 12. Let us choose the Rigﬁgg and ngilr?ing as on figure Note, that
thanks to the consistency conditions (see subsection @D the transition amplitude is
zero unless jo = j3 and j1 = j5. The two loops in the interaction graph ensure, that the
amplitude is non-zero only if there are pairs of equal spins among j, ..., Jjs.

A similar analysis can be done for other graphs. One can see, that the constraints on
the spins arise if there is a loop link (then the constraint relates the spins of one connected
part of the boundary), or if there is a node connected at least two other nodes (then the
constraint relates the spins of in and out part of the boundary). It leads to an interesting
conclusion: for all graphs other then 20 there are always such constraints, so it is the
only interaction graph, that can give non-zero amplitude for a generic boundary state.
Nevertheless, it also can be attached in a way that produces constraints - see figure [£.23]
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Figure 4.21: Examples of link-exchange ambiguity. The diagrams (a) and (b) are differ-
ent. The diagram (c) has different link-relation, than (a), but an automorphism of the
interaction graph may map it back into (a).
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Js
Figure 4.22: An example of coloring of G4iP°l® by spin-labels.

4.5 The transition amplitudes in 1st order Dipole Cosmo-
logy

In this section we will calculate the transition amplitudes of some diagrams that contrib-
ute to the Dipole Cosmology model in our approximation (i.e. when restricting oneself
to the diagrams found in section . We will show, that in large j limit the amplitude
related to interaction graphs containing at least one loop-link is negligible when compared
to the original DC amplitude. Our calculation will be done using the Feynman-EPRL
rules developed in section §4.3|

The boundary state used in the Dipole Cosmology model is a semicoherent state |¥ g, )
defined by a wave function

v = K, (h} Ht 4.2
e ) = [ s 0 TL (Uit 7 (4.26)

where K is the heat kernel function on the SU(2) group, t labels the spread of the heat
kernel, and Hy € SL(2,C) encode the phase space point, on which the coherent state is
peaked (see[55), [56]). In case of DC the parameters H, has special form, determined by
the requirement of homogeneity and isotropy of the geometry we want to describe:

H, (zm/out) = Uge_izi“/w“”?’u;l (4.27)

where 2 jout = Mlinjout + 4503, Jout (for some constants o and S [55, 57]) and a is the
scale factor of the state we describe (for more details see subsection . Of course one
can express these states as a superposition of LS semi-coherent states. The coefficients
are

jg—jB)Q

(
, e T el el
(oo ug=| [Wa,) ~ [T e 20 (uel fuge )5, (ug-| |ue)S)' (4.28)
¢
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Figure 4.23: An example of a constraint on spin-labels produced by the choice of link-
relation when gluing the interaction graph of type 20 to the boundary static diagram.
Here the link relations enforces js = jg.
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Figure 4.24: Two diagrams that are considered in section To make the figure more
legible the spin labels and the link relations are omitted. (a) - The interaction graph 16
from figure Each link ¢ carry a spin label jy. For the link relations see figure [£.25]
(b) - The interaction graph 20 from figure . Each link of the in part of the static part
of the diagram carry the same spin label j and each link of the out part of the static part
of the diagram carry the same spin label j. The link relation is the simplest possible:
each two links with the same u, are connected through the interaction graph.

. —i . GI GI
for j = 222 and Ajy = 7. The scalar products (uy| lug+);, and (ug-||ue);, ensure
that the vectors on both ends of each link are the same: u,+ = up;— = uy, thus we will

consider only the LS states of the form |jg, ug, us).

We will do our calculations using the interaction graph of type 16 of figure The
full diagram is shown at figure We will compare the amplitude of this diagram
with the amplitude of the original DC calculation, which refers to the interaction graph
of type 20, presented at figure Although we use only one interaction graph, our
result depend only on one feature of this graph, namely the loop-link, and there is a
straightforward generalisation of our calculation to to all interaction graphs with that
feature.

We start (in subsection with recalling the calculation of the original transition
amplitude of the DC model and pointing out some features that we are interested in.
Then, in subsection we calculate the amplitude of a diagram having a loop-link
in the interaction graph. Finally (in subsection we compare these two amplitudes
and discuss, what do we mean by negligible.

4.5.1 Original Dipole Cosmology amplitude

Let us first calculate the transition amplitude of the diagram presented at figure It
was computed first in [57], and it was recalled in subsection It was shown that the
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main contribution to this amplitude comes from the terms in which j, = jfor £ =1,...,4
and j, = j' for £ =5,...,8. Since here we use this diagram only as a reference point for
the second calculation, it is enough to use only this types of boundary states.

Using the Feynman-EPRL rules of section §4.3 we can read the transition amplitude
of this diagram as:

4
Ay = [A)] [/GdgNdQSH<W|jYT91_vlng|W>j
/=1

8
.n14 _
. [Ag(j/)} [/G dgN’ng’ H <Ug|j/ YTgN}gS/Y |UK>]'/

/=5

4 4
[/ dg [T (uel; YTgY |ur); [/ dg' [ (uel; YT9'Y ),
G = G 4

C(25+ 1) (25" +1)° [/G dg"] 2

(4.29)

The term fG dg” comes from the invariance of the Haar measure under multiplication
and inversion. In the Euclidean case we can calculate it explicitly: it is equal 1 thanks to
the normalisation of the Haar measure. In the Lorentzian case such integral would give
an infinite factor, but we regularise the integrals by dropping one integration per each
connected component - and thus we simply drop both these terms (see subsection .
Thus both in Euclidean and Lorentzian case the unweighted amplitude is

4
A;élwelghted — [/G dg H <u€|j YTgY |u£>j
(=1

4
[ /G dg’ T (wel; YTg'Y Jue); (4.30)
(=1

and the weight factor is
w (j,5) = (25 +1)% (2§’ +1)° (4.31)
and it is a polynomial in 7 and j’.
In the Euclidean case each term fSO(4) dg [T (uel, Yigy lug); is the coherent regu-

lar tetrahedron of LS, that was calculated in [63] to be equal Npj 2 in the large j
limit. In the Lorentzian case the terms fSL(Z(C) dg [T (uel; Yigy |lug); are the matrix ele-
ments of the Lorentzian Polyhedra Propagator (studied in [83], described in [chapter 6)),
which in this case behave similarly as Npj 3. Thus in both Euclidean and Lorentzian
case the unweighted transition amplitude decays polynomially. The overall amplitude

Agg =w (34,7 A;gweighted also decays polynomially - to be more precise:

Ap =017 (4.32)

4.5.2 Amplitude for a vertex containing a loop

Let us now calculate the the terms of transition amplitude of the diagram present at
figure [£.:24a] We do it using the Feynman-EPRL rules.

Thanks to very simple structure of the diagram, each (unweighted) term coming from
external faces has a form

(welj, Y17 grrY |ug);, (4.33)

Some examples are presented at figure [£.25]

128



U,
uj iU
(a) (b)
¢
4
(c) (d)
Figure 4.25: Examples of terms appearing in the amplitude Ajg:

(a): <Ul|j1 YngngSY ’u1>j17 (b): <U2‘j2 YTgﬁlgsy |u3>j3 (c): <U4‘j4 YTgxflgSY |u5>j5’
(d): (ul;, Yign'gsY |ur);,
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We are not going to calculate all these terms. We will focus on the last example,
presented at figure [£.25d] In this case the group elements g; and gr; are the same
element gn-, and thus

(ugl;, YT gnran'Y |uz);, = (usl;, YTY Jug) ;. = (uel |uz);, 6j.4r (4.34)

Obviously the spins jg and j7 must match. Assuming js = j7 = j we can calculate this
term. First let us expand the |u); notation (see equation (4.7)) and use the properties of
Wigner matrices to express it in terms of matrix elements of ug and u7:

2]
1
2>%> (4.35)

Now using the definition of u, elements we can express it all in terms of angles:

1 1 b b:
2

06 4n 07 —ito
=) = cos = cos — + sin — sin —e {POT) = o5 4.36
>1 g COS hEmGsmg 67 (4.36)
2
Using some trigonometric identities we can estimate the modulus of ag_7:

(ug| [uz); = (jlug 'ur [5); = <<;

-1
Ug U7 2

1
|ozg,7|2 = 3 (1 + cos fg cos 07 + sin Og sin 07 cos (g — P7))
1
< 5 (1 4 cos g cos 87 + sin G sin O7) (4.37)
1
=3 (I+cos(bs—07)) <1 (4.38)

where the inequality equation (4.37)) is strong for all pairs such that ¢¢ # ¢7 (because
¢ € 10,27]) and the inequality equation (4.38]) is strong for all pairs such that 05 # 607
(because 6 € [0, 7]). Thus we have

lag—7| <1 for ug #uy and |ag_7| =1 for ug=uy (4.39)

The unweighted contribution coming from the external leg presented at figure
to the amplitude Aig is

— 26
(ugl;, YigntgneY Juz);, = (ug| [uz);, 8o jr = 8o e (7)™ (4.40)

Unless g = u7 this term decays exponentially with jg.

Note, that the calculation above is valid whenever there is a loop-link in the interac-
tion diagram (to be more precise: whenever there is a loop-link at one of the nodes of
interaction diagram, that is attached to the boundary static diagram - but in our case
there are no other nodes). Indeed, the cancellation at equation happens because
both the starting and ending node of the considered link are the same node, and thus
the corresponding group element is the same. Thus the result equation and equa-
tion is general - there is always a multiplicative exponentially decaying term in the
amplitude of an interaction diagram containing a loop attached to the boundary static
diagram.

All the other contributions are at most polynomially growing. The weight amplitudes
Ay are bounded from above by 1/2js + 1. The other terms form an evaluation of a spin-
network with the loop cut, thus it can be estimated. In the Euclidean case it is bounded
by the norms of elements of the integrand:

dgn [T el Vg gu¥ ued| < [ g TT Wl i g -l
[ Al H

o0
(4.41)
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where by ||g|| we mean the norm of the tensor product of representations H® ¢ plidic) H

Each of the terms in ) has the norm equal 1, thus the total expression is bound by
fSO adgy, = VSO(4) = 1 (because of the normahbatlon of Haar measure). In the Lorent-
zian case the graph is 2-edge connected, thus one has to regularise the expression by
removing appropriate number of integrations over SL(2,C) to obtain a formula like for a
3-edge connected graph (in this particular case one have to drop 2 integrations), and the
amplitude for a 3-edge connected graph is bounded as a function of j-s (see |84} 50, 46]).
Thus in the end the whole expression apart from the ag_7-term grows at most polynomi-
ally in j. In the large j regime such asymptotic behaviour is dominated by the (a6_7)2j6
term, and thus

Ag =0 ((a6_7)2j6> unless ug = ur (4.42)

Note that this property of the amplitudes with loop-link does not depend on the
signature of our model - the calculation of exponentially decaying term are independent on
the signature, and the other facts used above are true for both Euclidean and Lorentzian
models. Thus our result is signature independent.

4.5.3 Comparison of these two amplitudes and discussion

As we have shown in subsection , the amplitude Ay (and in fact amplitudes of all
interaction diagrams with a loop link) decays exponentially in the large j regime if the
vectors ug and w7 differ. This is however the generic case. Consider a boundary state
where ug = u7. In terms of LS semicoherent states the vectors corresponds to directions
perpendicular to the faces of the polyhedra, pointing outside the polyhedra. Thus ug = u7
means that two faces of the tetrahedron are in fact a single face, artificially divided into
two. A tetrahedron with such property is degenerate (for example it has volume equal
0). Thus let us restrict our consideration to only these tetrahedra, where ug # u7 (or
more general: where w; # uj for ¢ # jif both 4,5 =1,...,40or 4,5 =5,...,8 thus it may
happen that 4} = u3 etc.).

Having this restriction let us assume, that we scale the spins in Ajg uniformly to the
large j regime. This assumptions prevents from the situation, where the boundary state
represents a universe with hi volume, but the spins jg and j7 are far smaller then the
other spins. Under these conditions it is obvious that A1 < Agg in large j regime - this
is because the exponent function O (aj ) for « < 1 and j > 1 decays faster than any
inversed polynomial O (j_k). The same happen for all A; where ¢ = 1,...,16. Thus all
the graphs of type 1, ..., 16 presented at figure [£.19 are negligible when compared to Agg
in the large j regime, quod erat demonstrandum.

The amplitudes of diagrams containing graphs 18,19, 20 of figure was calculated
in [59]. The amplitude of diagram containing graph 17 of figure has not been
computed yet.
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Chapter 5

Identification of bubble subdiagram

As it was discussed in the literature [65] 66, 67, 68 69, [70] and recalled in section
bubbles are these parts of spin-foams that are responsible for divergent amplitudes. So far
some study was done, but concerning only spin-foams dual to triangulations (for example
[69, 65, [70]). Here we expand the study to all 2-complexes admissible by the Operator
Spin-network Diagram framework (see section §3.5)).

Bubbles are spin-foam analogues of Feynman diagram’s loops. A spin-foam containing
a bubble in most cases admits infinitely many colorings giving nonvanishing amplitude
for fixed boundary conditions (see subsection [5.2.4)). Since the transition amplitude for
a boundary state is defined as a sum over all internal configurations, the above property
of bubbles make them natural candidates for sources of possible infinite amplitudes of
the theory. Thus in order to understand the theory well one has to be able to identify
bubbles and characterise their properties.

One of the advantages of Operator Spin-network Diagram framework is that they
provide an easy way to identify a subdiagram equivalent to a spin-foam being an isolated
bubble. A very similar algorithm allows to count the rank of the bubble - namely the
number describing, how many sub-bubbles it contains. This chapter is devoted to this
issue.

This chapter is organized as follows. Firstly, in section we define bubbles in terms
of Operator Spin-network Diagrams. We also introduce some naming conventions that
simplify further sections and we discuss the relation between our definition and the ones
used in literature. The section §5.2| presents the algorithms mentioned above together
with several examples of diagrams to which we apply the algorithms and explaining some
classes of bubbles that may appear and calculate amplitudes related to some of these
examples.

5.1 Definitions

In section we introduced and studied the framework of graph diagrams. They were
designed to represent spin-foam calculations, thus some restrictive assumptions were made
for their components.

On the contrary, this chapter is devoted finding parts of graph diagrams satisfying
certain conditions, what requires a strict procedure of identifying and classifying objects
obtained by removing parts of graph diagrams. These objects will be called generalized
graph diagrams. In contrast, the graph diagrams as they were defined in section will
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Figure 5.1: Generalized graph diagrams. (a) - An example of an ordinary graph dia-
gram D. (b) - The one node 1-valent node and two links added, one link erased and
link-relation spoiled - so that it is not always a duality relation - becomes a generalized
graph diagram D’.

be called ordinary graph diagrams. Strict definitions of generalized graph diagrams and
operations on them are given in subsection [5.1.1}

Having defined generalized graph diagrams we use them to the issue of bubbles, what
is described in subsection [5.1.2l We introduce a definition of a bubble in terms of graph
diagram framework, we discuss its relation with definitions used in the literature and we
introduce a notion of rank of a bubble, that helps to characterize them.

5.1.1 Generalized graph diagrams

Definition 5.1. Generalized graph diagram

A generalized graph diagram is a pair D = (G, R) of a graph G and a family of
relations R = (Ruode, Riink), Where G is a general graph (not necessarily closed) and the
relations Rupode and Riink are similar to the node- and link-relations of a graph diagram

(see definition in subsection [3.2.1.1|) with the following conditions loosen:

o The Ryode Telation may relate pairs of nodes that are not dual.

e For each pair (n,n’) € Ryode there is a relation Rl(izf,) C Ly X Ly in the family

(n,n')

Riink, however, the relation Rhnf does not have to be induced by a duality map
between L, and L. Nevertheless, the relation Rl(;:’l’l?/) must be induced by a duality
map ¢ : Ly, = Ly, where L, C Ly, and Ly C L. Obviously it may happen, that
Ln = Ly and L,y = L,y - then the relation is a duality relation, as in the case of
ordinary graph diagrams. It may also happen, that Ly, = L,y =0 - then the relation

Rl(:ﬂf) s the empty relation.

Obviously an ordinary graph diagram is a generalized graph diagram, but not the
opposite.

The easiest way to obtain a generalized graph diagram is to take a graph diagram and
add or remove some links and nodes to it, without paying attention to the consistency of
link and node relations - see figure [5.1]

134



(a) (b)

Figure 5.2: The boundary graph of the the generalized graph diagram D’ of figure [5.1b|
(a) - The boundary 0D’. (b) - The same graph, but deformed to make the drawing more
legible.

The notions of face- and edge-relations generalize straightforward to generalized graph
diagrams.

It is useful to redefine the notion of a boundary concerning generalized graph dia-
grams.

Definition 5.2. Boundary of a generalized graph diagram

We say, that a half-link of a generalized graph diagram is a boundary half-link 4ff it
is not related by any of Rl(glﬁl)-relatz'ons.

We say, that a node of a generalized graph diagram is a boundary node iff at least
one of half-links incident to it is a boundary half-link.

The boundary graph 9D of a generalized graph diagram D is a graph build of all the
boundary nodes and boundary half-links of D connected as follows:

e obviously each boundary half-link is incident to the node of the boundary graph, to
which it was incident in the diagram.

e two boundary half-links form a link iff they belong to the same equivalence class of
the face relation.

Thanks to definition of the face relation for each positive boundary half-link there is a
negative boundary half-link belonging to the same (open) equivalence class of the face
relation, thus there are mo half-links left open in the boundary graph. However, there
might be open links in the boundary graph, i.e. links incident to 1-valent nodes.

An example can be found at figure [5.9

In case of ordinary graph diagram the above definition overlaps with the definition
introduced in subsection Indeed, in case of ordinary graph diagrams a half-link
incident to a node is a boundary half-link iff this node is not related with any other node
by the node relation. In such case all the other half-links incident to this node are also
boundary.

For generalized graph diagram one can define operations of erasing links and nodes
in a way preserving the generalized graph diagram category (which was not the case for
ordinary graph diagrams).

135



Figure 5.3: Erasing links of generalized graph diagrams. (a) - A diagram D which links
we will erase. (b) - Erasing one link: the diagram D\ ¢;. (c) - Erasing several links: the
diagram D \ {/1,%2,¢3}. (d) - Outer links. The link ¢; is simply outer. The link /3 is
outer, but not simply-outer: one has to erase 1 and ¢ to make it simply-outer. The link
{4 is inner.

Definition 5.3. Erasing a link
Given a generalized graph diagram D = (G, R) and a link ¢ € Lg we define a graph
diagram with erased link (which we shell denote as D\ £) as follows:

e The graph G\ € is the graph with the set of nodes Ng\, = Ng and the set of links
Lg\¢ = Lg \ {£}. All the incidence relations in G\ £ are induced by the incidence
relations in G.

e The node relation Ryode of the diagram D\ € is the same as in D.

e The link relations change as follows: if a half-link (¢ was related to one of half-links
of £ in the diagram D, then it becomes a boundary half-link in the diagram D \ {.

In other words each pair containing £+ of £~ is removed from any Rl(i?l’l?/) relation.

Since all the operations presented above are subtractions of sets, the result does not depend
on the order in which they are performed. This leads to a conclusion, that erasing many
links can be done simultaneously. For erasing several links {{1,...,¢n} we introduce the
notation D\ {l1,...,¢n}:=(--(D\ 1)\ ...)\ In.

An example of erasing links can be found at figure [5.3
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For later convenience let us introduce a notion of outer links. The definition is re-
cursive, thus first let us introduce the base of the recursion:

Definition 5.4. Simply outer link
A link ¢ of a generalized graph diagram is called simply outer iff at least one of the
following is true:

e at least one of half-links of ¢ is a boundary half-link,
e ( is incident to a 1-valent node.

Frasing the links may cause some links to become simply outer. This leads us to next
definition:

Definition 5.5. OQuter link
A link £ of a generalized graph diagram D is called outer iff it is simply outer or there
exists a series of links (¢1,...,0N) such that

o the link 01 is a simply outer link of D,
o for each i =2,...,N the link {; is a simply outer link of D\ {1,...,4;i—1},
o the link ¢ is a simply outer link of D\ {{1,...,¢Nn}.

Note, that although erasing the links is order-independent, the ordering of the series
(l1,...,4N) matters. Indeed, the diagram D\ {l1,...,n} does not depend on the or-
der of erasings, however, the intermediate steps differ for different orderings and the
property of being simply outer is required to be satisfied through all intermediate steps.
Obuviously if £ is outer, there may be more than one series satisfying the above condi-
tions.
Nllustration of outer links can be found at figure[5.3d

FErasing nodes is more complicated. In order to preserve the generalized graph dia-
grams category one has to deal with the links incident to the nodes one erases and there
are several ambiguous ways to do it. From the point of view concerning our purpose
(namely dealing with bubble subdiagrams) it is convenient to consider only the following
approach: in order to erase a node one has to first erase all the links incident to it and
then erase the 0-valent node using the following procedure.

Definition 5.6. Erasing a 0-valent node
Given a generalized graph diagram D = (G, R) and a 0-valent node n € Ng we define
a graph diagram with erased node (which we shell denote as D\ n) as follows:

e The graph G\ n is the graph with the set of nodes Ng\, = Ng \ {n} and the set of
links Lg\ = Lg. All the incidence relations in G \ n are induced by the incidence
relations in G.

e If the node n was related with another node n' in the diagram D , then the node
relation Ryoqe\n of the diagram D\ n equals Ruode \ {(n,1')}, otherwise the node
relation Ryode\n of the diagram D \ n is the same as in D.

e FEven if the node n was related with another node n' in D, the only possible link
relation Rl(glf) was the void relation, because n was by assumption O-valent. We
remove it in such case. In any case, the equivalence classes of Riink in the diagram

D\ n are the same, as in D.
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Again removing several 0-valent nodes is independent and can be done simultaneously, we

will denote it as D\ {n1,...,nx}:=(--(D\n1)\...)\ nn.
Let us now define and characterize subdiagrams of generalized graph diagrams:

Definition 5.7. Subdiagrams

A generalized graph diagram D' is called a generalized subdiagram of D iff it can be
obtained by erasing some links and then erasing some 0-valent nodes of D.

A generalized subdiagram D' of D that is an ordinary graph diagram is called a proper
subdiagram of D.

A proper subdiagram D' of an ordinary graph diagram D such that the graph G' of D’
1s a subgraph of the graph G of D obtained by erasing only all connected components of G
1s called a simple subdiagram of D.

We will also need to identify connected parts of (generalized-) graph diagrams. For
our purpose it is convenient to consider connectivity in terms of the edges of the 2-complex
related to an ordinary graph diagram (what can be easily generalized to generalized graph
diagrams). This intuition is concretized by the following definition:

Definition 5.8. Diagram-connectivity

Given a (generalized-) graph diagram D = (G, R) we say, that each connected compon-
ent I't of G is diagram-connected. Moreover, each two connected components I'r, Uiy are
diagram-connected, if there is a node relation relating a node n € Np, with n’ € Nr,,.
Moreover we want diagram-connectivity to be transitive, so if I'r is diagram connected
with Ty, and TUyr is diagram connected with T'rrp, then T'y is diagram-connected with
Crrr.

A diagram D is diagram-connected if each connected component of its graph is diagram-
connected with each other connected component. A diagram-connected part of a graph
diagram D is a maximal subdiagram of D, which is diagram-connected.

Two elements (nodes or links) of a graph diagram D are diagram-connected iff they
are in the same diagram-connected part of D.

If two elements (nodes, links or connected components) are not diagram-connected,
they are called diagram-disconnected.

For a generalized diagram its diagram-connected parts are its generalized subdiagrams
(they can be proper, but they do not have to). For an ordinary graph diagram each
diagram-connected part is a simple subdiagram.

In case of graphs one has to always emphasise whether considering topological con-
nectivity of diagram-connectivity. However, in the category of (generalized-) graph dia-
grams there is no notion of connectivity other then diagram-connectivity. Thus whenever
it will not cause a confusion we drop the prefix diagram-.

As it was discussed in subsection [3.4.4] a diagram-disconnected diagram has trans-
ition amplitudes that factorizes into a product of transition amplitudes of its diagram-
connected parts.

5.1.2 Bubble-part of graph diagram

In the spin-foam community the word bubble was used mainly in context of 2-complexes
dual to a triangulation of a 4-manifold. The bubble was defined as a set of faces of the
foam that form a closed surface |17, [69, 65] (the surface does not mean smooth surface,
since faces of spin-foams are not smooth manifolds, it means a topological surface). This
definition was not used strictly - it was applied also to for example the melonic bubble
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[79, [78] or self-energy-bubble [69], which are not topological surfaces, but rather closed
(i.e. boundaryless) 2-CW-complexes. This leads us to formulating our definition, which
though being more strict, covers the traditional definition.

In what follows a bubble in context of spin-foams will be called a spin-foam bubble
or a topological bubble. The name bubble without any adjective will be reserved for
representation of the ones in terms of (generalized-) graph diagrams.

5.1.2.1 Bubble in graph-diagram framework

First let us define an isolated bubble.

Definition 5.9. An isolated bubble
An isolated bubble is a nonempty graph diagram with no boundary.

Let us justify the above definition by showing its relation to the traditional one. As
we have showed in graph-diagrams define a class of 2-CW-complexes, that can
be used to define a spin-foam theory. Thus an isolated bubble has its interpretation in
terms of 2-CW-complexes and vice versa.

Let us firstly consider a 2-CW-complex k; forming a closed surface. We assume that
K1 is a 2-CW-complex of some spin-foam, thus by assumption there is a graph diagram
representing it (see subsection . Since k1 has no boundary, the graph diagram D,,,
also has no boundary. Since x; form a surface, it must have at least one face, thus Dy,
must have at least one link, so it is nonempty. Thus D, is an isolated bubble.

As we have already recalled, the notion bubble was used also in case of more general
foams, i.e. for subcomplexes that are not topological manifolds (like for example the
melonic bubble). Nevertheless, they were still nonempty boundaryless 2-complexes. Let
ko be such complex. Then again, by assumption, there must be a graph-diagram Dy,
representing this 2-complex. The diagram D,, must be non-empty and must not have a
boundary - so it must be an isolated bubble. Consider now the opposite situation: let Ds
be an isolated bubble and xp, be the 2-complex it represents. Since D3 is boundaryless,
the 2-complex kp, must not have boundary, and since D3 is nonempty, Kp, contains at
least one face, so kp, is a bubble in the traditional means.

Although the above considerations may seam tautological, they are not. The tra-
ditional definition was formulated in context of 2-complexes dual to triangulations of
manifolds. The class of 2-complexes we introduced in is more general and thus
we must have assured that the traditional definition of a bubble could be translated to
this new context.

In case of diagrams with boundary, the full diagram cannot be a bubble, but it can
contain a bubble:

Definition 5.10. A diagram containing a bubble

If a graph diagram contains a proper subdiagram being an isolated bubble, we say
that it is a diagram containing a bubble or simply it is a diagram with a bubble. The
subdiagram is called the bubble of the diagram.

The assumption, that the isolated bubble part is a proper subdiagram, assures, that
within the class of admissible 2-complexes there must be one corresponding to this bubble
part of considered diagram.

Thanks to the correspondence between graph-diagrams and 2-complexes, our defini-
tion applies also to spin-foam bubbles:
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Definition 5.11. A spin-foam containing a bubble
If a 2-complex of a spin-foam can be represented by a graph diagram with a bubble,
we say that this spin-foam contains a bubble.

5.1.2.2 Characterisation of bubbles

Let us characterise some basic properties of possible bubbles. We characterise only isol-
ated bubbles. A diagram with a bubble is characterised by the isolated bubble it contains
and the information about the way the isolated bubble is embedded it.

Definition 5.12. Connected bubbles
An isolated bubble that is diagram-connected is called a connected bubble.

In what follows we consider only connected bubbles.  Obviously each diagram-
connected part of an isolated bubble is an isolated bubble itself. Disconnected bubbles are
disjoint products of connected bubbles. In terms of spin-foam amplitudes the contribu-
tion of disconnected parts of a diagram simply multiply (see subsection . Although
it may happen, that a connected diagram with a bubble contains a disconnected isolated
bubble, it is the issue of embedding bubbles in diagrams, unrelated to internal structure
of the bubbles.

Let us define the rank of a bubble:

Definition 5.13. Rank of a bubble:
Given an isolated bubble D the rank of the bubble D is the minimal number of links
that must be erased from D to obtain a bubbleless diagram.

Obviously the rank of a disconnected bubble is the sum of ranks of its connected
parts.

The rank of a bubble measures the quantity that can be intuitively called as the
number of surfaces in the bubble. In fact, the above definition translates to the spin-
foam bubbles as the minimal number of faces one has to remove in order to make the
foam bubbleless (in other words: it is the minimal number of faces of a CW-complex
homotopic to the bubble).

Consider for a moment an isolated bubble D and a diagram D’ containing a bubble
such that it’s bubble part is precisely D. Note, that if one erases these links of D’, which
would cause D to become bubbleless, the diagram D also becomes bubbleless. Indeed,
erasing links cannot increase the number of inner links of a diagram, so no new bubble
may appear. But the old bubble cannot preserve such operation, because the links we
erased by definition cause all the bubble part of D’ to become outer. Thus we conclude,
that rank is a property not only of isolated bubbles, but also of the whole diagram (and
the definition is straightforward, namely the rank of a diagram is the minimal number
of links that must be erased from it to obtain a bubbleless diagram, which equals to the
rank of its mazimal subdiagram being an isolated bubble). The topological interpretation
also generalizes to whole diagram: given a 2-CW-complex of an ordinary graph diagram
D’ the minimal number of faces of a general C W—complezﬂ homotopic to it equals to the
rank of the diagram D', because each 2-comples of a bubbleless diagram is homotopic to
a 1-complex [85].

There is a topological invariant that measures a similar quantity, namely the 2nd
Betti number. It measures the number of holes enclosed by a 2-dimentional complex. It
was already used to characterise bubbles of spin-foams [70]. Nevertheless, they do not

'See remark ‘
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equal to the rank of the bubble - for example a projective plane is a bubble of rank 1 (see

subsection [5.2.3.3)), while its 2nd Betti number equals 0.

5.2 The algorithm finding bubble subdiagram

This section presents two algorithms that the Author formulated. The first algorithm,
presented in subsection [5.2.1] is a tool to find a subdiagram of an operator spin-network
diagram being a pure bubble together with a proof of correctness. The second algorithm,
presented in subsection is a slight modification of the previous algorithm, that
allows to count the order of the bubble found using the previous algorithm.

The algorithms are described in a condensed manner, without illustrations. Examples
of applications of the algorithms can be found in subsection [5.2.3]

Finally, in subsection [5.2.4] we study some basic harmonic-analytical properties of
bubbles.

5.2.1 Does a diagram have a bubble?

Given an ordinary graph diagram D we will find its bubble. The general concept of the
algorithm is based on the following fact:

Theorem 5.1. The bubble of a graph diagram
Given a (generalized-) graph diagram D with a bubble, the bubble of D is the subdia-
gram build of all inner link of D.

Proof

First let us proof a lemma saying, that if D’ is a closed proper subdiagram of D and
{ & Gpr, then D' is a closed proper subdiagram of D \ ¢. Indeed, erasing ¢ must not
spoil any of properties of D’. If there were a link of D’ related within D with £ via Rk
relation, D’ would not be closed. If there is a node of D’ incident to ¢, it must be incident
to at leas 2 other links, both in D’, otherwise D’ would not be proper. Thus erasing /¢
neither opens any equivalence class of face-relation in D’ nor reduce the valency of any
nodes of D’ to 1, so D’ is a closed proper subdiagram of D \ £.

Now we will prove one direction of implication, namely that no outer link of a diagram
D is a member of the bubble of D.

From the above lemma we conclude, that if £ does not belong to any closed proper
subdiagram of D, each closed proper subdiagram of D is a closed proper subdiagram of
D\ L.

Consider thus a link ¢ being an outer link of D. We will show that there is no proper
boundaryless subdiagram of D that contains £.

If £ is outer, there are 2-possibilities: either it is simply outer or it is not.

If £ is simply outer, by definition it may not be a member of a proper closed subdia-
gram. If £ has a boundary half-link, each subdiagram containing ¢ must have a boundary,
thus it cannot be closed. If £ is incident to a 1-valent node, each subdiagram containing
¢ must have a 1-valent node, thus it is not proper. So each simply outer link ¢ must not
be a member of a proper closed subdiagram of D.

If ¢ is not simply outer, there is a sequence of links ({1, ..., ¢y) satisfying the prop-
erty of definition (i.e. for each i = 1,..., N the link ¢; is a simply outer link of
D\ {l1,...,4;_1} and ¢ is a simply outer link of D\ {¢1,...,¢x}). Since ¢; is simply
outer, it must not be a member of any proper closed subdiagram of D, thus (as it was
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concluded from the lemma) each closed proper subdiagram of D is a closed proper subdia-
gram of D\ ¢1. But /3 is a simply outer link of D\ ¢;, thus each closed proper subdiagram
of D\ ¢; is a closed proper subdiagram of D\ {{1,¢2}, and of course it is a closed proper
subdiagram of D. Iterating though the whole series we conclude, that each closed proper
subdiagram of D is a closed proper subdiagram of D\ {{1,...,¢xy}. But £ is a simply
outer link of D\ {¢1,...,¢x}, so it must not belong to any closed proper subdiagram of
D\ {l1,...,¢n}, so it must not belong to any closed proper subdiagram of D.

We are left with the proof that if a link ¢ is inner, it belongs to a proper closed
subdiagram of D.

Let ¢ € Lr for one of connected components I' of the graph Gp. Since I' is closed
(what follows from the assumption, that D is an ordinary graph diagram), there must be
an unoriented cycle of links in I' containing ¢. If ¢ is inner, there must be an unoriented
cycle of inner links containing ¢ within I'. Indeed, assume, that each unoriented cycle
containing ¢ has at least one outer link, and then erase all outer links of D - so that only
the inner links are left in I'. Because of the assumption, there are no unoriented cycles
containing £ in I' - but this is possible only in an open graph. But if I' is open, at least
one of its links is simply outer. But if it became simply outer after removing some outer
links, it was outer by definition, what is in the contrary with our assumption, that we
erased all outer links. Thus a subgraph IV of I build of only inner links is a closed graph.

Note now, that if £ is inner, then both of its ends must not be boundary links. Indeed,
since D is an ordinary graph diagram, if one of ends of £ were boundary nodes ¢ would
be a boundary, thus simply outer link. Moreover, £ must not be a member of an open
equivalence class of the face relation. If it were, the links in the link relation would form
a series of links ending with a boundary, thus simply outer link. Moreover, if ¢ is inner,
than none of the links in the equivalence class of face relation to which ¢ belongs may
be outer. Indeed, consider an internal equivalence class of the face relation such that it
contains a link ¢ being for some an outer link. Let’s erase all the links that cause ¢
to become simply outer and then erase /. Then the equivalence class becomes an open
equivalence class, thus all its members are also outer. Thus if £ is an inner link, its whole
face-relation equivalence class consists also of only inner links.

Consider now a subdiagram D’ of D build of an inner link ¢ together with the whole
inner subgraph I" of its connected component I', extended by whole equivalence classes
of all the links in I, and then extended of all inner subgraphs of all the links added in
previous step, and then extended by whole equivalence classes of the links added in the
previous step, and so on, until no new links are added. This subdiagram consists of only
closed graphs, because each inner subgraph of a connected component of the graph is
closed. This subdiagram has no boundary nodes (and thus it has no boundary), as we
have proven in previous paragraph. Thus it is an isolated bubble.

Quod erat demonstrandum ]

The theorem was proven for generalized graph diagrams, because even starting from
an ordinary graph diagram removing links quickly leads to generalized graph diagrams.

The proof of the theorem is in fact the base for our algorithm, which is presented
below:

Proposition 5.1. Find-bubble algorithm
Consider a graph diagram D. In order to find the bubble part of D do as follows:

1. Erase each simply-outer link of D.

2. If after doing step |1 some links become simply-outer - go back to step |1 and erase
them.

142



3. If no new simply-outer links appeared - erase all 0-valent nodes.

4. If all the diagram was erased - it means it had no bubble. If not - what is left is the
bubble part of D, in the form of an isolated bubble.

At first the only simply-outer links to be erased are the links with boundary half-links.
However, starting from the second iteration some links incident to 1-valent nodes may
start to appear.

5.2.2 What is the rank of the bubble?

Consider now an isolated bubble (possibly the one obtained as a result of find-bubble
algorithm). We present here a way to find its rank.

If a bubble is disconnected, one should apply the following algorithm to each connected
part and sum the results.

Proposition 5.2. Rank-of-bubble algorithm
Let D be a connected isolated bubble. In order to find its rank do as follows:
Start with rank r = 0.

1. Pick a link £ of D and erase it, increase v by 1.

2. Apply the the find-bubble algorithm to the diagram D \ ¢, obtaining another dia-
gram D.

3. If D is disconnected - rewind the procedure to the step |1l and pick another link ¢/,
such that it was not one of the links erased in the step [3

4. If D is an empty diagram the number v is the rank of the original bubble. Otherwise
repeat the procedure starting form D.

The step [3| prevents from the situation, when the 2-complex representing the diagram
D has a form of two (or more) isolated bubbles connected by a set of faces homeomorphic
to a disc (or several disconnected discs). If a link corresponding to one of the faces of
this disc were chosen, the result of find-bubble algorithm would be these disconnected
bubbles. However, erasing the links corresponding to faces of the component bubbles will
lead at some point to the situation, when the links corresponding to the disc connecting
the bubbles become outer links without increasing the rank counter. And since the
rank counter is the minimal number of links erased, one must not count the links of the
connecting disc. An illustration of such situation can be found in the example presented

in subsection [(£.2.3.9

5.2.3 Examples

Here we provide several examples of applications of the algorithms presented above. We
start with three examples of bubbleless diagrams in subsection[5.2.3.1] Then we introduce
several realisations of a bubble with topology of a sphere (see subsection . In
subsection [5.2.3.3] we study other basic possibilities of bubbles with rank 1, i.e. real
projective plane, torus and Klein-bottle. In subsection [5.2.3.4] we present an example
of a diagram containing a bubble considered in [78| (called melonic bubble). Finally in
subsection [5.2.3.5] we show, how do our algorithms work in case of multiple bubbles, both
when they form a disconnected isolated bubble and if they form a bubble connected by
contractible faces (i.e. when the step 3 of the rank-of-bubble algorithm applies). For the
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simple bubbles of subsections 5.2.3.3| we also add the calculation of BF transition
amplitudes of isolated bubbles.

The examples are described mostly by the figures. For most of bubbles there are extra
figures presenting construction of spin-foams corresponding to them (except from those,
which are non-embeddable in 3d). The simply outer links are highlighted red (sometimes
links which are outer, but not simply outer, are also highlighted).

The diagrams presented at the figures are results of erasing of links, thus they are
mostly generalized graph diagrams. This means, that it might happen, that two nodes in
the diagram are related by the R,o4e relation, but no links incident to them are related
by Riunk relation. However, in most situations this is not the case, and if it is, it is
emphasised explicitly in the description of the figure. Usually when there is a pair of of
nodes related by the node relation and no link relation is drawn, it means that the link
relation is a duality relation, however its precise form is irrelevant for the step we present
at this particular figure and it would make the figure illegible.

Due to limit the number of figures we usually omit the figures presenting few last final
steps of each procedure (if they are obvious). Usually we stop at the step, when all the
remaining links are simply-outer.

5.2.3.1 Bubbleless diagrams

Let us start with three examples of bubbleless diagrams.

First let us consider the simplest nontrivial diagram, that was used as an example
in subsection [3.4.2] It is obviously bubbleless and thus it is a good example to show,
how our algorithm behaves in such situation. The figure figure present the steps of
find-bubble algorithm.

As the next let us take the diagram with the same boundary, presented in section
at figure It appears to be also bubbleless, however it requires more steps to see it.
It is analysed at figure First two steps of the procedure effect only the boundary static
diagram, that is attached to the interaction part of the diagram. In fact the boundary
static part of the diagram, being a topological cylinder over the boundary, never contains
a bubble and is always removed by the fist two steps of the find-bubble algorithm.

As the third example let us take the diagram that we recalled at the beginning of this
chapter at figure[5.1al It is also bubbleless, what can be showed in three steps, presented

at figure [5.6]

5.2.3.2 Spherical bubbles

Let us now consider few simple realisations of diagrams with bubbles. In each example
we choose possibly simple diagrams (usually with all outer links being simply-outer) in
order to keep attention on the pattern of bubble subdiagrams rather then the way they
are embedded in full diagrams.

First let us consider a diagram containing a dumpling bubble, presented at figure [5.7]
The name comes from the shape of the bubble obtained in this procedure. The dumpling
bubble topologically is a sphere, what is shown at figure

One can simply calculate the BF' transition amplitude of such bubble.

Given a spin-label j of the face, the nodes are labelled by a projection operator
P :Inv (H; ® H;) — Inv (H;+ ® Hj). But the space Inv (H; ® H;) is 1-dimensional,
spanned by €™ thus the projection operator is P = Qj—lﬂemﬁmﬁ €n, n, - The BF
contractor is AT = 5%1 57%’,; The face weight amplitude is Ay = 2j + 1 per each face,
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Figure 5.4: An example of bubbleless diagram. (a) - Step 0: The diagram that is studied.
(b) - Step 1: All the simply-outer links are colored red. (c) - Step 2: Some (in fact all)
of the remaining links became simply-outer. (d) - Step 3: After repeating the Step 1 no
links are left. All the remaining nodes are 0-valent, thus we remove them and we go to
the Step 4, where we are left with the empty diagram. Thus there is no bubble.
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Figure 5.5: The second example of a bubbleless diagram. Until (e) the link-relations are
irrelevant, and thus they are omitted at the figures (it is enough to know, that whenever
two nodes are connected by the node-relation, there is a duality relation between their
links). (a) - The diagram we consider. (b) - The first iteration - the simply outer links of
the original diagram. (c) - The simply outer links of the diagram obtained after the first
iteration. (d) - Since this moment the boundary static part of the diagram will not be
relevant, thus focus on the interaction part. The third iteration of the simply outer links.
(e) - The first moment when the precise form of the link-relation matters: it indicates,
which links of the remaining #-graph are simply outer (because they were related to the
links we already removed), and which one is not. (f) - The last iteration - only one link
remains and it is simply outer.
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Figure 5.6: Another example of bubbleless diagram. (a) - The simply outer links of the
diagram D of figure are highlighted. (b) - Removing all the simply outer links cause
some other links become simply-outer. (¢) - The last link remain. But it is also simply
outer, because it is incident to 1-valent nodes. Thus we must erase it and then, left with
only 0-valent nodes, we conclude that there is no bubble in the diagram D.

Figure 5.7: A diagram containing a dumpling bubble. (a) - The diagram. (b) - All simply
outer links of the diagram are highlighted. (c¢) - The subdiagram being an isolated bubble
- i.e. the dumpling bubble.

147



(a) (b)

Figure 5.8: Construction of a 2-complex corresponding to the dumpling bubble.
(a) - The 1-vertex foam obtained from the dumpling bubble diagram. The blue square
points are the middles of links, that appear when dividing a graph into a squid-graph
(see subsection (b) - The foam closed according to the relations becomes a sphere.
The boundary links are glued like a dumpling - and that’s the origin of the name.

and there are 2 equivalence classes of the face relation. There are obviously no boundary
links, so the amplitude related to them is 1. Thus the amplitude (for fixed j) is

Mo+ Mpr+ €ny_ny— 57%; 5:%; =(2j+1) ABeqp = (25 + 1>2

(5.1)
Thus the total transition amplitude Agumpling = Z;io Adumpling (7) is infinite. If one
regularise it by putting a maximum spin cut-off A, one gets

Adumphng( ) (2] + ) 2] 11

dumphng Z Adumphng =0 (A3) (52)

The sum goes every half-integer, so it is convenient to change the summing index to the
dimension d of the spin-j representation:

2A+1
2
Alumpling = Z =20 +1)(2A+2) (4N +3) = §A3 +0 (A?) (5.3)

The Lorentzian EPRL amplitude of this bubble is not well defined, because the graph
is only 2-edge connected, not 3-edge connected (see [84]). One can regularise it by re-
moving all the redundant SL(2,C)-integrals - but there is one redundant integral for
each 2-valent node, and this graph contain only 2-valent nodes, so one has to remove all
SL(2,C)-integrals and the amplitude becomes the same as the BF-amplitude. This is
the case for all bubbles with only 2-valent nodes.

Of course there are more realisations of spherical bubbles. Another example is a
double-cone bubble, presented at figure [5.9]

The transition amplitude of a double-cone bubble is the same as the one of the dump-
ling bubble. Indeed, now the projection operator is P:Inv (Hj @ Hjx) = Inv (H; @ Hjx),
and its matrix elements in the spin basis are P = 2311 522"_* 5,Zf'+ The BF contractors for
each graph are AT = 5;%1 and AT = 6,%'; respectively. There is only one equivalence
class of the face relation, so the face amplitude contributes only once. Thus

1

Az—cone (4) = (27 + 1) m&?ﬁ‘f Orunt”™ Oty Oy, = 0407 = (25 +1)° (5.4)
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Figure 5.9: A diagram containing a double-cone bubble. (a) - The diagram. (b) - All simply
outer links of the diagram are highlighted. (c) - The subdiagram being the isolated bubble
- i.e. the double-cone bubble.

(a) (b)

Figure 5.10: Construction of a 2-complex corresponding to the double-cone bubble.
(a) - Two 1-vertex foams obtained from the double-cone bubble diagram. (b) - The
foams glued along their boundaries become a sphere.
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(© (@) (e)

Figure 5.11: Another diagram containing a spherical bubble. (a) - The diagram.
(b) - Again all outer links of this diagram are simply outer, they are highlighted red.
(c) - The isolated spherical bubble. (d) - 1-vertex foams of this isolated bubble are very
similar to the double cone bubble. (e) - The 2-complex of considered bubble is a 2-sphear.

so, similarly, the total (regularized) amplitude is

AY one = %A?’ +0 (A?) (5.5)

2—cone

One can also obtain spherical bubbles concerning more then one pair of related nodes,
as it is presented at figure [5.11

The common feature of all spherical bubbles is that the bubble subdiagram contains
only 2-valent nodes. This leads to a conclusion that their rank equals 1. Indeed, erasing
any link of a closed connected diagram containing only 2-valent nodes cause that each
outer link becomes outer. Because of connectivity there must be a sequence of links either
adjacent or link-related between any two links in the diagram; erasing a link at one end
of such sequence makes the next link simply outer, and then the sequence becomes the
sequence of simply-outer links required by the definition of being an outer link.

However, not only spherical bubbles has this property. Other examples with this
property are described in the next subsection.
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Figure 5.12: A diagram containing a real-projective-plane bubble. (a) - The diagram -
being the diagram of figure with the link relation slightly modified. (b) - The simply
outer links of the diagram remain the same as in the dumpling bubble case. (¢) - The
subdiagram being an isolated bubble with the topology of real projective plane.

5.2.3.3 Other bubbles of rank 1

Real projective plane bubble

A real projective plane is the next to the simplest example of a bubble. It was in-
troduced in subsection (at figure , but it can be also realised by a simple
modification of the dumpling bubble from previous subsection, what is presented at fig-
ure Since the projective plane is not embeddable in R3, we do not even try to draw
the foam representing it.

Let us calculate the transition amplitude of the projective-plane bubble. All the
components of the amplitude are the same as in case of the dumpling bubble (see subsec-
tion , however there two subtleties. First: there is only one equivalence class of
the face relation, thus the factor (25 4+ 1) contributes only once. Second: the order of the
indices of the projector operator is switched, so P= MetMete, o, . This leads to
the amplitude

1
27+1€

. . al ]- - /— .
Arpa) (J) = 25 + 1) P = ——€™ ™ ey, Onts Ol = € Fepa=—(2j + 1)

25 +1
(5.6)
thus the total amplitude is
2A+1
A B __(2A+1)(2A+2)__ 9
Afpa) = g d= 5 = 20"+ O (A) (5.7)

Let us explain more the switch of the indices, which caused the minus sign. For a
moment let us consider a diagram of the real projective plane bubble without gluing of the
nodes. Then each node has its separate projection operator with free indices: the upper
node has P+ = ﬁ6m€+ Meteq,, A, and the lower node has P = ﬁGBe*Bz'
—L . and one more face-weight term
(V27F1)

(25 + 1), but they together give the factor of 1, so we neglect them). As it was described
in subsection [3.4.3] relating these two nodes results with appropriate contraction of the

T €
Ny Npr—

(of course there is also a boundary-link term
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Figure 5.13: Another realisation of a diagram containing a real projective plane bubble.
(a) - The diagram. (b) - All outer links of this diagram are simply outer, they are
highlighted red. (¢) - The real projective plane subdiagram.

free indices (and appropriate adjustment of the weight factors, but as we mentioned, it
does not matter in this case). The contraction is determined by the link relation. Since
the half-link ¢ is related to ¢/~ and the half-link ¢’ is related to £, the contraction is

T A A, .
indicated by § ij_ ) Bjj’ what gives

. . a 1 1 A A
_ + - _ ’ B,_B,_ + I+
P = P "oP = melerl +€A£+A£/+ 2] T 16 ¢ ¢ En[_ne,_ 5327 5Bﬁ7
1 m,+ M, 1 Ay Ayt B, B, _
= 2j n 16 ¢+ +6n£7n£/7 . ﬁ [GAZ“'AZ""(;BZ/— 53@— € ¢ £ (5.8)
The term in bracket is precisely espeB4 = — (25 + 1), so the overall factor is —1, what

we incorporated in the switch of the indices of P.
An example of a diagram containing the real projective plane bubble as it was intro-
duced in subsection [3.2.3.3] is presented at figure [5.13]

Toroidal bubble
Let us introduce another bubble diagram with only 2-valent nodes. It is presented at
figure [5.14] The topology of a 2-complex corresponding to it is a torus - see figure [5.15]
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(a) (b) (c)

Figure 5.14: A diagram containing a toroidal bubble. (a) - The diagram. (b) - All outer
links of this diagram are simply outer, they are highlighted red. (¢) - The isolated bubble
subdiagram. One of possible orientations of links is indicated.

(a) (b) ()

Figure 5.15: A spin-foam of the isolated diagram of a toroidal bubble. (a) - The 1-vertex
foam. (b) - A pair of nodes glued. (¢) - The second pair of nodes glued resulting in the
topology of a torus.
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(a) (b)

Figure 5.16: Klein-bottle bubble. (a) - The diagram of an isolated bubble forming the
Klein bottle. (b) - The intermediate step of construction of a spin-foam representing such
bubble (note the link relation different than the one at figure . We do not draw
the final step, because the Klein bottle is not embeddable in 3d and such drawing would
be illegible.

The BF-amplitude of such bubble can be calculated similarly to the amplitude of a
spherical bubble. Let us orient and name links as it is indicated at figure Each pair
of nodes is colored by the projection operator with appropriate indices, i. . the Vertical

LA 1 MMyt . s Mot
one is Pyert = i€ ' 6”e2 n and the horizontal one is Py, = 57 +1(5 5 . The
— TL — n27 n —
contractor is AT' = 5m1+ 6m2+ 5m3+ 5m o There is only one equivalence class of face

relation, so the weight factor is (2] + ) Thus

N . I mymy 1 e ef 1 I A
Atorus (7). = (27 +1) 25 + 1€ ' 6”6"@5 mén T 5"24_ O, 0 ef 5m£ 0
1
so the regularized amplitude is
Aftrns = 20+ 1 (5.10)

Klein-bottle bubble
A little modification of the link relation of the diagram figure leads to the bubble
with the topology of Klein bottle - see figure [5.16]

The BF-amplitude of Klein-bottle bubble is very similar to the one of the toroidal
bubble. The only difference is the switch of the indices in the Pyert operator - in the same
way, as we did it in case of the projective plane bubble. Thus the amplitude differs only
by a sign and equals

Aﬁlein bottle — — (2A + 1) (5'11)

5.2.3.4 Melonic bubble

One of important bubbles considered so far in the literature is the so called melonic
bubble. It was considered in [69] and studied with details in [78] [79]. A simple example
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of a diagram containing such bubble is presented at figure [5.17] - it is a melonic bubble
sandwiched between two static diagrams.

On figure there is the fragment of diagram representing the edge with a melonic
bubble. This is precisely the pattern one has to look for when searching for an edge with
a melonic bubble. The outer links of this diagram are in fact the external faces of such
edge. Note, that such diagram can be obtained by taking a 6-like-graph build of the outer
links, cutting it in half and inserting an isolated bubble into them. The isolated melonic
bubble (with the link relation specified) is presented at figure

Let us now study the rank of such bubble using the rank-of-bubble algorithm. The
steps of this algorithm are presented and explained at figure As a result we get the
rank of melonic bubble equal to 3, which agrees with the intuition: the melonic bubble
has topology of three spheres glued by fragments of their surfaces (see figure .

5.2.3.5 Multiple bubbles

Two disjoint bubbles Let us now consider a diagram containing two disjoint bubbles.
In the example presented at figure the bubble subdiagrams becomes disconnected
although the starting diagram was connected. Each of obtained diagrams is a spherical
bubble, thus one can easily calculate the rank of the bubbles.

Two bubbles connected by a face Now let us consider a diagram with a bubble
being two isolated bubbles connected by a contractible face. An example of such dia-
gram is presented at figure The find-bubble algorithm ends up with a connected
subdiagram, unlike in previous example. Applying the rank-of-bubble algorithm (see
figure one faces the situation mentioned in subsection in the step [3| of the al-
gorithm - namely erasing one of the links and applying the find-bubble algorithm results
with a disconnected subdiagram (see figure . Thus one has to go back and choose
another link (see figure . If we did not rewind the procedure at figure , the
result of it would have been 3 (i.e. 1 plus the rank of the bubble figure , which is
obviously 2). And of course removing three faces of such bubble makes it contractible to
a l-complex. But the rank is the minimal number of faces one has to remove in order
to obtain something contractible to a 1-complex, and this minimal number is 2 - what is

shown at figures [5.22d5.22¢]
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(© () (e)

Figure 5.17: The melonic bubble sandwiched between two static diagrams. Due to make
figures legible the link relations are omitted, so far it is important that for each pair
of nodes related by the node relation all the links incident to one node are in 1-to-1
correspondence with the links of the other node. (a) - The diagram. (b) and (c¢) -
Erasing the simply-outer links of the static boundary subdiagrams. (d) - The subdiagram
representing the melonic bubble, including the outer faces of the edge on which the bubble
appears. The link relation is not drawn, but it is given by the following conditions: for
each related pair of nodes the outer links are in link relation with each other and the link
relation on the inner links is indicated by figure (e) - The melonic bubble with the
link relations omitted.
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(d) (e) (f)

Figure 5.18: Rank-of-bubble algorithm applied to the melonic bubble. (a) - Step 1: first
link chosen to be removed. The counter » = 1. (b) - Step 2: erasing the link in previous
step caused one link to become outer. (¢) - The diagram obtained after (b) was neither
disconnected nor empty, thus we pass through the steps 3 and 4 and we repeat the step 1:
another link chosen to be erased. Now the counter » = 2. (d) - The links that became
outer after the previous step. (e) - Again step 1: we choose another link to be erased.
Now the counter » = 3. (f) - Step 2: now all remaining links became outer. Erasing
them leads us to the empty diagram, thus as we proceed to step 4 with the counter r = 3,
we conclude that the rank of the melonic bubble is 3.
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(a) (b)

Figure 5.19: Construction of a 2-complex corresponding to the melonic bubble. (a) - Two
1-vertex foams obtained from the melonic bubble diagram. (b) - The foams glued along
their boundaries.
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Figure 5.20: A diagram containing two disjoint bubbles. (a) - The diagram, the link
relations are omitted. (b) - The simply-outer links of diagram are highlighted red.
(c) - We assume that the link relation was such that now at each node the green links
are related. The red links are the outer links. (d) - The isolated bubble subdiagram. It
consist of two disjoint diagrams: one being the double-cone, and the second being either

sphere (as at figure|5.11]) or a projective plane (as at figure[5.13|) - depending on the link

relation.

(a) (b) (c)

Figure 5.21: A diagram containing and isolated bubble consisting of two bubbles connec-
ted by a contractible face. (a) - The diagram. (b) - The simply-outer edges of the diagram
are highlighted red. (¢) - The result of the find-bubble algorithm, i.e. the subdiagram
being an isolated bubble.
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Figure 5.22: Rank-of-bubble algorithm applied to two bubbles connected by a contractible
face. (a) - Step 1: first link chosen to be removed. The counter r = 1. (b) - Step 2:
erasing the link in previous step caused one link to become outer. (c) - Step 3: proceeding
the find-bubble algorithm leads to a disjoint diagram - thus we have to go back to step 1.
(d) - Step 1 again: choosing another link to erase. We cannot choose neither ¢; nor ¢s,
because both of them were chosen in a previous attempt. The counter r still equals 1.
(e) - Step 2: again erasing the outer links. The links ¢; and ¢, are now erased because of
being outer. (f) - Step 4: the diagram obtained in previous steps is connected, thus again
go to step 1, where we choose one of the links to be erased and increase the counter r to
2. (g) - Step 2: Only one link left and it is an outer link, thus we remove it, obtaining
the empty diagram. We proceed to step 4 with the counter » = 2, being the total rank
of the bubble.
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5.2.4 Bubbles in terms of SU(2)-labelled diagrams.

Let us briefly analyse some properties of bubbles from the point of view of colored graph
diagrams, namely Operator Spin-Network Diagrams.

Our analysis is based on coloring of the diagram by SU(2)-tensors (where the EPRL
contractors are considered as SU(2)-tensors, because thanks to the EPRL-map they have
SU(2)-index structure - see Appendix . We do not know, whether our results can
be generalized to colorings by tensors of other groups, however we state the necessary
condition to do so.

First let us observe a property of isolated bubbles:

Claim 5.1. SU(2)-colorings of an isolated bubbles
An isolated bubble admits infinitely many colorings by SU(2) labels giving non-zero
amplitude.

Proof
Let us pick an integer spin j and assume that each link of a bubble is colored by this spin.

Then for each node the node Hilbert space will be of the form H™ = Inv (®ge_ Lo ’H;‘)
Such Hilbert space is never O-dimentional. Note, that

Inv(H1®- - @Hi) DInv(H1 @ Ho) @ Inv (H3 ® + - - @ H) (5.12)
For k even, we can find the subspace of the node Hilbert space
HIY S Ty (H1 @ Ho) @ - @ Inv (Hp—1 @ Hy) (5.13)
If k£ is odd, the last term in such division has three elements:
HIY STy (H1 @ Ho) @ -+ @ Inv (Hp—g @ Hi—1 ® Hy,) (5.14)

Since all the spins are equal, for each k,l we have either H;, = H; or Hj, = Hj. In case
of 2-spin terms there is always a nontrivial invariant tensor: either ™" or §;"*. For 3-spin

space there is a non-trivial invariant tensor of Inv (Hj QH; ® H;) iff j is an integer (not

half-integer), and it is a Clebsh-Gordan coefficient C;™". Thus we have proven that there
is always a nontrivial invariant tensor [s,) € HI™ for all links incident to n having the
same integer spin j.

Consider now a following coloring of an isolated bubble: let all links be colored by
the same integer spin j and each pair of nodes be colored by an operator P, := [tn) (tn]-
The transition amplitude of such diagram is (see section

A=TJ A4 ®AF JD(X)P (5.15)
faces
It factorises into a product over connected components of the graph:
A=1] A HAFJ Q) In) =] Ar (5.16)
faces n€Np T
Inserting the form of BF-contractors we get

=N-. Ha,%;-n et (5.17)

leLr

where N is a number coming from normalisation of the projection operators P,.
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We do not want to calculate the particular value of the amplitude. We only want
to show it is non-vanishing. So far we showed it is a product of the terms Ar, now we
will show, that each Ar is non-vanishing. Let us insert the particular form of the ¢,
contractors. We obtain a product of (5}@, P epp and Clebsh-Gordan coefficients CIGH ,

with all indices contracted, so that:
Ar:N-(Sg‘--eoD---eEF”-CIGH (5.18)

There are as many Clebsh-Gordan terms in the product, as there are odd-valent nodes in
I'. Thanks to the Handshake Lemma it must be an even number. The delta- end epsilon-
terms cause that the indices of the Clebsh-Gordan coefficients get contracted in some
way. Contractions of Clebsh-Gordan coefficients leads to more delta- and epsilon- terms
(normalised by factors dependent on j), thus in the end we obtain Ar equal to trace of
unity operator multiplied by some combinatoric factor. Thus each Ar is non-zero so all
the amplitude is also non-zero.

Quod erat demonstrandum ]

This leads us to another claim:

Claim 5.2. A diagram containing a bubble has infinitely many SU(2) — BF-colorings
giving non-zero contribution to the amplitude for a boundary state being a constant
function.

Proof
A constant function is represented by a coloring in which each boundary link has a spin
Je=0.

Consider a following coloring of a graph diagram: let each outer link be colored by a
spin J¢, ... = 0 and each inner link be colored by a spin j,, = j € Z,. The transition
amplitude of a diagram colored this way is non-zero, as it was proven above. Moreover,
a diagram colored this way contributes to the transition amplitude of a boundary state
given by a constant function, because all the boundary links are outer links so they are
colored by jy = 0. Since there are infinitely many ways to choose the spin j coloring the
inner links, the claim is proven. ]

One can easily interpret the notion of rank of a bubble in the above terms.

Claim 5.3. The rank of a bubble (of or a diagram) is the minimal number of spins that
must be set by hand to zero in order to spoil the above properties of diagrams containing

a bubble.

Remark 5.1. In order to generalize the results of this subsection for groups G other
then SU(2), one has to ensure one property of the representation theory on G, that we
used above. Let us introduce the intertwiners of pairs of representations of G:

[0°)5 € Inv (H, @ H2)  [e)*F € Inv (H, @ H,)  [€7]45 € Inv (HE@HS)  (5.19)

then the group G must have infinitely many inequivalent irreducible representations
p such that there is at least one nontrivial tensor [Tp]éB € Inv (Hp QR H,® 7—[,*)) such
that each contraction of a product of [T”]s with [0”], [e?] and [e*’] does not vanish.
This property of G ensures, that an isolated bubble admits infinitely many inequivalent
colorings, that gives non-vanishing amplitude, which is a key of further considerations.
In case of SU(2) the [T”]-tensors are the Clebsh-Gordan coefficients, which always exists
for three equal integer spins and which have well known properties. Perhaps there is a
weaker condition, that allows to generalize our result for even wider class of groups.
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Chapter 6

Lorentzian Polyhedra Propagator

When doing a direct spin-foam calculation one meets the terms of the form

dgn [ ] (uel Y9, g Y Juer); 6.1
/ | L ) (6.1)

(see section . The simplest case of such terms appear when interaction vertices of
structure given by @-graphs are considered, like in Dipole Cosmology model (see sec-
tion - then the group elements g, and g,y form always the same pair, thus one of
them can be shifted thanks to the invariance of the Haar measure, so that one gets

dgdg’ wg| YTgY |ug) 6.2
Loyner [T tul o7 e, (6.2

where the integral over dg’ can be dropped thanks to the regularisation (see [84] 50]),
and one ends up with

[ agTtwl Yo fur), (6.3)
SL(2,C) J
The result is a matrix element of some operator, that we decided to investigate.

Such operator appear whenever a spin-foam has an edge split by a vertex colored by a
Lorentzian EPRL contractor. Such edge can be interpreted as a self-interacting (because
of the vertex) propagator of the objects at the ends of the edge. Since this objects are spin-
network nodes, that has interpretation of quantum polyhedra (see subsection , we
named the operator Lorentzian Polyhedra Propagator (LPP).

The same operator appears also in calculation of [78], where the radiative correction
of a simple bubble to a spin-foam edge is calculated. There the result is proportional to
T2.

The analysis of T requires estimation of integrals of matrix elements of unitary rep-
resentations of SL(2,C)-group. A brief introduction to harmonic analysis on SL(2,C)
based on [86] can be found in Appendix The estimation of the integrals was done
by applying the saddle point approximation method, generalised to integrands that do
not have the explicit form required in the classical version of the theorem.

This chapter is organised as follows. First, in section §6.1] we provide the formal
definition of LPP and we study some basic properties of it. Then, in section §6.2 we
present the key tool used in calculations, namely the generalised saddle point approxim-
ation method of estimating integrals. The section shows how to apply each step of
section to the integrand that we have in LPP. Finally, in section we discuss the
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implications of obtained form of LPP on Dipole Cosmology model and on renormalization
of transition amplitude of an edge in spin-foam theories.

In order to keep the main text of the chapter clear and fluent, some strictly technical
details were skipped in sections and and moved to section These are mostly
details concerning intermediate steps of derivations, which, though not mathematically
trivial, are not of key importance conceptually.

This chapter is Author’s own work. The results presented here are also described in
a paper of the Author [83].

6.1 Definition of Lorentzian Polyhedra Propagator

Let us start with the formal definition of the Lorentzian Polyhedra Propagator. All
the conventions about SU(2)- and SL(2,C)-tensors can be found in Appendix and
Appendix [A74] respectively.

For simplicity we do all the calculations for T acting on a tensor space H;j, @---Q@H,y,
however, there is a straightforward generalisation to H;, ®- - -QH;, @H; = ®---@H}

IN+1 IN+M '

6.1.1 Definition

Given a node Hilbert space (see Appendix [A.3.3.2) H, = ’H;- = Hj, ® - ®Hj, for
N-tuple of spins jj,...,jn let us define an operator T : H;. — 7-[; by the formula

T := / dg YTgy (6.4)
SL(2,C)
where Y is the Lorentzian EPRL map (see Appendix ) in the ;—representation. In
the spin-z basis |m); = |m1, ..., my)5 the matrix elements of T are
N .
TN = (7] T |rin); = / dg [[ D093 ()2 (6.5)
N T JsLee) };[1 it

This operator is in fact build of the matrix-elements of the regularized Lorentzian
EPRL contractor of a 6-graph. Such graph can be interpreted as a part of an Operator
Spin-network Diagram and it leads to a spin-foam with an edge split by a vertex with
the Lorentzian EPRL amplitude (see figure |6.1])

Let us now study the basic properties of the T operator.

6.1.2 Domain and range

Recall that each element g € SL(2,C) can be decomposed into g = k-u, where u € SU(2)
and k € H? (see Appendix [A.4.1)). Using the fact that SU(2)-elements commute with

Y-map, the T can be rewritten as

']I‘:/ dkdu Yk -uY = [ dk YTkY duu (6.6)
H3xSU(2) H3 SU(2)

The same derivation works for inversed decomposition g = 4 - k:

T:/ duu/ dk YTkY (6.7)
SU(2) H3
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AEPRL

Figure 6.1: The T-operator in context of spin-foam models. A fragment of a spin-foam
representing T : the edge with a vertex, the structure of the vertex is precisely 6 -graph
labelled by a Lorentzian EPRL contractor.

Since in any unitary representation |, su() duu = P we have T = A - Plnv = plv. 4
thus
T=A.PA (6.8)

for A = [z dk YTEY. This implies that T| >L = 0 and it is enough to study

(o

T HEY — M.

Given two invariant tensors ¢, € H we have
J

vo=( T ‘L/>; = /SL(2 o dg (1| YTgY !L’>]~. (6.9)

Let us introduce a function @, (g) := (1| Y gV |L'>j~., so that

T, = / dg " () (6.10)
SL(2,C)
In what follows we will study the integrand ®, (g).

6.1.3 Symmetries

The EPRL map distinguishes one of SU(2) subgroups of SL(2,C), which commutes with
the Y operator (i.e. SL(2,C) C SU(2) 2 u = uY |z); =Y ulz), - see Appendix .
Such choice divides the invariant fields X € sl(2,C) into generators of this distinguished
SU (2)-subgroup, which we shall call rotation generators L', and their orthogonal com-
pletion, namely boost generators K*. The group clements that can be generated by a
5L i K will

linear combination of only rotation generators e and only boost generators e

be called pure rotations and pure boosts respectively.
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One can check, that the integrand ®!, (g) is invariant under pure rotations. Indeed,
given u € SU(2) we have consider the right action of SU(2) on SL(2,C):

O, (g-u) = (L\YTg-uY‘L’> = <L\YTgYu‘L’> (6.11)

and since ¢/ is an invariant tensor, we have u [./) = |1/), thus

Py (g-u) =y (g) (6.12)
Analogous derivation goes for the left action, so:
Py (u-g) =Py (9) (6.13)

Thus, given a decomposition g = k - u for k € H3 and u € SU(2) the integrand depend
only on the pure boost:

Q) (k-u) =) (k) =} (u-k) (6.14)

Let us now consider dependence of the integrand on the direction of the boost. Each

pure boost can be expressed as k(17) = eTK for 77 called the boost vector. Each boost

vector can be obtained by an appropriate pure rotation (called uz) of the z-versor, such

that ﬁTK = u%K?’uﬁ (where n :=|7j]). Thus each boost can be expressed as

R ot B .
k(i) = TE = K ujTemKSUﬁ (6.15)
Combining (6.14]) and (6.15) we get
o, (k (7)) = D, <ei’7K3> (6.16)

so the integrand depend only on the length of the boost vector of the pure-boost-part of
its argument. Let us denote this dependence as

oL, (n) = DY (eiﬂKs) = (1] €K 1) (6.17)

6.1.3.1 Integral measure

In order to obtain T% the integrand ®!, (g) is integrated over the SL(2,C) group with
respect to the Haar measure. Since SL(2,C) is not compact, the measure is not defined
uniquely. All the calculation can be done for measure dg = ¢ - dg for a positive constant
¢, and appropriate rescaling of the result must be done. We pick the one used in [86] (see
also Appendix, which ensures, that the measure induced on the SU(2)-subgroup
in the defining representation is normalized. Using the decomposition ¢ = u - k the
measure dg factorises into dudk. The integral over SU(2) is trivial (see subsection
and gives 1 (thanks to normalisation of Haar measure on a compact group), thus we are
left with

T = [k @) (6.15)
3
According to [86] the measure dk is
- 1 i i (| -
dk (1) = 7(47T)2d¢(77) sin 6(77)d6(77) (sinh [i7])* d |7 (6.19)

where ¢(7) and 6(7) are the spherical angles of the direction of the boost vector.
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Let us now introduce a measure function that will simplify the expression. Let

(7) = sinh |7 2 (6.20)
R a7 '
Obviously dk (i7) = u (77) d7 . Plugging it into (6.18)) and (6.19)) we get

T = [ i ® i) (6.21)

and this is the integral we will study in what follows.

6.1.4 Result

Before doing the calculation let us state the result.
We do not have the strict form of the T operator. The calculation is done in the first

order in %-expansion, where J is the maximum of the spins ji,...,jn. The result is
3 3
1\?/2r\2 3 :
T = <> (W) - 1-+0 (J—%) (6.22)
dm J (L4+9%) > 0is i ’

where v is the Barbero-Imirzi parameter and x; := ]7’ are numbers, that belong to the
interval ]0, 1], but cannot be considers small (at least one of them equals 1, and the sum
must be greater or equal 2).

6.2 Scheme of calculation - Generalised Saddle Point Ap-
proximation method

The operator T has a form of an integral over the SL(2,C) group. We will not do this

integral explicitly. We will find the leading order of the T operator using the saddle point

approximation (SPA) method [87].
The SPA theorem gives a tool to estimate integrals of the form

[(A) = / AV g(z)e M@ (6.23)

for large values of A as a power series in % The leading order is estimated by a Gaussian-
like integral around a critical point xg of the exponent function f (x):

I(A) = /dN:cg(x)e—Af(w) _ (2A7T> (‘gz

(ST

(6.24)

where % is the determinant of the Hessian matrix of the function f(z). If the function
f has more than one critical point {z1,...,2}, than the argument zy that appear in

the formula is the mazimal critical point, i.e. such a point xg € {x1,..., 2%} that
R (—f(zo)) is maximal (if there is more then one maximal critical point, than we sum
over them).

Several assumptions must be satisfied for the formula to be valid. First of all
the function f(z) must be smooth and twice differentiable at the point zy. Moreover
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the integrand g(z)e /(*) must vanish outside a compact region Q@ C RN. (or decay
sufficiently fast with |Z| — oo — see subsection [6.2.2)).

The integrand @, (g) for the Lorentzian EPRL amplitude does not satisfy assumptions
of the SPA theorem. It neither have form nor is defined on a compact region.
However, we prove appropriate generalisation of the SPA theorem. The subsection
generalises the theorem for the functions that do not have the form , but satisfy
some other necessary conditions. The subsection [6.2.2] shows, how to generalize the
theorem for non-compact domain of integration.

Three further subsections discuss two more technical issues of the integration. The
subsection shows, how does the calculation simplifies when the integrand is spher-
ically symmetric. The subsection [6.2.4] explain, how does the result change when an
integrand is multiplied by a measure function. Lastly the subsection explains, how
to avoid looking for all critical point of a considered function.

The section §6.3| will be devoted to detailed study of our integrand ®! (g) showing
step by step, how to apply the generalised SPA method to it.

6.2.1 The Theorem

When considering the Euclidean EPRL model, the transition amplitudes factorises into
matrix elements of SU(2)-representations (see subsection|1.2.3.2)), which can be expressed
in terms of combinations of spin % matrix elements (see Appendix |A.86)):

(ul B |u'), = (Hu R 1) (6.25)

thus for large spins j; the largeness parameter J naturally appear in the exponent and
the integrals have the form and one can apply the SPA theorem directly. For the
Lorentzian model this is not the case. We have to then extend the SPA theorem to the
integrands with more general form.

Consider a smooth function ® : RT x Q — C. Let us define

X (A, z) :=1In (P (A, z)) (6.26)

and let us assume, that y has a simple pole of degree 1 in the first argument at A — oc.
The saddle point approximation theorem can be generalized so that it can be applied to
® being the integrand:

Theorem 6.1. Given a smooth function x : Rt x Q 3 (A,z) = x (A, z) € C, (where
the compact set Q C R™ contains a neighbourhood of 0) with a simple pole of degree 1 at
A — oo and assuming, that

vx;ﬁO,AER"’ s (X (Aa :E)) <0 (627)
Vaer+ lim  R(x(A,2)) = —oc0 (6.28)
Vaer+  x(A,0)=0 (6.29)
, 1 Ox (A, z)
Vie,ov lim = 22T g (6.30)
. Lo [ Px (A, 2)
Vi,jzlym,N Alglolo KéR ( DO sz) = —C’iéij <0 (6.31)
one has .
XM dy = ——T (A 6.32
/| =T (6:32)
for a smooth function I (%) : [0,00[ = C, such that I (0) = \/(2m)" L

v/ — det(82x_1(0))
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The proof of the theorem can be found in Appendix
Having the above theorem let us define the exponent part of ® as

¢(z) == lim %log (®(A,2)) (6.33)

A—oo

Let A = {z € Q:V¢(zr)=0}. Let the maximal critical point of ¢ (z), i.e. the point
ZTmax € A such that R (¢ (x)) is maximal among all the points € A. The integral of the
function ® (A, z) over Q can be then estimated by

21 B 0%¢
/Qde@(A,x):(A) (W

6.2.2 Noncompact integration range

) E P(A, Tmax) (1+0 (A7) (6.34)

The SPA theorem requires the integration range {2 to be compact and the the integrand
to vanish at 0. Nevertheless, under certain assumptions, one can generalise this theorem
to noncompact integration ranges.

Let us consider a noncompact €2 and assume that exists Ag such that for all A > Ay
the following is true: for each € > 0 exists a compact region R, C €2, such that

/ dVz |®(A, z)| < € (6.35)
Q\Re.

and that Re C Re fgr € > €. Then let us introduce for each € another compact region
R, such that R, € R. C Q and a smooth function x.(x) such that

1 z € R,
Xe(x) =40< Xe(l') <1 ze€ RE \ Re (6'36)
zeQ\ R,

Obviously fQ\Re dVz [xe(z)P(A, 7)| < e

Let I(A) = [odNz®(A,z) and I(A) = [,dVz x(z)®(A,z). Obviously for all
A > Ag we have |[I(A) — I.(A)| < 2e, thus function I.(A) converges to I(A) uniformly
with respect to A. But each integral I.(A) is in fact an integral over a compact region
R, so it can be calculated using the SPA method:

- (3)’ (3

where . is the maximal critical point of ¢ in the region R.. For € sufficiently small, for

) h ®(A,z.) (1+0 (A7) (6.37)

N -2
example for € < % (2%) 2 < % ) > ®(A, xg), the region R must contain the maximal
0

critical point of ¢, SO T = Tmax, thus the leading term does not depend on €. So the
leading term of the function I(A) is the limit at e — 0 of the leading terms of I.(A).
Quod erat demonstrandum.

6.2.3 Case of spherically symmetric integrals

Consider now a spherically symmetric integrand ® (A, Z) = ® (A, r), for r = |Z|, with the

maximal critical point at » = 0 (being in the interior of the region €2). Then obviously
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¢ (¥) is also a spherically symmetric function. This simplifies a lot calculation of the
Hessian matrix of the exponent part of the integrand.
The Hessian matrix of a spherically symmetric function ¢ is

0%¢ r do  or or d%¢

dridx)  9zidx dr + Ozt OxJ dr? (6.38)

If » = 0 is the critical point, the differential % 0= 0, thus the first term vanish.
r=
Further simplification comes from the fact, that

Lo oo o oo o o
20xt0xi Ozt Oxd Taﬂaxj  Oxt Oxd "= '
and since 72 = 3 (aci)Q, we have
or Or
Thus the Hessian matrix is
82¢ d2(;5
A = —— Oii 6.41
0xidxi |._, dr?| _, " (6.41)
And the Hessian determinant:
9% aze |V
. = |— 6.42
0xi0xd |y |dr?|,_, (6.42)

6.2.4 Multiplying of the integrand by a A-independent function

Consider now an integral of the form
I(A) = / dVz (@)@ (A, ) (6.43)
Q

where p(Z) is a nonvanishing function and ® (A, ¥) satisfies the assumption of gener-
alised SPA. When using the SPA method, the integral I(A) can be easily related to
I(A) == [, d¥z ®(A, z). Indeed, note, that presence of y(Z) does not effect the exponent
part of the integrand:

H(®) = Jim £ Inp(@) +

A—o00 A

ln<I>(A Z) =0+ lim —ln<I>(A Z) = ¢(X) (6.44)

A—oo A

thus the maximal critical points of the exponent of the integrand does not know about
presence of p(Z). So using the SPA we get

N|—=

> ,U«(xmax)q)(Aa xmax) (1 +0 (Ail)) = N(xmax)[(A)
" (6.45)
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6.2.5 The role or the maximal critical point
Consider now an integrand @ (A, z) such that
® (A, z)| < e 2@ |® (A, 20)| (6.46)

where xg is a critical point of the exponent part ¢ (r) and V,zz,a () > 0. Then xq is
the maximal critical point of ¢ (x). Indeed, let us estimate the real part of ¢ (z) for any
other point:

R(6@) = Jim +Inf@ ()
< A1132&11&( x\@(A,xo)\) (6.47)

= —a(@)+ Jim £ In[@ (A, z0)] = —o(x) + R (6 (x0))

and since (by assumption) « (z) > 0, obviously R (¢ (z)) < R (¢ (z0)).

This leads to a convenient conclusion: if one finds a point, such that is satisfied,
the derivation shows, that it provides maximum real value of the exponent part of
the integrand ¢ (z). It is thus enough to check, if it is a critical point of the exponent
part of the integrand. If it is, there is no need to look for any other critical point. If it is
not, the theorem cannot be applied (the integrand does not behave Gaussian-like around
the maximum point).

One can easily estimate the contribution from Gaussian-like integral I (A) around
any other critical point z1 of ¢ (x)

o - (3

— C(x1) A2 (z1,A) (1+0 (A7) (6.48)

D=

82 ¢n1
Ox2

) @ (21,A) (1+0 (A7)

Let Ip (A) = C (xo) Ao (zo,A) (1+ O (A™')). Then the modulus of I; (A) is

1L (A)] = |C ()| A7 @ (21, A)] (1+0 (A7)

e |C (1) A7 [ (20, A)| (1+ 0 (A7)

o x1>;c<§;§; I (M) (140 (A1)

C(
— (A <e Ao mo)) (6.49)

IN

so I (A) is exponentially suppressed.

6.3 Details of calculations

In previous section we developed the tools needed to integrate the matrix elements @, (g)
over SL(2,C). In this section we study properties of this particular integrand, that are
needed to apply the above methods.

As we have already mentioned (see subsection , the integral can be
easily expressed as an integral over R3:

T = [ @ @ @) (6.50)
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where ¢,/ € inv(H;, ®---®MH;,). The integrand is in fact a spherically symmetric
function dependent only on 7 := |7j]:

(1) == u(n)®,(n) (6.51)

Our largeness parameter is J = max {7j; }
the numbers z; := jji,
parameters.

This section is organised as follows. Firstly, in subsection [6.2.4] we identify the parts
dependent and independent on the largeness parameter in the integrand. We also fix some
notations used later on. Then, in subsection [6.3.2] we express the functions appearing in
the integrand in terms of hypergeometric functions. In subsection [6.3.3] we identify the
maximal critical point of the exponent part of the integrand. The subsection [6.3.4] shows
that despite noncompactness of the integration region we can apply the SPA method.
The subsection [6.3.5l Finally, the subsection [6.3.6| we collect all the results of this section
into the final form of the leading order of the T operator.

i—1.n - For later convenience we also introduce
Tt

which although being 0 < z; < 1, cannot be considered small

6.3.1 Decomposition into measure and exponent part

Recalling (6.51) the integrand is ®(n) = u(n)®" (1) with

sinhn 2 . ink3
) = (Tt) al ) = YT |0) (6:52)

Obviously the function u(n) does not depend on the largeness parameter J. Thus, using
Subsection it is enough to find the critical points of ®*,(n). From now on we will call
the function ®(n) the full integrand, the function ®!, (1) the integrand, and the function
w(n) the measure part of the integrand or simply the measure.

In this section we will often go back to the |m) j basis, thus let us introduce appropriate

notation:
() = D (l iy (| [ @72 () (6.53)
mm!
where
N
O (1) = [ [ tmal YTy |mi) (6.54)
=1

Since [K?3,L?] = 0, each term (my]| yleink*y Im;);. is proportional to &y, v, thus we
can define the function

£ ) = (m| YT Y m), (6.55)
such that
N .
‘I’Zw(ﬁ) = H 5mz,m; 7%2)(77) (6'56)
i=1

Thanks to |i it is now obvious, that in the basis \ﬁi); all the nondiagonal matrix
elements are precisely zero.
The exponent part of the integrand is

. .1 . N D)
$u(n) = lim gy (n,J) = lim —In > TtgeXi=t 0 fmi () (6.57)
m
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Because of the sum under the logarithm it is quite inconvenient object, thus most calcu-
lations we be done for the exponent part of the function @nm;,(n), which is

N
1 .
. _ . i (Ji)
b (1) Jim G (n, J) lim ~ ;:1 In £ (n) (6.58)
Note, that
. _ 1 1 Jbm(nJ)
éy(n,J) = 7 In [i Ll e” O (6.59)

6.3.2 Hypergeometric representation

Let us now focus on the function fé{)(n). According to [80] it can be written as

, 25 . o
D)y = (27+1) <j ij) e~ UFmAn givin (6.60)

1 . . .
' / At (1 ) 1= (1= e 4] O
0

(see also Appendix [A.4.3). Recall now the integral definition of the Gauss’s hypergeo-
metric function [8§]:

I'(c)

2F1 (a, by c; z) = TO)T(c—b)

/1 Attt (11— )t 1 — 2t (6.61)
0

Comparison of formulas (6.60) and (6.61)) gives a conclusion, that

D) = e Tty py (j+1—iyg, j+1+m; 25 +251—e ) (6.62)

m

More detailed study of properties of functions f,g{ ) (n) can be found in subsection m

6.3.3 Maximal critical point

To apply the SPA method we need to find the maximal critical point of ¢!, (). We will
find it as follows: first we will identify the only point such that if it were a critical point,
it would be relevant (i.e. was there any other critical point, it’s contribution would be
exponentially suppressed - see subsection , then we will check that the point we
found is actually a critical point.

6.3.3.1 Identification of the potentially maximal critical point.

The natural candidate for the maximal critical point is 7 = 0. Since f,(nj)(n) =1 (see

n=0
(6.119)), it is obvious to find the value of the integrand
P70)=1 so @Y= (]) (6.63)

Now let us show, that n = 0 is the only critical point that counts, i.e. was there any
other critical point 71, The value of @2(771) would be exponentially suppressed in large

J limit (see subsection . Indeed, one can estimate the modulus of fg)(n) by

2 2

W 1_ay—e-n\ ST
‘fm (77)) < (e ) oo
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(see subsection [6.5.1.4]) thus

N (t+1) —m2

, N Yo G2 —m?

@] < (cr-2me )= I o e (6.65)

Now since
@il = | > )| < | [0 m)| s (6.66)

m m
we have
N Git)E-m?
(@4 () < D [Cm)]==" @ T (6.67)
m

Now using the fact, that the states |¢) and |L> are SU(2)-gauge invariant we can apply

the lemma of subsection to replace Z , m? by ZN J’(]ZH) in the above formula
and obtain

4l < [l [¢)] [Cm)] 2= = (][] (O  Z5 8 (6.68)
(see (6.175))). Adopting the above formula to the form of the condition (6.46)):
@3 (m)] < @ (0)] =737 (6.69)

where N
~ YTty
J) === L]
a(n, J) D
Since V, >0C(m1) < 1 (see subsection [6.5.3.1]), the logarithm is always negative and thus

a(n,J) is always positive. Although the obtained function & depends on J , one can
ZN

n [C(n)] (6.70)

find a weaker estimation independent on J, namely a () = —=2=" In [C(n)]. Obviously
Visoa(n) < &(n,J), and thus
Vis0 |} ()] < | (0)] =7 (6.71)

so nn = 0 is the point maximising the real part of exponent part of the integrand.

6.3.3.2 Smoothness check

Having proven that the maximal critical point of ¢!, is at n = 0 (if any), let us check,

whether the exponent part of the integrand is smooth at this point, i.e. if 4o, - 07
77:
Using the property (6.59)) we have
3 3 Tty J e @m () € Tty dés
—L = - => (6.72)
We will show, that ¢z , = 0 for all 7.
'r]:
Let us then calculate:
(J
N dfm;
0 1 “dn
——0m(n,J) = = »_7"7 (6.73)
on J i=1 1% )("7)
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Details of calculations can be found in subsection [6.5.1.2] the result is

0 _ [Z b4+ al i —2n oF1 (ai+1,bi +1; ¢4+ 1; 1 — e 1) (6.74)

877¢ o F1 (ag, by; ci; 1 —e=27)

with §; =0 := 5; + 1 +m; —ivjs, a; = 1+ 53 —ivjs, by = 1+ §; +my, ¢; = 25; + 2. For
1n = 0 all the hypergeometric functions value 1, and we are left with

LIPS IR o PRI (6.75)
using simple algebra (similarly to (6.132))) we can simplify it to:
6 Z]\L mz‘ -1

G (n, J =—iy==L 24+ 0(J 6.76

yonn )| L0 () (6.76)

Thanks to SU(2) invariance of the states we act on, the sum Zi\io m; = 0. The second
term vanish when the limit J — oo is taken. Thus for all m

d
— 0w (1 =0 6.77
dn ( )n:o (6.77)
SO Aot
dovl g (6.78)

so the exponent part of the integrand is appropriately smooth at n = 0 and thus n =0
s the maximal critical point.

6.3.4 Asymptotics
As we have already shown in ([6.68)), the modulus of the integrand is bounded by

_ Z va: i1
|‘I)ﬁ/(77)| < (61—277—@ 2n) 12 1Tt (6.79)
Thus for arbitrary small € one can find such an 7, that
o0
Vo | [ anutes )| < (6.80

Indeed, this integral can be estimated by

/ dnu(nﬂ)i/(n)‘ < / dn [u(n) @y (n)|
o sinhn\ 2 / 1o, o—20\ 75 Lrv (zi+3)
< n—e
< / dny ( o > <e ) (6.81)

1 e 2 —2n —2n
- <6 _ el—e L 61—2?75—6 f)
2 \ 41,

where the last inequality holds for % Zf\il (zi + %) > 3 (see subsection |6.5.3.2)) - what
is for sure true for J > 36, and since we consider the large J limit, this condition holds

in the limit. As it is shown in subsection [6.5.3.2] the inequality

1 2 2ne o

has always a solution. Thus the assumptions of the lemma of subsection [6.2.2| are satisfied,
so our integrand ®!, has proper asymptotic behaviour and the SPA method can be applied.
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6.3.5 Hessian matrix

2 L
Since the maximal critical point is n = 0, we need to know the Hessian determinant ¢
at this point (see (6.34))). Thanks to the spherical symmetry it equals
82¢L d2¢L 3
8775/ = dnf/ (see subsection [6.2.3]).
To calculate the second derivative of ¢!,(n) we use the equation (6.72]):
d2¢il B i En’i %%ewm(n)
dn? dn @}, (n)
_ Gty e’on ) g5 Aoy, 3 Tate? ) dg, (6.83)

— L) AP dnp = [ou(p)? o

The second term in above formula vanishes at n = 0. Indeed, in subsection [6.3.3.2
we have checked, that V3 dqu’ 0= 0 up to O (J *1) corrections. Thus noting, that
/)7:

P4, (0) = (¢||/) and ¢,(0) = 0, we have

1 — ! d2¢ﬁz
= Ui, (6.84)
dn? -0 {¢||¢") %: dn? n=0
Let us then analyse % o Obviously it decomposes into a sum
dQQZ)* N 1 dzln[ﬁff)]
dL = - 6.85
om0 (059
n=0
Using the calculations of subsection [6.5.1.3| we get (up to % corrections)
d2 In |: (Jz)} ( i 2
i Ji+1)° —mf
_— =1+ 2L (1+0(J 6.86
dn? ( v ) (2j; + 3) ( ( )) ( )
n=0
o (neglecting the O (J~1) terms)
dn? =0 J = (27 +3) '

Now recalling (6.84]) we have

dopl 1 (1 - G+ 1) m?
n=0 B <L| |L/> Z [Lﬁbbﬁl ( J ) Zz; (2]1 + 3) (6.88)

dn?
Thanks to SU(2) symmetry we may use the lemma of subsection and substitute
each term m? by JZ(J’H) (see (6.176)). Then we get

d?¢Y,
dn?

1+’y Z~ i g:jﬁ—l
J

(6.89)

=1
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The t-dependent factor cancels out, because Y . T~ = (¢||/):

N
= zi+ — (6.90)
3 — J

Neglecting the %—order terms simplify the formula a lot and gives

d?¢Y,
dn?

n=0

d?¢, 1++2
dn n=0 3 i=1
So the Hessian determinant is
3
824", 1442 &
L = T; (6.92)
o |~ |3 2

6.3.6 Results and overall factors

Let us summarise all the calculations done above. The Lorentzian Polyhedra Propagator
T is given by the integral

T = [ T (6.99)

For J > 1 it can by approximated by the value of an integrand at 7 = 0 and the Hessian
matrix of the exponent part of the integrand at this point:

o\
™
T, = (£
’ <J>

Noting that p(0) = (ﬁ)Q, ®4(0) = > =Tt 0 = = (t|[|V), taking the value of
29

o1

" u0)@(0) (1+0 (7)) (6.94)
n=0

&¢
o

n=0

from (6.92) and neglecting } corrections we get
’%
3
](MA (6.95)

n=(L) (%)
o \dr) \T ) 0+

This means that the leading order of T is proportional to the identity:

() (5)

The proportionality factor will be denoted

3 2
(HW%Z%MIHE (6.96)

3
1\? 6 :
a(x;) = <> (6.97)
A (1 +’Y2)Zij\;1 xz]
so that ,
T=o(z)J 215 (6.98)
One can easily check, that | T|| < 1. Indeed, the factor o (x;) < ((1+72)0.i§:1xi)3/2 s

less then 1, because 1 +~+% > 1 and Zf\il x1 > 2. Moreover, by assumption J > 1.
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The higher order terms of T have not been studied yet, but we have already found
(see (6.56)), that in the spin-z basis [17)> only the diagonal terms are nonzero:

~(5)

6.4 Application of Lorentzian Polyhedra Propagator

3

N ]
Om +<J> Ty | 72, (6.99)

T N
J(L+92) >0 @

3.3

The operator T obtained above can be applied in some explicit calculations of spin-foam
theory. The very simple form of its leading order, i.e. fact, that it is proportional to
identity, simplifies some calculations a lot. In this section we will list few of applications
that we considered.

First in subsection we discuss the applications in the transition amplitude of
the Dipole Cosmology model. In subsection we discuss the input of T operator on
the radiative correction caused by the melonic bubble (studied by Aldo Riello in [7§],
recalled in subsection . Finally, in subsection we make an attempt to study
the issue of renormalization of edge-amplitude in spin-foam models.

6.4.1 Dipole Cosmology

As it was calculated in [57, 58] and recalled in section and subsection {4.5.1] the
transition amplitude of the Dipole Cosmology model is given by

4
W(z) = ZH(ng1)6—2tﬁje(je+1)—izje/

4
dg [T Gel wl, YTgy u Le)j,
=1

ey =1 2O
4 . . . .
= > [ @je+1)ethiebetb=izie (T |,f) (6.100)
{je} (=1

4
with () ::/ du | |u-u = |je)
SU(2) H n()

Our calculations influence only the term (¢|T|[¢/). Authors of [57, 58] assume that this

term behaves like % (with jo = % and Ny being a constant for a given graph). The

0
direct formula for the Lorentzian Polyhedra propagator shows, that it is

(T]) = o (z) - Js (u| ") (6.101)
where the factor s
a(z;) = ap (Z;W) =: & (24) (6.102)

depend on ratios of spins x; = jji, but it does not scale with J. The coherent SU(2)-
intertwiner have norm squared scaling as j -3 (see [63]), thus the overall scaling of (| T |¢)
is N -j73, as expected. So taking into account the direct calculation of the Lorentzian

Polyhedra Propagator, the Dipole Cosmology transition amplitude reproduce the original
DC formula of [55, 57, [58]:

4
N ‘rl) : —2thje(g —iAv %—zz
W(z) = E ;8 | | (2504 1)e 2thje(je+1)—idvojy —izjy (6.103)
{je} t=1
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Figure 6.2: A 2-vertex contribution to Dipole Cosmology transition amplitude. (a) - The
graph diagram representing the interaction vertices of the process. (b) - The spin-foam
of the process.

with a minor correction: the graph-shape dependent factor N now depends also on the
ratios of spins.

Using the same summation technique, as in [55], (i.e. summing by integrating the
Gaussian integrals, see also subsection [2.2.1]) one obtains a similar result

w(z) = V) (2]'0\/?531)4 _ N (1) ze 5 (6.104)

Jo

where (likewise in (6.102))) the normalisation factor N (x;) = No& (z;) for Ny being the
normalisation factor of the original SC The original DC transition amplitude (see (2.23))
can be obtained by setting all parameters z; = 1.

It is important to notice, that the factor & (z;) varies from & (z;) = 1 for all spins
being equals to & (z;) = 2v/2 for a degenerate configuration (for example j; = jo and
js = ja = 0). Thus it does not influence the exponential behaviour of the total amplitude.

Simple 2-vertex Dipole Cosmology The fact that the T-operator is proportional to
identity allows to calculate the contribution of one of 2-vertex terms to Dipole Cosmology
transition amplitude.

Consider a diagram presented at figure [6.2a] It is equivalent to the spin-foam presen-
ted at figure with eight rectangular faces and one internal edge connecting two
interaction vertices. Recalling the form of the boundary state (subsection [2.2.1.2)) and
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the Feynman-EPRL rules (section §4.3|), the transition amplitude of such process is:
W (2v) (Zins Zowt) = Z H (250 + 1) e~ 2thje(Get+1)—izede
{je} £
. / (dgngN/dgNungng/ng//)U (6105)
SL(2,C)6-2

4
T Gelul, Y95 an Y Yiggigsu,y L),

Y
Il
—

:1m

Gl uly, YTyt gnn Y Yigglgsiu s lie),

~
Il
ot

where by fSL(ZC)@Q (dgngN/dgN//ngdgg/ngn)H we mean, that two of the integrals
are dropped (thanks to the property recalled in subsection , and zy = 2z, for
¢=1,...,4and zy = zoyt for £ =5,...,8 (similarly to subsectionwe omit the face
amplitudes). Note, that the only terms that prevent the formula from the factorization
on in and out parts are the gy~ and ggr group elements. Thus, using the regularization
(see [46l 50] or subsection , we can choose to drop these two group elements,
obtaining

W(QV) (Zina zout) — W(QV) (Zin) W(?V) (Zout) (6106)
for
W) () = D[] (2 + 1) e et =izie (6.107)
{de} ¢

4
: dgndgs [T Gelul YTgnt Y Yigsu 5 [5e) .
/SL(Z,C)2 g e N e e

Comparing it with (6.100) we can write, that

4 PO
W) (2) = Z H (2j0 + 1) e—2tﬁjz(jz+1)—i/\voj,52 —izje (1] T2 ’L,> (6.108)
{je} £=1
and recalling (6.98) we get
<L|T2‘L/> o? H "N =a(x)J” 3 (| T]) (6.109)
S0 ,
W) (2) = a(x) j, 2W(2) (6.110)

and we conclude, that the correction coming from this particular 2-vertex contribution
to Dipole Cosmology transition amplitude is proportional to the original amplitude and
is negligible in large j limit.

6.4.2 Bubble Divergence

As it was proven in [78] and recalled in subsection [2.3.2.1} the radiative correction to the
spin-foam edge coming from the melonic bubble (see figure is proportional to the T?
operator. To be precise, given a cutoff A on the internal spins of the bubble, the leading
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ZE I )
e

Figure 6.3: Since the T operator represents a single EPRL vertex on an edge, and the
identity operator represents a single edge, the melonic bubble regularised in [78] can be
regularised one step further, as it is shown above.

order of the transition amplitudes are proportional to matrix elements of the following
operator
W ~Wh:=In(A)-T? (6.111)

Our calculation shows, that in large J limit (with J being the maximal spin of the
external faces of the bubble) up to % corrections this radiatively-corrected edge operator
is proportional to the identity with the constant dependent on A and J:

1\* 27
A

,=InA- (=) - =5
W=l (J) 327

The proportionality factor we will call a (J, A):

3
1

A+ 2N, @

S (6.112)

)

3
1\* 27 1
a(J,A) :zlnA-<> 2L <
J 32m (1+79?) D im1 T

we will use it in the next subsection in the edge renormalization problem.

Note that since A is the maximum spin appearing in the bubble causing infinity,
whereas J is the maximum spin appearing on the external faces, so they cannot be
identified. To make the formula correct we have to assume 1 < J < A.

(6.113)

6.4.3 Edge renormalization

Consider now a series of spin-foams (ky),,_,; _ such that they differ only by a number of
vertices on one selected edge e, i.e. Kk, has precisely n EPRL vertices on e (see figure |6.4)).
Then the spin-foam operator related to k,, is

Wi, = Wiy - T" (6.114)

As we have mentioned in subsection |IT|| < 1. Thus we can sum the series of Wi,
to

> 1 1
WhE=>"W,, =Weog—5 =W, (6.115)
n=0

1 —a(xy) J3/2

The same procedure can be done for a series of spin-foams &, that differ by a number
of melonic bubbles on a 4-valent edge (see figure[6.5)). Then, using the results of previous
subsection (and assuming W4, = C - Wfor some constant C') we have

Wi, = Wiy - (C-InA-T?)" =W, - (C-a(J,A)" (6.116)
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Figure 6.4: A series of spin-foams (”n)nzo,l,...' For each foam only a fragment containing
the considered edge e is presented.

Figure 6.5: A series of spin-foams (ﬁn)nzo,lw. For each foam only a fragment containing
the considered edge e is presented.

We can write a formal sum of the power series:

Rbubble N 1
ol = P [ P — 11
Ve, nz_o” o =W T e (6.117)

which equals to the actual sum if the series is convergent, thus if C'-a (J,A) < 1.

Let us now study the factor a (J,A). Thanks to the logarithmic dependence on the
cut-off it takes relatively small values even for huge values of the cut-off. Assume for a
moment, that the maximum internal spin A is the inverse cosmological constant expressed
in Plan units, i.e. that A = 10'%° (such choice is justifies for example in [78]), Then we
get an upper bound for a, namely

9.28

CL(J,A) < ?

(6.118)
thus for each reasonable value of the proportionality constant C' there is a scale J such
that C-a(J,A)[y_q9120 < 1 and the sum (6.117) converges. If C' = 1, this condition is
satisfied even for J > 2% (note, that our approximations were made in large J limit, so
they do not apply for J < 2 and it is possible, that the sum (6.117)) with C' = 1 converges
for all Js).
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Note, that the formula (6.115)) is valid for edges with arbitrary valency. In contrast,
the derivation concerning bubbles is based on the calculation of [78], that was done only
for a 4-edge bubble on a 4-valent edge. In order to derive a formula similar to for
other types of edges and bubbles one has to calculate first the divergent parts of these
bubbles.

6.5 Technical issues

In this section there one can intermediate steps of the calculations done above (mainly
in section .

In Subsection we study the properties of the functions fr(,fb ) (n) (introduced in sub-
section . Subsection m states and proves the theorem about functions dependent
on squared magnetic momentum number used to simplify lots of formulae. Finally the
subsection [6.5.3] contains proves of some estimations done in the main text of the chapter.

6.5.1 Some properties of j}gf) (n) function

This subsection is devoted to the function féﬁ ) (n). First we study some basic symmetries
of fg) (n). Then we calculate it’s derivatives. Finally we prove it decays exponentially
in 7.

Before doing so let recall some definitions and fix some notations.

The féi) (n) functions are very closely related to Gauss hypergeometric function. Let
us recall the definition of 9F in both series and integral representation [88]:

>, aFpk I'(c) L
Fi(a, b;c 2): = A B L G Ll ( QP
(6.119)
where
k=1
o= [ +n) (6.120)
n=0

Note that the if all arguments a,b,¢ > 0 and 0 < z < 1, then the series is sum of real
positive numbers, thus in this case oF} (a, b; ¢; z) > 0.
The function f,(,{)(n):
D () = emUHFm=0Dm, oy (541 —ijy, j+14+m; 25 +2; 1 — e 27) (6.121)

Let us define another function, g%) (n), by setting v = 0 in the above formula:

gD () = e UM B (541, 4+ 14 m; 25 +2; 1 — e 27) (6.122)
One can easily see, that g%) (n) > 0. Indeed, all the parameters of 9Fj function are
positive and z (n) =1 — e~ 27 < 1.

In this subsection it is convenient to consider f,g{) and g%) as functions of z(n):

- (+1+m—ivj) , S .
PP =022 R+ 1—ijy il m 2 +2 2) (6.123)
We will also use a following shortcut notation:

Ji=7j+1 G:=vj (6.124)
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a:=J—iG b:=J4+m c:=2J §:=J+m—iG (6.125)

thus S
f () = (1= 2)2 oFi (a, b; ¢; 2) (6.126)
in case of g,(ﬂ;) (n) it is convenient to use also a := J, so

95 () = (1= 2)? oF) (@ b  2) (6.127)

6.5.1.1 Mirror symmetry: fé{)(z) = Y (2)

Let us use the symmetry of oF; function:
oF1 (a, by ¢; 2) = (1 — z)c_“_b oFi (c—a,c—b; ¢ 2) (6.128)

and the mirror symmetry o Fy (@, b; G Z) = oF} (a, b; ¢; z) to relate fr(rf)(z) with fg;(z)

Inourcasec—a=J+iG=aand c—b=J —m, and ¢c —a — b= —m + iG, thus for
0 <z <1 we have
(=) = (1=2)29F (J—iG, J+m; 2J; 2)
= (1-2) 51— 2) ™R (J +iG, J —m; 2J; 2)
= (1—2)" 5 F (J+iG, J—m; 2J; 2) (6.129)
= (1—2) 50 (J—iG, J—m; 2J; 2) = fY9) (2)

Obviously the same calculation show that g,(%)(z) =g, (2).
6.5.1.2 First derivative of fTS{) (z(n))
Let us now calculate the first derivative of fé{) and g,(r{) with respect to 7. Using
0, 2F1 (a, b; ¢; z) = %bgFl (a+1,b+1; c+1; z) we get:

df$ (=(n))

a — _ge O oy (a, b; ¢; z) (6.130)

d b
—{—6_67772(77) @ oFi(a+1,b+1;c+1; 2)

dn ¢

using (6.125) and z = 1 —e =27 we get 3727 =2e 21 =2(1-2), a?b = %}JH@ = g_ 162;5”

SO
(4)
M —ge=om o F1 (a, b; c; z) (6-131)

dn

e (02 <5 — zim) of1(a+1,b+1;¢c+1; 2)

At n =0 we use z(0) =0 and 2F (a, b; ¢; 0) = 1 to obtain

ardml iGm  iGm yjm 1
T — _5+6— = _—zj+1_—zm(1+0(] ) (6.132)

n=0
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To find the derivative of gg) (n) we just set G =0 in the above formulae and get

g (=(n))

an = —de My (a, b; ¢; z) + Se= (02, gy (a+1,b+1;c+1; 2)

= —0e M [oF (a, b;¢;2) —(1—2) oFy (a+1,b+1; ¢+ 1; 2)]
(6.133)

We can simplify the hypergeometric term using the series expansion:

oFi(a,b;¢2) —(1—2)2Fi(a+1,0+1;¢c+1;2) =

_ 1+ZLZk_1_i(a+1) (b+1) Zk+i a+1) U,

— c*k! = (c+1) )FE! = (c+ 1)k ( 1)!
© _kpk
_ Z aib k [1 (a4 k)(b+Fk)c N ck‘]
pt A ab(c+ k) ab
_ i afbg i abc + abk — abc — akc — bke — ck? + 2k + ck? (6.134)
i CRR! ab(c + k)

_ i afbkzk (c—a)(c—Db)k
ckk! ab(c+ k

)
+D) IO+ DM

SO

(4) c—a)(c—
dgd(n(")) = —56‘5”2(77)W 211

what we will need in (6.5.1.4]).

(a+1,b+1;c+2; 2(n) (6.135)

6.5.1.3 Second derivative of f,g,{) (2(n)) and In [f,g,i) (z(n))} at n=0

In subsection [6.3.5{ we need to know Lo ln { @) (z (7]))] at n=0.

42D (2(n))
dn?

that (5 — 7’G7m) = 2%’ we get

A2 (2(n))
dn?

Let us first calculate . By differentiating the equation (6.131)) and recalling,

b
= —6|—=0e " yF (a, b; ¢; 2(n)) + 2%6_(5+2)’7 oF 1 (a+1,b4+1;c+1; 2(n))

—(0+2) 2%be_(5+2)" oF1 (a+1,b4+1; ¢+ 1; 2(n)) (6.136)
2a7b (a+1)(b+1)dz(n)

—0+2m, p 2,b42; c+2;
c (c+1) an € 2P (a+2, b4 25 ¢+ 2; 2(n))
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Fortunately we do not need to know the second derivative for all 7, it is enough to find
its value at 7 = 0, where z(0) = 0 and 2F} (a, b; ¢; 0) = 1, so the formula simplifies:

2 £(7) 1 1
M) 55409 —(542)2% 4@t DOED e
d772 c c c (C + 1)
n=0
Now using (6.125)) one get
4z ¢\ (2(n)) 6 abd ab  ab(a+1)(b+1)
—_— = 4|——— 4+ ——— 1
dn? . [4 c c + c (c+1) ] (6.138)
/]’]:

We are interested in the second differential of In [ @) (z(n))} . Using the identity

(6.139)

d?In f(z) _ f"(@)f(2) = [f' ()]
da? [f (@)

and the fact, that f},i)(z(o)) = 1 we have

@ n [ 1 (2(n))] @215 (=(n)) afd (z(m) 6140
dn? N dn? a dn (6.140)
=0 n=0 n=0
putting here the expressions (6.131]) and (6.138)) we get
()
d21n[fm’ (z(n))} _ [P ek _ab abla+D)(b+1)] _5+2&b2
dn? N 4 c c ¢ (c+1) c
n=0
2
— 52_4@_4%4_4@%_524_4@_4 CLb
c c c (c+1) c c
_ 4@ [_1_ab+ (a+1)(b+1)]
c c (c+1)
—2_c— —
_ 4afb‘ c¢® —c—abc—ab+abc+ac+bc+c (6.141)
c cle+1)
ab(c—a)(c—10)
= 42T
¢ c(c+1)
a(c—a)-b(c—Db)
= —4
2(c+1)
Now using (6.125]) we have
d21n [ 75{) (z(n))} 4(J2 +G2) (J2 —m?) X G2\ J? — m2 6140
dn? T 4J%(2J 4 1) __( +J2> (2J + 1) (6.142)
n=0
and using ((6.124)
* ln[ ? (Z(n))} 1+ ( » )2 SR (6.143)
dn? a j+1 (2j +3) '
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@2 n[ £ (2(n))]

Since % =7 (1 + O (j_l)), the leading order of a7 is
n=0
@ n |15 (2(n))] L 1)? 2
m _ oy U+1)" —m 1
o7 =—(1+7%) 213 (1+0(™) (6.144)
n=0

The term dependent on m can be further simplified - see subsection [6.5.2

6.5.1.4 Estimations

It is easy to see, that | ‘fﬁ{) (77)‘ < g,(,{) (n). Indeed, taking the integral representation of
oF'1 we see, that

. 1 I+m j—m
1 )| = [eorremian (25 +1)! / ) R
G+m!G-—m)lJo [1—(1—e2) t](ﬁl)—m
_ o Gt1m)n (2 + 1) /1 d A (1=
= e - - t Ay
G+m)!G—m)! [ Jo  [1=(1—e2n)g0t—iv
- 1 I+m j—m
< e-UH1Hmn (2j +1)! / dt v (1 -ty ____
B GH+m)lG—m) Jo |1 = (1 —e2m) U=
. ] |
(G +m)!l(G —m)!
1 ‘ o
: / At (1 — 1) 1= (1= e 21) 4] UHY
0
= e UM o (41, 5+ 1+m; 25 +2;1—272)
= g3 (=(m))
Let us now estimate g%) (n) from above and from below.
A g9
To estimate g,(,]l) we will estimate it’s derivative. We will consider bounds of %
g
dg$)
Tn(z(n)) - (+m)(J—m) 2ol (J+ 1L, J4+m+1;2(J+1); 2) (6.146)
O 2(27 + 1) 2oF1 (J, J +m; 2J; 2) '
To simplify the formulae let us introduce a constant w := (J;g}gim) = SEE;?)

Estimation of g%)(z) from above One can easily see, that for nonnegative a, b, ¢, for
0 <z < 1 and for ¢ = 2a and b < ¢ the following inequality holds
oF  (a, b;¢;2) < oFy (a+1,b4+1; ¢+ 2; 2) (6.147)

Indeed, using the series representation we can compare each term, obtaining:

| =1 (k=0
;Ls W (h=1) (6.148)
ab (a+ )b+ k)
e+l ~ @atRWEathin *2Y
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where the last inequality is equivalent to

0 <k®(4a+2—10)+k (4a® +2a +) (6.149)
which is satisfied for our assumptions. Thus 22 gﬁb{ﬁ"}ngf‘i;ﬂz) > 2z, 80
W) (T m) - m)
dn z\n < +m -—m _9
. < - z(n)=—w(l—e " (6.150)
o G e
Integrating the above equations one gets
In (ggp)\ <Yy Y (6.151)
2 2
so we have the upper bound:
(%) 1—e—21-2 %
g’ (2(n)) < [e ’7} (6.152)
and replacing J by j + 1 (see (6.124]))
‘ o Geitm) gt om)
o) (=) < [etme ] (6.153)

Estimation of g(] )( ) from below To find the lower bound of (6.146) let us show,
that under even weaker assumptions (i.e. a,b,c > 0 and 0 < z < 1) the following is true:

dosoaoFy (a, by ¢; 2) > 29F (a+1, b4+ 1; ¢+ 2; 2) (6.154)

Let us introduce an auxiliary quantity A, := aoF) (a, b; ¢; 2)—z9F1 (a+ 1, b+ 1; ¢+ 2; 2)
and use the series expansion of the hypergeometric functions:

0o —1

E 00
Ay = a—I—aZaCEk' Z b ) 2"

o1 (c+2)f ( 1!

B i kbk clc+ 1)k
N P ckk:' ab (c+ k)
> qFpk aabe + aabk — c(c+ 1)k
= 6.155
aJerckk' ( ab(c + k) ) (6.155)
. o] k—1 k—1
_ a+az ko oy (aab—cle+ D)) S~ (a+ D+ DT
e +1) K det D S e+ k-

= agsFi(a,byc+1;2)+ c(cj— 1 (ab—c(c+1)) oF1 (a+1,b4+1; ¢+ 25 2)
For a > ag := C(f;l) all the elements of the above formula are nonnegative, thus we have
Ao 2 0[,>4,, Which proves the lemma. Thus

zoF1(a+1,b4+1;c+2; 2)
< 6.156
21 (a, b; ¢; 2) =0 (6:156)
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SO

- (2(n)) b(c—1b)c(c+1) c
. =— =——(c— 1
g9 =W 2(c+1) ab 2a (c=b) (6.157)
In our case ¢ = 2a, so
dg) 5
n
Mz—(c—b):—(j—kl—m) (6.158)
©)
9m
Integrating above formula one gets
95 (2(n)) = e710H= (6.159)
So finally we have
‘ ‘ ., G+14m) (j+1=m)
TG < gD (2(n) < [t )T (6.160)

6.5.2 Squared magnetic momentum number

Several times in the calculations above the squared magnetic number m? appears. It seem
to break SU(2) invariance, however when considering the invariant states
|t) € Inv (H;, ® --- ® H;, ), one can express such components in terms of gauge invariant
quantities, what we will prove below.

At the beginning let us remind, that given an invariant state |¢) we can decompose it
in the magnetic momentum basis

= > ey M)y, @ @ ), Zwm (6.161)

mi,...,mN

note, that
vy = (| )7 (6.162)

We will learn how to compute the formulae of the form
Z f(m2,3) T (6.163)
for a real analytic function f.

6.5.2.1 Single squared magnetic momentum number

. . . 2y . . . e
First let us consider an expression Y . m: izt~ for a single index i. By definition we

have m? )7 —L () |m> Now using (6.162) we get
Sty = S Gl i (il ) 2
m
2| > -
= Z<L|mi |m>]~.<m|‘L’>]~. (6.164)
—2 . ,
= > (L ;] |




Now since ) - [17) (73] is the identity operator, we have
2
Zm?%éﬁ = (t| L, s ‘L/> (6.165)
m

Now thanks to SU(2) invariance we have

2

WIow ) = (L \>— |Ly<z 10y
1 —2
= g(l[ o Lo +L ()]W (6.166)
1
= SO |)

The operator L%Z.) is an invariant with eigenvalue j;(j; + 1), thus after all we have

+1)
m?w;f‘”i (ol )

(6.167)

6.5.2.2 Real function of m?

Consider now a real analytic function f (m?) instead of m?, i.e. let us calculate

/\2
Yo f( )/,mL-‘. We will start with a polynomial: (mf)n Since L, ;) is a positive,
selfadjoint operator, we can repeat the above procedure and obtain

> (md)" T = ( (L/\()2)n ) (6.168)

m
/\2
Now we can insert an orthonormal intertwiner basis between each two L, (;y operators:
—2 —2
S (md) ' Tn =Y (L. lu)al- ) (taal L) V) (6.169)
m Llevorg q

Each expression (i| L/\ |er41) equals § (¢7] L |L[+1> (see (6.166))) giving the eigenvalue
Jz(]§’+1)

, thus we have

> (m?) Ty = [‘7’(‘“3“} | (6.170)

For a real analytic function f more general than the polynomial we expand f in a
power series and follow the above steps for each power of mz, obtaining

Zf m; Lmb~—f<j1(h+1> o | (6.171)

6.5.2.3 Function of many m?s

—

Consider now a real function f (m%, e ,m?v) Since the operators L, izi commute for

different i, for each term mg we can do the procedure of subsection [6.5.2.2| separately,
obtaining
— i +1 JN +1)
S F(mi .. mi) T = < (3 ) inG ) (t]") (6.172)
m



6.5.2.4 Function of many m?s and many j;s

At least let us consider a real function f (m%, . ,m?v,jl, . ,jN) =:f (W—Lz,j) Note,

that given an expression ). f (ﬂ? ,;) Tt , the ji-dependent parts do not differ when

m changes. We can thus follow the procedure of subsection [6.5.2.3] treating all j;-
dependences as parameters of the function, and obtain the result:

Zf( )%h—f(w 7) (] (6.173)

6.5.2.5 Application in the text

In the main text of the article the above lemma is used twice: when the large J behaviour
of the function ®!,(n) is considered subsection and when the Hessian matrix of ¢!, (n)
is calculated subsection

In the first case we estimate |®, ()| = Lzm O (1 )it | < |2 [OH(m)| Tatts ],

N Gi+D)? —mj

knowing that |®7 (n;)| < [C(m)]zz:l 127i+3)  where the factor C'(n1) does not depend
on m. We have thus

N Git)?—m? .
|2 ()| < D [COp) == @ T (6.174)
m
and using our lemma we can substitute each appearance of m by £ (]H_l) , obtaining

N (]'i+1)2—ji(ji+l)

@4 (m)| < [Co== 7@ || = [Cm))= == o) |0 (6.175)

d2¢b
In the second case we calculate WQL,

_ _1 d2¢, .y )
R Zm Tdn? =0 Ll,y, knowing that
=0 =

dz;?zm = 1+7 Zz 1 U Z(J;;) 3) i. Again using our lemma allows to substitute each
n=0 g
appearance of m by JZ(JZH) , obtaining

d2¢i/ ji(jg‘f‘l) <

dn?

1+”Y (i +1)° - o) 1+2 L
= — y 1 .1
Z e T R VAP DL UL

6.5.3 Proofs of estimations

Twice in the text of this chapter some inequalities were stated without a proof. They
were

—2n

e The prove of the inequality V,~oC(n) < 1 for C(n) = e=217¢ ™" in subsec-

tion [6.3.3.1]

J N 11
smh77> 2 <€1727]*6_2"7) T3 2im1 (mﬁ' J)

e The prove of the estimation of the integral f dn ( Trn

used in in subsection m

Since they are not obvious, but they are rather mathematical analysis exercises, we
skipped proves of them in the main text, providing them here.
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6.5.3.1 The inequality V,~,C(n) <1
Let us show the following inequality

Y20 (61‘2”‘672") <1 (6.177)

where the equality holds only for n = 0.
Obviously the case n = 0 is satisfied:

el 0 =0 =1 (6.178)

Since both sides of the inequality are nonnegative, we can take the logarithm of the
inequality

?
1-2n—e21<0 (6.179)

We can differentiate both sides of the inequality with respect to n:
— 242721 <0 (6.180)

which is obviously true for 7 > 0. Thus for n > 0

n - n
1—277—6_277—1—1—/ (=2 +2e721) dij < 1+/ 0dij = 1 (6.181)
0 0

Quod erat demonstrandum.

6.5.3.2 The estimation in the equation (/6.68)|)

We want to estimate the integral

o0 sinhn 2 o —o\E
I, = [ d (12’76 ) 6.182
o= | 1 (T (e (6.182)
for kK > 3 and n. > 0.

First let us note, that % < ni for all 7 in the integration range, thus

1\’ . 2 ( 1-2p—e21\"
< n—e < ... .
I, <47ﬂ7€> /nE dn (sinh ) (e ) (6.183)

Now note, that (sinhn)? < e, so

]. 2 o0 2 —2 K
. < n(el=2n—e""\" _ | ]
< <47”7€> / dne (e ) (6.184)

MNe

Now let us change the integration variables to z = e~ 2" :

1 \21 pe?m=a .
- = ( ) 2/ " dz— (ze' ") < (6.185)
0

470, x2

all the integration rage is the subset of x < 1, so e!™® < e, thus we can remove the

denominator:
1 e 2 Te K—2
<= /dx(:cel—“f) <. (6.186)
2 \ 47 0
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One can easily prove, that V,cjojz < e 1. Indeed, for x = 1 we have 1 = 1, and the
derivative of left-hand side is 2’ = 1 is bigger than the derivative of the right-hand side

—1\/ _ . . . _p\K—2 _
(ex 1) = ¢*~!. Knowing that, and since x > 3, we can estimate (:Ue1 “") < gel™®,

and thus
1 e \? [% 1
<3 (47”76) /0 x ze (6.187)

which can be integrated by parts:

2
(i) Feee = 6159

Now putting back . = e~ we get

1 (& 2 1—e—27e 1—2n.—e—2Me 7
LkSQ(Mm) G—e‘z _ el ):46 (6.189)

Proof of existence of 1. Now let us proof, that for each € > 0 there is 7. such that
I, < e. We will do it by showing (using Darboux theorem), that the equation fm =€
has a solution for each € > 0.

Let us check the limits of jns~ For ne — 0 we have

2
I f—l(if(—m ) (6.190)
0 e = 2\ ) \© ne) > '
For ne — 400 we have
: = lrenzil 1-0 _ —oo\ | _
7761—1>I—Ik1<>oj776 2 (471') [—i—oo G ¢ )] =0 (6.191)

Thus fneruns through all real positive numbers, so for each € > 0 there is 7. being the
solution to the equation IN776 = ¢, and since I, < fne (what we have shown in ), it
is obvious now, that

Vesodn Iy <€ (6.192)
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Chapter 7

Open issues and further directions

The research presented in previous, although being complete, does not exhaust the
subject. Various aspects of each issue we have studied may be investigated deeper. Some
results we obtained opens new directions of research. This chapter presents some of the
open questions we see and find being of most importance. Of course our list may be
extended.

This chapter is organized as follows. In section we discuss the problems related
with the topological structure underlying Spin-foam models. In section we present
possible directions in Dipole Cosmology model. In section §7.3| we point out the major
problems related to bubble divergences and renormalization of Spin-foam theories. Fi-
nally in section §7.4] we discuss several possible applications of Operator Spin-network

Diagrams framework.

7.1 Open questions about 2-complexes in spin-foams

Our answer to the question about the appropriate class of 2-complex for Spin-foam models
to make them compatible with Loop Quantum Gravity kinematics (posed in section
was given by the claim, that one should use all the 2-complex that can be constructed
out of a graph diagram (see section . We see three most important further questions
one should ask, i.e.

e Better characterisation of these class, possibly in terms of topologically invariant
properties of the 2-complexes.

e A way to impose the cylindrical consistency on these 2-comples, possibly in terms
of equivalence classes of graph diagrams.

e A rule of calculating combinatoric weight factors to judge, how many times an equi-
valent diagram appear in inequivalent ways in an expansion of a quantum process.

Topological characterization

Our definition of the class of 2-complexes appropriate for Spin-foam models was a con-
structive definition, i.e. we gave a rule to construct all 2-complexes that one should
consider. Such definition, although being complete, is not very useful if one is given a
given 2-complex and needs to know, whether it is a member of the class. In such case
one would rather need a theorem stating a set of sufficient and necessary conditions for
a 2-complex to be in our class.
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Since the only limitation on the members of our class was of topological origin (i.e. to
be a result of a sequence of topological operations), these conditions must be formulated
in terms of topologically invariant properties of the complex (i.e. the properties, that are
invariant under a homeomorphism). We have found already two such conditions for a
2-complex k:

e x must be a surjective 2-complex (see Appendix |A.1.2]) - since by definition only
such complexes appear in our construction and this property is never spoiled during
the gluing procedure.

e the boundary dx must have a neighbourhood in £ homeomorphic with dx x [0, 1]

(see subsection [3.5.1]).

These conditions are necessity conditions. However, we have no guarantee that they are
sufficient conditions.

Cylindrical consistency

The space of spin-network states is designed in such a way, that two states which differ
in a certain way (i.e. by a number of 2-valent nodes or a number of links colored by the
spin j = 0), are considered equivalent [I16], 89|, because they represent the same physical
state. This requirement is called cylindrical consistency.

Such construction suggests, that a similar requirement should be imposed on the spin-
foams representing the interactions between them. Indeed, given two pairs of states, that
are cylindrically equivalent but represented by topologically different graphs, one should
expect, that quantum transition amplitudes for both pairs are the same, not depending
on the topological representation. Thus one should be able to identify the quantum
processes, that are physically equivalent.

Some preliminary attempts to identify the rules of spin-foam cylindrical consistency
in terms of Operator Spin-network Diagrams was already done by us and our conclusions
were presented in subsection . Further research is being continued by the others (for
example [90]).

Combinatoric factors

The issue of cylindrical consistency leads to another puzzle: how many times a given
quantum process should be counted to the total amplitude? To be more precise, consider
a series of all diagrams (equivalent to spin-foams) connecting a given in state with an
out state (for example obtained as a result of the boundary algorithm - see section .
There might be some elements of the series which although being different diagrams,
represent an equivalent physical process, and thus should be counted as one diagram.
There might be also a diagram that correspond to more than one physical process, each of
which gives identical contribution the transition amplitude and thus it should be counted
more then once.

This question should be answered by a prescription to find a (perhaps automorphism
group dependent) factor, that should multiply each diagram appearing in the expan-
sion. These factor would be analogous of the combinatoric factors multiplying Feynman
diagrams in ordinary Quantum Field Theory.
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7.2 Further development in Dipole Cosmology model

The Dipole Cosmology model, recalled in section §2.2] provides itself a wide class of open
problems. In sections we addressed only two of them, i.e. we found all diagrams
in certain (in fact very low) order of expansion and we estimated the contribution of some
of them. In our opinion the most important further directions here are:

Finding and classifying diagrams with more vertices and more internal edges.

Calculating (or at least estimating) the transition amplitude of each diagram found.

e Examining the influence of gluing ambiguities.

Proposing a prescription to isolate the contribution from the bubble part of a dia-
gram from the bubbleless amplitude.

Higher orders

We have found the diagrams that contribute to transition amplitude of Dipole Cosmology
model in the very first order of the expansion, i.e. for precisely 0 internal edges (with
all possible number of internal vertices, i.e. from 1 to 4). As we have noted in subsec-
tion the number of vertices is not of key importance, especially if the vertices are
not connected by any edge. Thus the next step would be to find all diagrams in 1-edge
expansion.

One of such vertices was already considered and in subsection [6.4.1] several other
can be easily constructed from the examples of bubble diagrams in Allowing
bubbles leads to infinite number of diagrams at each step of expansion, since even with
one edge one can introduce a bubble of arbitrary rank. Restricting to a fixed rank of
a possible bubble (even for rank equal 0) the number of possible diagrams is finite, but
huge. Thus one has to not only find them, but also classify them.

Some preliminary attempts were made to organize the diagrams appearing at first
order of edge expansion, together with a proposal of treating some of them as unphysical
[91]. Lots of further work needs to be done.

Calculations

Of course finding the diagrams is not enough to study a model. One has to also calculate
their transition amplitudes, or at least (if an exact calculation is out of reach) estimate
them. So far the diagrams corresponding to three possible interaction graphs (i.e. the
graphs numbers 18-20 of figure were calculated (in [55, 56l 57, 58 59]). In sec-
tion and in [64] we have shown that the contribution coming from sixteen another
interaction graphs (i.e. the graphs number 1-16 of ﬁgure can be neglected in certain
limit. Out of all 20 possible interaction graphs in the lowest order of expansion there is
still needs to be calculated (however, some attempts to estimate it are already in being
studied [92]).

Concerning diagrams with one internal edge, only one of them was already studied
(see subsection . Any estimation of contribution of other diagrams is still an open
issue.

Various gluings

In subsection [4.4.3| we have presented various possibilities of attaching the interaction
vertex to the boundary state. So far most of calculations in Dipole Cosmology was done
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with the assumption, that the gluing is done in the most natural way, i.e. there is the
maximal possible number of faces in the spin-foam. We expect, that the contribution from
other gluings is suppressed in the large-j-limit, because in such case it is likely to obtain
the terms enforcing the boundary state to be peaked on the degenerate tetrahedron,
however, the direct proof is not ready yet.

Renormalization

Considering all possible diagrams leads spin-foams containing bubbles already at the first
order of edge expansion. The intuition from ordinary Quantum Field Theory suggests,
that the contribution of the bubble diagrams might be absorbed by the bubble-free terms.
Such situation is desired, since at each step of the expansion the number of bubble-free
diagrams is finite.

Of course this intuition needs a strict framework. The Dipole Cosmology model,
thanks to its simplicity, would be a great candidate to test such framework when it is
designed.

7.3 Open problems concerning bubbles

The detailed study of bubble divergences is necessary to understand the relation between
transition amplitudes of a single spin-foam and the physical transition amplitude between
two states.

Within this topic we see the following important problems related to the issues ad-
dressed in this thesis:

e Further classification of bubble, related with the Lorentzian EPRL transition amp-
litude of them.

e Finding an extension of the boundary algorithm to keep under control the bubble
that appear in the resulting diagram.

e Calculation of higher order contribution of the Lorentzian Polyhedra Propagator
operator.

e Introduction of a procedure allowing to absorb bubbles by changing the coloring of
bubble-less diagrams.

Classification of bubbles by EPRL amplitude

In subsection we have calculated SU(2)-BF -amplitudes of some of the examples
of bubbles. These bubbles were of rank 1, which caused that the Lorentzian EPRL
amplitude of isolated bubbles like them is ill defined (due to problems with applying
the regularization of subsection to 2-link connected graphs). Nevertheless, one
can consider the Lorentzian EPRL amplitude of a diagram containing such bubble and
try to identify the part that comes from the bubble. For bubbles of rank higher than
1 the Lorentzian EPRL amplitude in general should be well defined (see [84]). It is
thus important to study and classify the bubbles by their transition amplitude. Such
classification would let to identify the bubbles of most importance from the point of view
of divergences.

One of the problems that one faces trying to calculate any more complicated bubble
is the presence of the matrix elements (m/| Y Tg'gY im); for g,g" € SL(2,C), where the
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composition of group elements cannot be omitted by any shift of integrals. These matrix
elements are far more complicated than (m/|YTgY |m) ;» which we studied in .
We expect, that the object one has to deal with is the matrix element of the form
<j’,m’](w<7j) gY |m); for general j and j'. It can be reduced to the matrix elements of
pure z-boost (j', m|,; i kyY |m); which is less complicated than the most general formula

(A.128), but more complicated than (m|YTk,Y Im); (see (A.165)).

Controlling the bubbles in diagrams we construct

The fixed-boundary algorithm (presented in allows to construct all diagrams with
certain properties, namely with a fixed boundary and fixed number of internal edges.
From the point of view of renormalization of spin-foam models it is important to be able
to impose another constraint on the diagrams, namely to control the number and type
of bubbles in the diagram.

There is an obvious generalization of the algorithm allowing to obtain all diagrams
with fixed boundary, number of edges, that contain at least the chosen bubble. Let Dy,
be the diagram of the bubble we want to have. The generalization is as follows: after the
step [2| of the fixed-boundary algorithm (see subsection one should add the diagram
Dyub (with the node and link relation already fixed and the half-links already connected
into links). In order to let Dy, be connected with the rest of the diagram one has to
add some open half-links to the nodes of Dy, (otherwise one would obtain a diagram
with a disconnected isolated bubble). Due to keep the diagram consistent one has to add
half-links in pairs, i.e. whenever one adds a half-link to a node n of Dy, one has to
add a dual link to the node n’ being in relation with n (since Dy, is a bubble - there is
always n' for each n). At this step one do not close the half-links added to Dy - they
will be used to connect the bubble with the rest of the diagram. Then, in the step (3] one
closes the half-links of the oriented squid set and the open half-links added to Dy}, and
then one continue the procedure.

The draw-back of the generalization presented above is that there is no guarantee,
that Dpyp, is the only bubble in the obtained diagram. The modification of this procedure
that gives such guarantee is not known yet (but the research is in progress [90]).

Higher order of Lorentzian Polyhedra Propagator

The Lorentzian Polyhedra Propagator T calculated in [chapter 6|appears to be an import-
ant operator, not only when considering bubbles. So far we found the leading order of its
matrix elements, obtaining an operator proportional to identity at each 7; space (with
the proportionality factor dependent on j). This is however only the first approximation.
Finding subleading orders of T would help to control this approximation.

The most desired result would be to find a good approximation of T by the heat
kernel function on SU(2) for spread depending on the cut-off A and the scale J - in such
case a simple physical interpretation of its action in terms of spreading the wave function
would be natural.

Renormalization

As we have already mentioned in section it is important to find a way to replace the
bubble part of a diagram by a bubble-less diagrams with modified coloring. Note, that
each bubble can be contracted to one complicated vertex, with the amplitude dependent
on the data on external elements and the cut-off put on the internal spins (and on the
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“type of the bubble”). This amplitude obviously is not an ordinary EPRL amplitude. It
may be thus expressed as an artificial contractor of some graph. The heuristic procedure
needs however an exact calculations of these artificial contractors together with rules to
remove the regularizations.

7.4 What else can we use Operator Spin-network Diagrams
for?

The Operator Spin-network Diagrams framework introduced in was originally
introduced to answer the question about the proper class of 2-complexes in Spin-foam
models (see section §2.1). However, they appeared to be a much more powerful tool.
They allowed to formulate the fixed-boudnary algorithm (see section to find all
spin-foams with a fixed boundary. They help to simplify the procedure of reading the
transition amplitude of a spin-foam thanks to Feynman-EPRL rules (see section §4.3)).
Moreover, they were a starting point to the design the tools we used to study bubbles in
Ehapter 3

Despite the applications we presented, there are many others. In our opinion the
most important ones are the following

e Detailed study of other boundary problems then Dipole Cosmology model.

e A possibility to test other (then EPRL) schemes of calculating the transition amp-
litude.

e A convenient framework to modify the theory in order to incorporate matter fields.

Other boundary problems

Although the Spin-foam models were designed to be a tool to study the boundary prob-
lems in Loop Quantum Gravity (by calculating the analogue of S-matrix elements), in
fact not many problems have been in ever calculated. The Dipole Cosmology model
[55, 56, 57, B8, 59, [64] and the Graviton Propagator [93] [94] 95 [06] are the most known
examples of calculations of full transition amplitude. The melonic bubble is a study of
partial transition amplitude.

We find three issues responsible for such little number of problems being well studied.
First and the most important is the complicated form of functions that appear in the
formulae of transition amplitudes. The Operator Spin-network Diagrams framework does
not effect this issue. The second one was a difficulty in finding the boundary states with
a clear physical interpretation - which was partially solved by a recent development of
coherent states in Loop Quantum Gravity [63, 97, [60]. However, since a generic coherent
state may be represented by a very complicated spin-network state, its evolution would be
a complicated spin-foam, which leads us to the third problem: a difficulty in characterizing
the possible spin-foams for a given boundary problem.

The third issue is what Operator Spin-network Diagrams are a very well suited for.
The boundary algorithm (section should be applied not only to Dipole Cosmo-
logy model. One can use it to find the higher-order corrections to the graviton propag-
ator. One can use it to find and order spin-foams for any boundary problem. Moreover,
thanks to the adaptation of Feynman-EPRL rules of [37] to Operator Spin-network Dia-
grams (see section §4.3)), one can use the Diagrams to decompose the difficult calculation

into manageable subproblems. Furthermore (as we have mentioned in section §7.3),
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our asymptotic analysis of (m)| YTk:nY ) ; terms is the first step to analyse the terms
(4'sml(y; ) kY |m);, which are the basic building blocks of any transition amplitude in
the EPRL Spin-foam model.

Various transition amplitudes

The Operator Spin-network Diagrams in a natural way isolates the elements of the model,
which may vary when choosing a different scheme of calculating transition amplitudes.
One can easily change the vertex-contractor, one can change the scheme of choosing the
edge-projectors. In fact we have already introduced a model which is more general, than
the ordinary EPRL, i.e. we considered spin-foams with some of edges and vertices colored
in BF and the other in EPRL manner.

Using this feature of Operator Spin-network Diagrams (and having calculated a
boundary problem) one can easily test other then EPRL models of spin-foam transition
amplitude by comparing the physical predictions obtained for various models.

Introducing matter fields

The convenience of changing the prescription to calculate the transition amplitude in
Operator Spin-network Diagrams framework has another advantage. It makes a good
opportunity to extend the model by introducing matter fields.

The kinematic structure of Loop Quantum Gravity with matter was studied in [,
chapter 12]. It leads to spin-network states enhanced by an extra coloring, with possibly
more general gauge group. As we have mentioned in subsection [3.5.2] there is an easy way
to generalize the Operator Spin-network Diagrams to any gauge group. An analogous
generalisation would work for spin-networks enhanced by scalar or spinor fields. The only
difficulty is to find an appropriate dynamics, which is encoded in three objects: the face
amplitude, the edge projector and the vertex contractor.

There are two ways to find this dynamics. One can derive a discretisation of the
action of gravity and matter, and then adopt it to Spin-foam formalism (and thus to
Operator Spin-network Diagrams) ore one can postulate some kind of vertex amplitude
and then verify its semiclassical limit. Operator Spin-foam models are suitable for both
approaches.
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Appendix A

Mathematical introduction

This appendix is devoted to a brief review of mathematical concepts being the base
for the topics presented in this thesis. The issues presented here are organised in 4 sec-
tions. In Appendix we present the theory of CW-complexes emphasising graphs and
2-CW-complexes. In Appendix we discuss the issues of differential geometry. In
Appendix and Appendix we present the representation theory on SU(2) and
SL(2,C) groups respectively.

This appendix should not be treated as a detailed study of the subjects mentioned
above. Most of notions recalled here are commonly known mathematical objects. How-
ever, since various conventions of notations, naming and even of some details in defini-
tions are used, here we fix these conventions and state explicitly the ambiguous details.
Moreover some more sophisticated objects are introduced.

The sections are organised in collections of definitions. Each definition contains an
exact definition of the object, but also some helper definitions and naming conventions,
sometimes also it may contain some basic facts abut the defined object. In some cases
the definitions are followed by examples, usually when the object was assessed by the
Author to be nontrivial. Only several theorems and claims are stated explicitly, with a
proof.

This appendix is based on classical textbooks and lecture notes. Each section in
its introduction has references to the textbooks on which it is based. However, the
conventions used by the Author are only based on the textbooks and in some cases they
differ markedly. Moreover some definitions recalled are not present in cited textbooks -
these are either Author’s own definitions, or definitions of the objects that Author judges
that they are trivial. Some notions, like the topological space etc., are also used without
defining them - they are also considered trivial.

A.1 Topology of CW-complexes

Graphs (both abstract and embedded) are key topological structure underlying Loop
Quantum Gravity. They are 1-dimmensional case of CW-complexes, however, they can
be considered without all tools from the full theory. First subsection of this section is
devoted to them.

A trace of a time-evolution of a graph is a 2-dimmensional structure, namely 2-CW-
complex, and it is a topological structure on which the Spin-Foam models are build. In
the second subsection of this section we define general n-dimensional CW-complexes and
operations on them.
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Most of the facts recalled for graphs are either the common knowledge at the level
of graduate student of physics (and thus the we find pointless to refer to a particular
textbook) or thy are Author’s own definitions (thus they cannot be found in the textbooks
yet). The subsection about CW-complexes was based on the chapter 0 of [82]. Some of
the new definitions introduced by the Author can be found in [53]| and [64].

A.1.1 Graphs

In this subsection we define graphs and some operations on them. We introduce a few
useful notions that help to describe the structure of nodes of the graphs (half-links, squids)
and we discuss the group of automorphisms of graphs. Moreover we define the special
class of graphs, called #-like graphs, that are very often used in the thesis, and we define
the graphs with enhanced structure, called squid-graphs, that simplify some operations
and proofs in [chapter 3| and [chapter 4]

A.1.1.1 Basic definitions

Definition A.1. Graph

A graph G = (N,L) is a set of nodes N = {nq,...,ny} and a set of links
L={t,...00}.

Unless specified else, all graphs are oriented, which means that each link has its source
node n = s(¢) and its target node n' = t(¢). Some links might be loops, i.e. such links,
that s(€) = t(¥).

The unoriented graph is denoted by |G| and is a class of all graphs, that differ only
by some changes of orientation of their links.

In general graphs are not required to be connected. However for each graph one can
define its decomposition into connected components. We will write G = {T'1,..., '} if
G =T1U---UT'g and each of graphs I; is connected itself. General graphs will be denoted
by G letter, connected graphs will be denoted by I.

A closed graph is a graph in which each node has at least two links incident to it.
Unless specified else, all graphs are assumed to be closed.

Let us define a half-link of a graph.

Definition A.2. Half-link

A half-link €€ is a pair of a link £ € L and a sign € € {+,—}. A half-link is incident
to only one node, called its boundary n = O¢¢. The boundary of positive half-link £ is
the source node of £, the boundary of the negative half-link ¢~ is the target node of £:

ot = s(0) o~ =t(l) (A.1)
It is convenient to define the set of all half-links incident to n:
L, :={l°: 0 =n} (A.2)

Obuviously if a link £ is a loop, it appears in the set L, twice: once as a positive, and
once as a negative half-link. It is also natural to define the sets of positive and negative
half-links at n:

L= = {l+/_ o0t = n} (A.3)

The set of all half-links of the graph is Lg = U, cn Ln- An example is shown at

figure [A.19
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(a) (b) ()

Figure A.1: Graphs. (a) - A graph G = {I'1,I'2}. The source of the link ¢; is s (¢1) = ny,
the target is t (¢1) = nrr. (b) - Half-links of the node nyr; are highlighted (positive by
red, negative by blue). (¢) - The nodes nyy and ny are dual. The dotted line describe a
duality map between them.

The notion of half-links makes the following definition very simple:

Definition A.3. Duality of nodes

Let n and n' be nodes of a graph. We say they are dual iff the number of positive
half-links of n equals to number of negative half-links of n' and vice versa: number of
negative half-links of n equals to number of positive half-links of n'.

It is also convenient to define a duality map:

Definition A.4. Duality map

Given two nodes n and n’ consider the sets of half-links incident to them: L, and L,
respectively. We say that a map ¢p . @ L — Ly is a duality map between n and n' iff
it is bijective and it maps L} onto L, and L;, onto E:L',.

Obviously if n and n’ are dual, there might be many duality maps between them.
However the following lemma is true: if there is at least one duality map between n and
n/, the nodes are dual.

Ilustration of notion of duality is presented at figure

A.1.1.2 Maps of graphs

We will consider two types of maps between graphs: morphisms, i.e. maps that preserve
the structure of the graphs, and the maps that does not have to preserve the graph’s
structure - we will call them half-link-maps.

Morphisms of graphs

Definition A.5. Morphism of graphs

Given two graphs G = (N,L) and G = (N, L’) a morphism of graphs ¢ : G — G’ is
a pair of maps ¢N : N — N’ and ¢¥ : L — L/ such that for each ¢ € L if n = s(£) and
n' =t (£), we have ¢N (n) = s (¢ (€)) and ¢N (n') =t (" (¢)).

A morphism ¢ = (ng, gZ)L) is called node-surjective if ¢ is a surjective map, and it is
called link-surjective if ¢¥ is a surjective map. Similarly it is called node- or link-injective
if 8N or ¢ are injective maps respectively.
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A morphism that is both node- and link-surjective is a graph-epimorphism, and is
called graph-surjection. A morphism that is both node- and link-injective is a graph-
monomorphism and is called graph-injection.

Amap ¢:G— G, ¢=(¢N,¢") such that for each £ € L if n = s({) and v’ =t ((),
we have either ¢N (n) = s (¢ (0)) and N (0') =t (¢ (€)) or ¢N (n) = s (" (¢)) and
N (n') =t (qu (E)) is called an unoriented-morphism of graphs. The classification of
morphisms presented above extends straightforwardly to unoriented-morphisms.

The special case of morphisms are the automorphisms:

Definition A.6. Automorphism of a graph
Given a graph G = (N, L) a morphism ¢ : G — G that is both graph-surjection and
graph-injection is called an automorphism of G. All the automorphisms of G form a group

Aut (G).
Usually we are more interested in unoriented automorphisms of G

Definition A.7. Unoriented automorphism of a graph

Given two graphs G and G' such that |G| = |G'| a morphism ¢ : G — G’ that is both
graph-surjection and graph-injection is called an unoriented automorphism of G or an
automorphism of |G|. All the unoriented automorphisms of G form a group Aut (|G|).

There is a normal subgroup of Aut (|G|) > Reo (G) of all unoriented automorphisms
of G such that both ¢N and ¢V are the identity maps. The elements of Reo (G) are called
reorientations of G. Each reorientation can be characterised a subset of links for which it
inverts orientations (in fact ). One can show, that Aut (|G|) /Reo (G) = Aut (G).

There is a special element of Reo (G) 3 € called the inversion of the graph. It is defined
by inverting all the links of G. The inverted graph is denoted as G* := € (G).

It is worth to notice, that in case of oriented automorphisms each pair of bijections
¢N : N — N and ¢" : L — L that is consistent with the graph structure of G determines
fully the automorphism. It is not true in case of unoriented automorphism - one need an
extra information of the structure of G’ (which is in fact encoded in the Reo (G)-part of
the automorphism).

Whenever considering colored graph one can introduce color-preserving morphisms
by introducing requirement, that for each object (node, link) the image with respect to
the color-preserving morphism is colored by the same value, as the argument. Obviously
color-preserving automorphisms form a subgroup of all automorphisms.

Half-link maps Consider now maps that do not preserve the structure of the graph,
but they do preserve the structure of each node. We will call them the half-link maps.

Definition A.8. Half-link map

Given two graphs G = (N,L) and G = (N/,L') a half-link map between them
¢:G — G isamap ¢N : N — N and a map ¢~ : Lg — Lg such that for each
half-link €€ € Lg if n = 0L¢ then ¢N (n) = 9 (¢~ (£9)).

Obviously each morphism of graphs define half-link map, but not the opposite - a half-
link map may change the graph structure.

Likewise the morphisms, half-link maps may be node-surjective, half-link-surjective,
node-injective, half-link-injective, graph-surjective and graph-injective.

A half-link map is orientation-preserving iff ¢* (Eg) C Eg, and ¢~ (E; ) C Lg.
A half-link map is orientation-consistent if in the image of ¢* the number of positive half-
links is equal to the number of negative half-links. It might happen that a half-link map
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is orientation preserving but not orientation-consistent or orientation-consistent, but not
orientation-preserving. However each half-link-injective map and each half-link-surjective
map must be orientation-consistent.

If G = G’ we may define half-link-automorphisms:

Definition A.9. Half-link-automorphism

A half-link map ¢ : G — G that is both graph-surjective and graph-injective is called a
half-link-automorphism. Obviously a graph-automorphism induces a half-link automorph-
ism, but there might be half-link map that violates the graph-structure. Half-link auto-
morphisms form a group Aut™ (G).

Obuviously each half-link automorphism is orientation-consistent. They may be also
orientation-preserving (at least the identity map is).

A special case of half-link-automorphisms are so called duality-maps of the graph G.
A half-link-automorphism is a duality-map of the graph if the for each node n € N the
map ¢ restricted to L, is the duality map of the nodes n and ¢~ (n).

The half-link maps, especially the duality maps, are used mainly in the gluing of
2-complexes and gluing of graph-diagrams.

A.1.1.3 6-like graphs

Let us define a class of graphs of great importance in the construction of boundary
formalism for the Operator Spin-network Diagrams, namely the 6-like graphs. First let
us define a f-graph:

Definition A.10. 0-graph

A O-graph is a graph Ty = (N,L) such that N = {n,n'} is a 2-element set, and
L = {l1,...,0p} is at least 2-element set, and for each link {; we have either s ({;) =n
and t (¢;) = n' or the opposite, i.e. s(¢;) =n' and t (¢;) =n. The number L is called the
valency of the 0-graph. The nodes of the 0-graph are called the poles. An example can be

found at figure [A-2d.

The name of the 6-graphs comes from the fact, that the letter 6 is a 3-valent 6-graph.

The basic #-graphs are not used a lot in this thesis. More common are simple 6-like
graphs:
Definition A.11. Simple 0-like graph

A simple 0-like graph is a graph Ty = (N,L) such that N = NP U X where
N? = {n,n'} and X = {a1,...,21} and L = L" UL" where L = {{},..., (%} and

L" = ’f/, .. ,Kﬁl (for L > 2, of course L is the same number everywhere), and the

following conditions for the links are satisfied:

e for each (} € L™ we have either s({}') = n and t({}') = xz; or the opposite,
ie. s(0}) =x; and t(€}) =n

o for each 1} € L™ we have either s (5?) =n' and t(@b/) = x; or the opposite,
ie. s (E’i"”’) = x; and t(ﬁ?/) =7
Obuviously each node x; is bivalent.

We say, that a link €} (or K?/) is positive if it is outgoing from n (or n' respectively).
The nodes n and n' are called the poles, the nodes x; are called the link-nodes.
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A simple 0-like graph is called simply oriented iff each node x; has one incoming
and one outgoing link. Otherwise it is a generally oriented simple 0-like graph (see fig-

wre [AZ).

One can easily see that a simple #-like graph is a #-graph with one node z; inserted
at each link ¢; (and thus each link divided into two links £ and £'). One can generalise
this by placing an arbitrary number of nodes at each link:

Definition A.12. General 0-like graph
A L-valent general 6-like graph (for L > 2) is a graph T' = (N,L) such that

N = NP UX;U---UXp, where N° = {n,n'} and each of (X'),_,  sets is

X; = {xl ,xf’} (the numbers k; might be 0, and then the corresponding X; is the

19
empty set) and L = LU ... U LY where each of (Li)z.:1 . sets s Ly = {E?, - ,Ef"
(they cannot be empty), and and the following conditions for the links are satisfied:

e for each E? we have we have either s (Z?) = n and t(f?) = x} or the opposite,
i.e. s (E?) =} and t(ﬁ?) =n

e for each E?i we have we have either s <€f’) =n' and t<€fi> = mfl or the opposite,
i.e. s (65’) = xfl and t<€fi) =n'

e for each E’Zj where 7 = 1,...,k; — 1 we have we have either s (f{) = :Uf and

t(({) = x{“ or the opposite, i.e. s <€f) = :U{H and t(({) = xf

Obviously each node :):f 1s bivalent.
A general 0-like graph is called simply oriented iff each node x; has one incoming and
one outgoing link. Otherwise it is a generally oriented 0-like graph. An example can be

found at figure [A.2d

In the main part of the thesis we sometimes use the same name 6-like graphs for both
simple- and general 0-like graphs.

A.1.1.4 Squid-graphs

If one combine the notions of half-links and duality of nodes with the notion of graphs,
a new convenient object arises: the squid graphs. They were first introduced in [53] and
improved in [64].

Definition A.13. Squid

A squid is an open graph A = (Ny,L)) with Ny = {n} U {z1,...,2x} and
Ly = {l1,..., L} such that each link ¢; connects the node n and the node x;. Example of
a squid is on figure [A.3d

The node n is called a head of the squid. The links £; are called legs of the squid, the
nodes x; are called leg-nodes.

A leg ¢; is called outgoing iff s(¢;) = n At(l;) = ;. A leg is called incoming iff
S(&) =x; A t(f,) =n.

Valence of a squid is number of its legs k. One can also introduce the positive valence
kt being number of outgoing legs, and negative valence k= being the number of incoming
legs.
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(a) (b) (c)

Figure A.2: Theta-like graphs. (a) - A f-graph. (b) - A simple 6-like graph. (c) - A general
f-like graph.

Given a graph, for each node one can introduce a squid capturing structure of the
node. Indeed, a sufficiently small neighbourhood of each node has form of a squid. Duality
of nodes can be naturally generalised to duality of squids. If two nodes are dual, then
the squids corresponding to them are also dual. The set of squids related to all nodes of
a graph G we shall call a squid-set of this graph and denote as Sg.

Note, that every half-link of a graph can be uniquely identified with a leg of one of
squids in the squid-set of this graph.

It appears that it is convenient to introduce a so called squid graph ~ of a graph G,
being a graph enhanced with an extra structure:

Definition A.14. Squid-graph
A squid-graph of a graph G is a pair of a graph and a set of squids (Q(S), S), where

o G (called the split graph ) is a graph obtained by splitting each link ¢; of G into
two links 0 and ¢% by putting an extra node xy, in the interior of each link (the link
05 starts at s({;) and ends at xy,, the link (¢ starts at xp, and ends at t({;)).

e S is the squid-set of the graph G, i.e. for each node n of the graph G there is one
squid A, € S, and the legs of A, are links of G\ incident to n (in fact they are
halves of links of G)

A procedure of obtaining a squid-graph of a graph is illustrated on figure [A-3

Remark A.l. Later we will need to know the precise graph structure of G(). Let
G = (N, L), then
G¥) = (NUX,LYUL") (A.4)

where X = {xy, € ¢; : ¢; € L} is the set of middle points of the links of G, and the
sets L1/~ contain the links of G() representing the positive /negative half-links of G
respectively, i.e. LT = {ff : {; € L} and L™ = {{! : {; € L}.
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Figure A.3: Squid-graphs. (a) - An example of 6-valent squid, with kT = 4 and k= = 2.
(b) - A graph T" that we will turn into a squid-graph. (¢) - The split graph of the graph
I'®). One of the squids, i.e. the squid A, of the node n of T, is emphasised.

A.1.2 CW-complexes

The 2-complexes are widely used in the thesis, as the topological structure underlying the
spin-foam models. They are the special case of more general concept of CW-complexes
with maximal dimension of cells set to 2. We shell use the definition of CW-complexes
consistent with [82]. It can be also found in the appendix of [53].

A.1.2.1 Basic definitions

Definition A.15. CW-complex

The n-dimensional CW-complex is a collection of sets of k-dimensional cells C, where
k=0,1,...,n together with set of maps f; for j =1,2,...,n and relations ~; defined as
follows.

o FEach cell ¢ € Cy is a k-dimensional disc with a boundary. For each set of cells we
define its boundary as 0Cj, = |—|C€Ck dc.

Each relation ~y is defined on the set 9C;.

The relation ~q is the empty relation.

Each function function fy, is a continuous, map

fm . 8Cm — Cm—l/ ~m—1 <A5)

For m > 0 the relations are defined by the functions fp,:
Tomy < fm(x) = fm(y) (AG)

The functions f,, are called the boundary functions. They define the way in which
higher dimension cells are glued onto the lower-dimensional skeleton. The relations says,
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which points are glued together. Note, that since ~q is empty (indeed, ~q is a relation
on dCy = 0), it can be omitted in the construction. Then any other relation is induct-
wely constructed from the functions fn,. Thus what is essential in the construction of a
CW-complex are the boundary functions, not the relations (however, they are useful in
geometrical interpretation). So we will denote a CW-complez as

/{:(Cn,...,CO;fn,...,fl) (A?)

The above definition is too wide to our purpose. Almost everywhere in the thesis we
require CW-complexes to not posses any cells of non-maximal dimensions, that are not
subcells of higher dimension cells. In order to ensure it let us thus introduce an auxiliary
definition:

Definition A.16. Surjective CW-complex
A CW-complex such that each of its boundary functions f,, is a surjective map
fm : 0Cpy — Cip—1/ ~m—1 is called a surjective CW-complex.

The following claim is obvious:

Claim A.1. In a n-dimensional surjective CW-complex each k-cell (for k& < n) lies on a
boundary of at least one (k + 1)-cell.

thus the surjective CW-complexes are a good class of CW-complexes for our further
considerations.

Remark A.2. Whenever in this thesis we refer to a CW-complex, we mean a surjective
CW-complez. If we want to refer to a non-necessarily surjective CW-complex, we call it
a general CW-complex.

As a topological space the CW-complex is X, := C,,/ ~,. This leads to a notion of
cellular decomposition:

Definition A.17. Cellular decomposition

Given a topological space X and a CW-complex k such that X,; is homeomorphic with
X we call k the cellular decomposition of X.

We say, that the cellular decomposition is n-dimensional iff it is given by a surjective
n-CW-complez.

CW-complex contains more information than just its topological space. This addi-
tional information is contained in a set of skeletons:

Definition A.18. Skeleton

For k < n a k-dimensional skeleton x®) of an n-dimensional CW-complex
k= (Cny-..,Co; fn,---, f1) is a subcomplex of k defined by omitting all objects of di-
menston higher then k:

®) = (Ch,...,Co5 frres 1) (A.8)
The skeletons allows us to define strong equivalence of CW-complexes:

Definition A.19. Complexomorphism

A complexomorphism is a map between CW-complezes preserving the CW-complex
structure.

Given two complexes k1 and kg and a map ¢ @ X, — X, we say, that ¢ is a
complexomorphism iff ¢ is a homeomorphism of X, and X,, and for each k-skeleton of
Kk the truncated map ¢|y " 1s a homeomorphism of the skeletons Xmg’“) and Xné’“)'

®1
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We say that two CW-complexes are strongly equivalent iff there is a complexomorph-
ism between them.
In contrary, the weak equivalence does not require equivalence of skeletons:

Definition A.20. Weak equivalence of CW-complexes

We say that two CW-complexes k1 and ko are weekly equivalent iff their topological
spaces X, and Xy, are homeomorphic (i.e. they are cellular decompositions of the same
topological space).

In practice weak equivalence means that the CW-complexes differ by a number of
removable cells - what shell be clarified in Appendix
Given a CW-complex, its cells naturally inherits the structure of CW-complex:

Definition A.21. Induced complex
Given a k-cell ¢ of a n-CW-complex k the induced complex of ¢ is the k-CW-complex
K¢ being the intersection of the k-skeleton of k with c:

ke = k™ Ne (A.9)

To be precise let us spell out the ingredients of K:
Re 1= (éka"'véo; fk|aék7"'7f1|aél) (A]'O)

where Cj, == {c}, and for | < k we have C=CnN fip1 (8@“).

In case of 2-CW-complexes the 2-cells will be called faces f € F, the 1-cells will
be called edges e € E, and the 0-cells will be called vertices v € V, and thus we will
introduce a notation

K = (F,E,V; fQ,fl) (All)

Graphs are 1-CW-complexes (although usually it is inconvenient to use the full CW-
complex notation to describe them). As we noted already in Appendix |A.1.1} the 1-cells
of graphs are called links and the 0-cells of graphs are called nodes.

A.1.2.2 Relations of cells

Now let us introduce some notions to describe the relative position of cells in CW-
complexes.

Definition A.22. Incidence

Given a cell ¢ € Cy, we say, that a bigger cell ¢ € Cyy1 is incident to ¢ iff ¢ C fr11(0).

Moreover if we have a cell ¢" € Ciryy such that there is a sequence of cells
c1 € Craty.--,0-1 € Cryy_1 such that each c; is incident to c;—1 , and c1 is incident
to ¢, and " is incident to cxyi—1 , then ¢ is also called incident to c.

We want incidence to be a symmetric relation, thus if ¢ is incident to ¢/, then by
definition ¢ is incident to c.

If c € C and ¢ € C; are incident, and | < k, we say that ¢’ is one of the boundary
cells of the cell ¢ - this is because ¢ has its counterimage with respect to fi110 fiyg0---0 fi
intersecting with Oc, i.e. (fk_1 o fk_fl 0---0 fljrll (c’)) Noc # (. We denote it shortly as
d C Oc.

A higher dimensional cell ¢ may be glued onto a lower dimensional cell ¢ several times.
This takes reflection is the number of copies of counterimage of ¢ in dc. If a projection
from (flzl o f,;ll 0---0 fljrll (c’)) to ¢ is a bijective map, we say that ¢ is single-incident
to ¢, otherwise for ¢ incident to ¢ we say that ¢ is multi-incident to c.
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Figure A.4: Adjacency. The cells fi; and fo are adjacent, because they share a 1-cell e;.
The cells f; and f3 are not adjacent although they share a 0-cell V.

Incidence is a relation between cells of different dimension. In case of cells of the same
dimension we say about adjacency:

Definition A.23. Adjacency
Two k-cells ¢, € Cy, are called adjacent iff there is a (k — 1)-cell ¢ such, that ¢’ is
incident to ¢ and ¢’ is incident to c'.

Thus for example two faces need to share an edge to be called adjacent. If they
share only a vertex - they have nontrivial intersection, but they are not adjacent in our

terminology (see figure |A.4)).
Let us now define the boundary of a CW-complex.

Definition A.24. Boundary cell of a CW-complex

o A (n—1)-cell of a n-CW-comples k is called a boundary cell of x iff it is single-
incident to precisely one n-cell of Kk

o A cell of dimension lower then n — 1 is called a boundary cell of k iff it is incident
to at least one boundary (n — 1)-cell.

A (n — 1)-subcomplex of k build of all the boundary cells is called the boundary complex
of k and denoted by Ok.

A CW-complex with the empty boundary is called closed.

The non-boundary cells of k are called interior cells of k.
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Obviously the boundary of a 2-CW-complex is a graph.

It is important not to confuse two meanings of the notion boundary. The boundary
cells of the interior cells does not have to be the boundary cells of the whole CW-complex.
For each n-dimensional CW-complex x the following two claims are true:

e If ¢ is a boundary cell of at least one cell ¢’ such that ¢ is a boundary cell of &,
then c is a boundary cell of k.

e If ¢ is a boundary cell of x, then it is a boundary cell of at least one cell ¢’ being
the boundary cell of k, unless ¢ is a (n — 1)-dimensional cell (then there is no ¢
boundary cell of x such that ¢ C 9¢).

A.1.2.3 Removing cells

There are some cases, when removing cells do not change the topology of X,. In particular
it happens, when the cell has the following property:

Definition A.25. Remowvable cell

A k-cell ¢ € Cy is called removable iff it is incident to precisely two (k + 1)-cells
d,d" € Cxy1 and none of the boundary cells ¢ C dc is a removable cell (the definition is
recursive, however, the recursion stops for 0-cells, which has no boundary).

In this case the complex with removed cell ¢ is denoted by K\ ¢ and defined as follows:

o The sets of cells C; forl # k and |l # k + 1 are left unchanged. The set of k-cells
equals CpV = Ci, \ {c}. The set of (k + 1)-cells has a new cell ¢ instead of ¢ and

" e CRYY = {eF U Cryr \ {¢, "}

e The new cell ¢ is the cell ¢ glued to the cell ¢" along the cell c. Le. it is

= (U / (fenlgm o) (A.12)

In other words: It is the sum of the sets representing ¢ and ", but for each pair
of points, that the map fr11 maps on the same point of the cell c, the points are
identified.

e The boundary maps for all the cells apart from ¢’ and ¢’ do not change.

o We need to define the boundary map f$Y for the new cell ¢. Since d¢ C d¢' U dc”,
the new boundary map is just the truncation of the old one:

Fi 1 9: = frtloc (A.13)

It may happen, that after removing a removable cell, some cells become removable.
Thus let us introduce one more definition:

Definition A.26. Pre-removable cell
A k-cell ¢ € Cy, is called pre-removable iff there exists a series of removal operations,
after which it becomes removable (see figure for a graphical explanation).

The pre-removable cells are the cells that does not have any crucial input to the
topology of X, i.e. if there is a removable cell ¢ in k, then there is a complex k' weekly
equivalent to k without the cell c. In the main text of the thesis we will often refer to both
removable and pre-removable cells as to removable cells, because usually we will to all
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the removings of the cells at once. However, since sometimes we use colored 2-complexes
and the coloring of some parts of the skeleton is relevant, there are some situations, when
the cells that are topologically removable will not be removed in order to not loose the
coloring data stored at them. In other words in case of colored 2-complexes we say that
the cell is removable if it is topologically pre-removable and if the coloring data stored
at it has the default value that can be unambiguously deduced from the data stored at
the other cells (where default usually means default with respect to the chosen coloring
scheme).

A.1.2.4 Orientation

One can easily enhance n-CW-complexes with an extra structure - orientation.

Definition A.27. Oriented n-CW-complex

An oriented n-CW-complex is a n-CW-complex with an orientation assigned to each
n-cell of the complex.

The orientation of lower dimensional cells is not defined a priori. One can consider
orientation of k-cell ¢ with respect a (k + 1)-cell ¢ to which ¢ is incident - then the
orientation of ¢ is induced by the orientation of .

The boundary (n — 1)-cells have uniquely determined orientation, because they are
incident to precisely one n-cell. Thus the boundary complex of an oriented CW-complex
is also an oriented CW-complex.

We say, that orientation of two adjacent k-cells c1, co agree, iff for each (k — 1)-cell
c they share the orientation of ¢’ induced by ci is opposite than the orientation of ¢

induced by co (see figure .

Given a n-cell ¢ of an oriented n-CW-complex k, the induced complex «. of the cell ¢
is an oriented n-CW-complex with the orientation of ¢ determined by its orientation in .
Given a (n — 1)-cell ¢ of k being a boundary cell, the induced complex k. is also oriented.
Given any other k-cell ¢’ for k < n there is in general no natural way to determine the
orientation of ¢’ in k., thus ke is in general an unoriented CW-complex.

In case of oriented CW-complexes it is harder to remove cells. The updated definition
is as follows:

Definition A.28. Remowvable cell of an oriented CW-complex

A k-cell ¢ of an oriented CW-complez is removable iff it is incident to precisely two
(k+1)-cells ¢, " € Cry1 and none of the boundary cells ¢" C dc is a removable cell, and
the orientation of ¢ and ¢’ agree.

Since the orientation of the cells with non-mazimal dimension is defined only with
respect to one of n-cells, the last condition must be satisfied for each possible choice of
the cells determining the orientation.

The procedure of removing such cell is the same, as in definition [A.25 Moreover, if
the removed cell is of co-dimension 1, we have to determine the orientation of the new
cell ¢. Since the orientation of ¢ and ¢’ agrees, we say the orientation of ¢ to be in
agreement with the orientation of ¢ and " (see figure[A.5d).

A.1.2.5 Special cases of CW-complexes

There are two special cases of CW-complexes of high importance for the rest of this
theses: Squid-2-CW-complexes and A-complexes. We define them below.
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(a) (b) (c)

Figure A.5: Orientation of cells. (a) - A simple oriented 2-CW-complex. Orientations of
faces are given by arrows. (b) - Induced orientation. The edge e; can be oriented with
respect to fi (see the upper arrow) and with respect to fo (the lower arrow). The edge
eg can be oriented with respect to fa (the left arrow) and with respect to fs3 (the right
arrow). The boundary edges are oriented uniquely. (c) - Consistent orientation. The
faces fo and f3 are oriented consistently, because the orientations induced by them on
eo are opposite. Thus eq is a removable cell. The edge e; is not removable. The vertex
V' was not removable when the edge es was present, but now it is removable, thus the
vertex V was pre-removable.

Squid-2-CW-complexes

It may happen, that the boundary of a 2-CW-complex has form of a split graph G(*)
of a squid-graph v = (g () S). In such case we can introduce an extra structure on the
boundary of this 2-complex:

Definition A.29. Squid-2-CW-complex
A Squid-2-CW-complex is a pair (k,S), such that (0k,S) is a squid-graph.

A-complexes
In order to define A-complexes let us first define a k-simplex:

Definition A.30. k-simplex
A k-simplex is the subset of RF defined as

k
AF = {$ e RF: (Vizl’m,kxi > 0) A (Z zt < 1> } (A.14)
=1

The boundary of a k-simplex is OAF = U’;:O Alffl where for I = 1,...,k each set
AI;_I is defined as A];_l = {x e Akl = O} and for I = 0 we have
Agil = {x c AP <Zf:1 7= 1) } Each of the sets A’;fl can be affine transformed
into a (k — 1)-simplex, thus there is a natural decomposition of A* into (k4 1) sim-
plexes A¥~1. This decomposition continues recursively until k¥ = 0, where 0-simplex is

a point and has no boundary. This lets us introduce a structure of a k-CW-complex on
each k-simplex.
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Definition A.31. A-complex

A n-A-complex k2 is a n-CW-complex such, that each k-dimensional cell of k* is a k-
simplex with the k-CW-complex structure introduced as above, and each of the boundary
maps fr is consistent with the k-simplex structures (i.e. given a k-cell ¢ = AF each
boundary cell of ¢ introduced by k-simplex structure is mapped onto precisely one boundary
cell of ¢ with respect to k™).

A cellular decomposition into a A-complex K™

is called triangulation.

A.1.2.6 Duality of CW-complexes

In spin-foam theories one needs a notion of a CW-complex dual to a cellular decomposition
of a topological space. Although it is hard to define such duality in general, there is no
need to do so, because in this thesis it is used only in two cases: a 1-complex dual to
a 3-dimensional cellular decomposition and a 2-complex dual to a 4-dimensional cellular
decomposition.

Let us define it here. The definitions are very technical. We will start with defining 1-
and 2-complexes dual to 3- and 4-dimensional triangulations respectively, since in case of
triangulations it is relatively easy to visualise all the procedure and to find the relations
between properties of the cellular decomposition and resulting dual complex. Then we
will discuss, how to apply the same procedure to more general cellular decompositions.

Graph dual to 3-dimensional cellular decomposition

Consider a triangulation 3A of a 3-dimensional topological space ¥. One can define a
graph dual to the triangulation ¢ = 3A* in the following way. Let
3A = (C3,C2,C1,C0,f3,fg,f1), then the graph G = (N, L), where N = Niy; U Npound
such that

e There is a 1-to-1 correspondence between 3-cells of 3A and internal nodes of G , l.e.
for each tetrahedron # € C3 there is one and only one node ny € Nin, and there
are no other nodes in Njp.

e There is a 1-to-1 correspondence between 2-cells of 3A and links of G , i.e. for each
triangle ¢ € C? there is one and only one link ¢; € L, and there are no other links.

e There is a 1-to-1 correspondence between boundary 2-cells of 3A and boundary
nodes of G, i.e. for each triangle ¢t € C?> N 93A there is one and only one node
n¢ € Npoung and there are no other nodes in Npound-

e Whenever two tetrahedra 0,60 of 3A are adjacent (i.e. share a triangle t), the link
4, of G connects the nodes ng and ng (one can pick an arbitrary orientation).

e For each boundary triangle ¢ of the tetrahedra @ of 3A the link #; of G connects n;
and ng (again one can pick an arbitrary orientation)

Each graph obtained in such a way have two interesting properties:
e Each internal node n € Ny is precisely 4-valent.

e Each boundary node n € Nygunq is precisely 1-valent (thus if the manifold ¥ - and
respectively the triangulation A - is boundaryless, the graph G is closed).
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Obviously the graph G does not capture all the information encoded in the triangulation -
it is insensitive on gluing of 1- and 0-cells of 3A. However it captures enough information
to construct (after appropriate coloring) a diffeomorphism-invariant spin-network state
on ¥ (see Appendix[A.3.3).

The above procedure can be easily generalized to the cellular decomposition that is
not a triangulation. Indeed, none of the steps of the procedure depends on the shape of
cells. The only point where we used the fact, that A is a triangulation was reading the
valency of the nodes n € Ny - it is 4 because each tetrahedron has precisely 4 faces. In
case of a general cellular decomposition this number may be arbitrary, thus a graph dual
to an arbitrary cellular decomposition may have nodes of arbitrary valence.

2-complex dual to 4-dimensional triangulation

The above procedure can be easily generalised 1-dimension up. Indeed, let M be a
4-dimensional topological space and let *A = (C4,C3, C2,C.C, fu, f3, fo. fl) be a trian-
gulation of M (i.e. X4p = M). Then the 2-complex dual to the triangulation x = *A*
is defined as follows. Let k = (F,E, V; fo, f1) where E = Ej,; UL and V = Vj, UN,
such that:

e There is a 1-to-1 correspondence between 4-cells of A and internal vertices of &,
i.e. for each 4-simplex s € C* there is one and only one vertex vs € Vi, and there
are no other vertices in Viut.

e There is a 1-to-1 correspondence between 3-cells of A and internal edges of &, i.e.
for each tetrahedron § € C? there is one and only one edge ey € Eyy, and there are
no other edges in Ejy;.

e There is a 1-to-1 correspondence between 2-cells of A and faces of &, i.e. for each
triangle ¢ € C? there is one and only one face f; € F, and there are no other faces.

e The boundary 3-A-complex %A is a triangulation of the boundary manifold
> = OM. Applying the above procedure one obtain a graph G = (84A)*. This
graph defines the boundary edges L and boundary vertices N of the 2-complex k,
together with incidency relations on them.

e Whenever two 4-simplices s, s’ of A are adjacent (i.e. share a tetrahedron 6), the
edge ey of k connects the vertices vy and vy .

e For each boundary tetrahedron 6 of a 4-simplex s of A the edge ey of x connects
the node ng and vs.

e The faces f € F are glued onto the skeleton obtained above as follows.

— Let t € C? be an triangle of *A. It is incident to a number of 4-simplices
$1,...,8E. If tis multi-incident to s;, the 4-simplex s; must appear multiple
times in the series si, ..., sg.

— Let us order the 4-simplices in such a way, that s; and s;1 are adjacent and
they share a tetrahedron 6;, that is incident to t.

« If t is an internal face of *A, we also want s, and s; to be adjacent and
to share a tetrahedron 6, incident to ¢.

— Consider a series of edges eg,, ..., eq, ,, each one oriented from s; to s;41
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« If t is an internal face of A, we add the edge ep, oriented from sj to sy
at the end of the series.

% If t is a boundary face of A, we add the edge ¢; at the end of the series,
we orient it from ng, to ng, (because the tetrahedra ¢, and 6, must be
boundary tetrahedra).

— The boundary of f; is a circle. The series eg,,...,eg, (or eg,,...,eq, %)
form a closed path v. We glue the face onto the 1-sceleton of x by gluing the
circle 0f; along the path . The orientation of v induces the orientation of f;
(but of course it can be reversed)

A 2-complex dual to a triangulation of a 4-manifold has the following properties:
e Each internal vertex v € Vi, is precisely 5-valent.

e Each boundary vertex n € N is also precisely 5-valent, but precisely one of the
edges incident of it is internal, and the other four are the boundary links.

e Each internal edge e € Eiy is incident to precisely 4 faces (when counting multiply
the faces, that are multi-incident).

e Each boundary edge ¢ € L is incident to precisely 1 face.

Again a 2-complex k£ = *A* does not capture all the information encoded in the trian-
gulation, however, it is enough to introduce the spin-foam structure on it (see subsec-
tion .

Again the above construction does not depend on the fact, that *A is a triangulation -
this fact is necessary only when calculating the valency of vertices and edges. Thus given
an arbitrary 4-dimensional cellular decomposition one can apply the same procedure
obtaining a dual 2-complex without the above constrains on the valency of vertices and
edges.

A.1.2.7 Gluing of CW-complexes

Let us now introduce a procedure of gluing CW-complexes.

Definition A.32. Gluing a CW-complex

Consider a n-CW-complex k = (Cpny...,Co; fny--.,f1) and a pair of k-cells
a = (ca,cp) together with a map f* : cy — cp that is a complexomorphism of the in-
duced complexes k., and k.,. We can glue k along f obtaining the new n-CW-complex,
that we shall denote by K/ o or simply by x/a. The resulting complex is determined as

follows. Let K/ o = (én,---7503 fna---yfl)'

o The sets Cy, for k> dim (ca) of k/ja are the same as Cy of k.

e On the sets Cy, for k < dim (c4) the map f introduces a relation defined as follows:
the cells ¢ and ¢ are in the relation iff ¢ is incident to ca (orc=ca)and f*:c— .
In such case the map ¢ defines a homeomorphism of ¢ and ¢’. Let us extend this
relation to a minimal equivalence relation on Ci and call this equivalence relation
~ak, then Cp = Ci/ ~a k-

o The maps fi, are defined as follows. Let Tak : Cp — Cp, be the projection on the

equivalence classes of ~q . Then fi, = To k10 fr© 71';2
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In order to make sure, that the definition is consistent, one has to check, if the
maps fk are well defined, i.e. whether they not depend on the choice of the cell in the
image of 71';}6. This issue appear only when considering cell with more-than-one-element
equivalence classes with respect to ~gq , i.e. the cells of k < dim (c4), that are incident
with ¢4 or cg. Thus let us pick such k-cell ¢ that is incident to c4 and let us act by fk
on the equivalence class [0c] L We get

~Na

Fe(00) = magr (fi (mak (10dl., ) (A.15)

Since c is incident to ¢4, we the inversed projection W;}C may pick (at least) two possible
representatives of [dc]_,  , namely dc or f(9c). For dc the result is

~a,

Fe (06)V = 7 ko1 (fi (96)) (A.16)

for f*(Oc) the result is )
Fr (00)®) = w1 (fi (£ (9€))) (A.17)

now since % is a complexomorphism, we have fi (f¢ (9c)) = f (fr (0c)) (together with
a homeomorphism of corresponding cells). But this means, that the images fx (0¢) and
fr (f*(0c)) lie in the same equivalence class of ~ ,_1, thus the projection 7, —; maps
them onto the same object, so fj (80)(1) = fi (80)(2). If one chose c incident to c¢p,
the same derivation would work with f®replaced by ( fa)_l, thus the maps f are well
defined.

Quod erat demonstrandum.

One can prove, that in 2-CW-complex gluing along pairs of edges commute, i.e. given
a 2-complex k and to pairs a = (e1,ez2) and S = (es,eq) for e1,...,eq4 € E, the 2-
complexes (k/a) /B and (k/f) /o are complexomorphic. The proof is presented in Ap-
pendix [B1]

A.2 Differential geometry

In this section we provide a short introduction to differential geometry. First in we
recall some basing notions of differential topology, like a manifold, tangent space, tensor
bundles etc. Then in we introduce Riemann and Cartan structures on manifolds,
namely: metrics, connections, covariant derivatives and holonomies. All the definitions
are based on [9§].

As it is done in all sections of this appendix, this section is rather a recall and overview
then a detailed study of differential geometry. Only the most important definitions are
recalled, and most of facts are stated without a proof.

A.2.1 Differential topology

A differential topology is a tool to study differential properties of functions on topological
manifolds. The issues discussed here are often called the differential geometry, however,
we reserve the name geometry to the part of the field studied in the second subsection,
where we can define angles, volumes and twists.

First we define the topological manifolds without and with boundary and some basic
notions related to them. Then we introduce fibre bundles: vector and tensor bundles,
tangent bundles and cotangent bundles, together with vector fields, tensor fields and
differential forms. Finally we recall the special class of manifolds enhanced with a group
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structure, namely the Lie groups, and we define the gauge action of a Lie group on fibre
bundles.

A.2.1.1 Manifolds

We will define various categories of manifolds: topological manifolds (called also C°-
manifolds), differential manifolds of class C* (called also C*-manifolds) and smooth man-
ifolds (called also C°°-manifolds). The categories differ only by the class of functions
considered admissible in various cases. Wherever in this section we say about a function
f : R™ — R™ appropriately smooth, we mean of class C* for k corresponding to considered
category (where k = 0 for topological manifolds and k& = co for smooth manifolds).

Definition A.33. Topological, differentiable and smooth manifold, submanifold

A n-dimensional topological manifold (also called C°-manifold) is a pair (M,A) of a
topological separable Hausdorff space M and an atlas A = {(Uy, ¢o)} being a set of pairs
of open sets U, C M and homeomorphisms ¢o : Uy — ¢ (Uy) C R™, such that the sets
Uy cover M (i.e. |J,Uo = M ). Each homeomorphism ¢, is called a coordinate chart,
and its inverse ¢;1‘%(Ua) is called a map or a parametrisation. Two atlases A and A’
are considered equivalent iff there is an atlas A" such that both A and A’ are subatlases

of A (i.e. ACc A" and A" ¢ A”).

A topological manifold is called C*-differentiable manifold (or smooth manifold) if the
maps of the atlas satisfy an extra condition, namely for each two intersecting sets Uy,
Us the change of coordinates map ®op = ¢ © d)/gl (defined on ¢g(Us NUg) C R™) is
a diffeomorphism of the sets ¢g (Uy NUg) and ¢o (Uy NUg) of class C* (or C* in case
of a smooth manifold). In the differentiable case two atlases A and A’ are considered
equivalent iff there is an atlas A" of the same CF-class, such that both A and A’ are
subatlases of A”.

A m-dimensional submanifold (m < n) of a manifold is a pair of a subset . C M and
the atlas A* := Aly, (i.e. the atlas obtained by restriction of all coordinate charts to their
intersection with X), such that for each coordinate chart in A% the image ¢o (Uy NX)
can be mapped by a C* bijective map to a subset of R™ (of course in case of topological
manifolds k = 0, and in case of smooth ones k = c0). We say, that the manifold structure
of ¥ is induced by M.

Submanifold can be considered both as an independent manifold 2, or as a submanifold
> C M, called an embedded manifold; there is a map, that maps each point of Y onto
corresponding point of ¥ C M, called the embedding map and denoted by v: % < M.
Whenever we want to emphasise the fact of a submanifold being embedded into its super-
manifold we use the notation 3 — M.

In most cases we will not need to use the atlases of manifolds explicitly, thus we will
refer to the topological space M of the manifold as to the manifold.

Each coordinate chart ¢, defines a set of coordinate functions {x’} .y defined

i=1,...,di
on U,. They act as 2’ (p) := (¢a (p))’. However, whenever the exact choice of the
coordinate chart is not crucial, we will use a shortcut notation as z‘(p) = p’. The
parametrisations will be denoted as p (mz) In most cases we will also not need to know,
what parametrisation are we using, thus whenever this choice is irrelevant, we will simply
not mention it. For example given a function f on M and a coordinate chart, there is a
(R™ — R)-function induced by the parametrisation, namely f (p (acl)) - if the choice of
coordinates is obvious or irrelevant, we will simply denote it as f (:1:7’)
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Definition A.34. Manifold with a boundary

A manifold with a boundary is defined as a manifold, however the coordinate charts are
allowed to be homeomorphisms ¢ : Uy — ¢ (Us) C RE, where RY, : {x eR?: gl > 0}
(and likewise in case of changes of coordinates; where for C*- and smooth- manifolds the
differentials on the boundary are considered only with respect to the directions tangent to
the boundary). The boundary of a manifold with a boundary is a sum of the points, that

has x'-coordinate equal to 0 in at least one coordinate chart:

oM = {p eEm: Ela:Uagpl'l (¢ (p)) = 0} (A.18)

The boundary of a manifold has the manifold structure induced from M (it is a subman-
ifold of M ).

One can consider also manifolds with corners of degree | - then the coordinate charts
are assumed to map on {:1: eR*:z!>0,..., 2> 0}.

Let us introduce a notion of region:

Definition A.35. Region

A k-dimensional region R™®) of n-dimensional manifold M is a k-dimensional con-
nected submanifold of M, possibly with a boundary. We do not use the name region when
k =0 - the only O-dimensional regions would be points, and we call them simply points.

Let us pay some more attention to two special cases of manifolds: the paths and the
surfaces, i.e. 1- and 2-dimensional manifolds.

Paths

Given a manifold M, a path is a continuous map v : I — M where R D [ is a
connected interval. We say, that v is a simple path if I is a closed interval (then one can
rescale the parametrisation such that v : [0,1] — M). One can also consider open paths
v :[0,1] = M and infinite paths v : R — M. Given a manifold of class C¥ we say, that
the path is of class C¥ (k' < k), iff in any coordinate chart the coordinates of the path
are C*' functions.

A path v define a 1-dimentional submanifold of M iff it is injective. The submanifold
being an image of a path will be called a link and denoted by £.

A simple link is an image of a simple path. It is a manifold with a boundary con-
sisting two distinct points 9¢ := {¢(0),¢(1)}. The boundary points are called source
s(¢) :== £(0) and target t(¢) :== £(1). The path with the parametrisation inverted will
be denoted as /=1 (as a manifold £ and /=1 are the same object, however the distinction
between £ and ¢! is needed in case of embedded directed graphs).

An open link is an image of an open path. It has only one boundary point - the
source: 0 = {£(0)}.

It may happen, that a simple path is injective on ]0, 1], but v (0) =« (1). The image
of such path will be called a loop. Loops are always topological submanifolds of M,
however, the start/end point may be a corner, and thus it may violate the differential
structure (i.e. even if a path is of class C*¥' | the loop might be a submanifold of class
lower then £’). Loops will be also often denoted by £.

Surfaces
A surface is a connected 2-dimmentional manifold. We will usually denote them
by f or S.
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A simple surface (a simple surface with a boundary) is a 2-dimmentional manifold,
that is homeomorphic to a disc (a disc with a boundary respectively). The boundary of
a simple surface with a boundary is a loop.

In case of embedded surfaces it also may happen, that the induced differential struc-
ture is different, than the one presented above (likewise in case of paths).

A.2.1.2 Fibre bundles, vector and tensor bundles

This section is valid for each class of differentiability, i.e. we assume all the manifolds are
of class C¥ (for k > 1) and whenever we consider a map between manifolds (or a function
from manifold to R"), it is assumed to be CF.

Definition A.36. Fibre bundle

Given two manifolds M and X the fibre bundle is a manifold B and a map w: B — M
such that for each point p € M the counterimage 7~ (p) is diffeomorphic with X, and for
each point p € M there is a neighbourhood U > p such that there exists a diffeomorphism
oy (U)—=UxX.

The manifold M is called the base of the bundle, the manifold X is called the typical
fibre, each diffeomorphism ¢r is called local trivialisation of the bundle, the map m is
called the projection map, and the manifold B is usually called simply the bundle of the

bulk of the bundle. A fibre bundle is denoted by <B — M), or simply by (B — M), if

the projection map is obvious or irrelevant. If one wants to emphasise the typical fibre,
one can write (B — M) .

An obvious example of a fibre bundle is the trivial bundle B = M x X with the
natural projection 7 : (p,x) — p.

Nontrivial bundles appear when the base manifold is not homeomorphic to a region.
Consider base manifold being the circle M = S' and the typical fibre being also a circle
X = S'. The trivial bundle is the torus B = S' x S' = T?. Let us now parametrise the
base manifold by x € [0,27] and the fibre by « € [0, 27] (obviously 0 and 27 are glued)
and consider the following local trivialisation: on = € ]0,27[ there is a natural local
trivialisation of onto the product ]0,27[ x S!, but in a neighbourhood of x = 0 = 27 the
fibres are inversed (i.e. lim, ,o+ (z,a) = lim,_,5.— (2,27 — «)). The resulting manifold
is the Klein bottle, and it is a S* fibre bundle over S!.

Definition A.37. Vector bundle
Assume, that the typical fibre is a vector space V. Then the bundle (B — M) 18
1%

K
called the Fibre bundle.
Fibre bundles provide a convenient definition of vector fields on manifolds.

Definition A.38. Vector field

Given an open set U C M of the base of a vector bundle (B — M), the section of the
bundle B is a (appropriately smooth) map w : U — B, such that Vpepym (w (p)) = p. Sec-
tions have a structure of wvector space induced by the structure of fibres:
if wiz (p) = (z,v12(p)), then (w1 + w2) (p) = (p,v1 (p) + v2 (P)).

The sections are often called vector fields when applied to physics. They are also called
tensor fields if the space V' has an extra structure of a tensor product V=V, @ ---@ Vr.
Moreover, given two bundles (By — M)y, and (By — M)y, and two sections wy of By
and wy of By one can define the tensor product wi ® wy as the section of the third bundle
(Bs = M)y, vy, such that (w1 ® wa) (p) := (p, w1 (p) ® w2 (p)). We will call the bundle
Bs the tensor product of By and Bs.
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The set of all sections (fields) of a bundle (B — M)y, is denoted as = (B) (or Z(B),,
or 2(B) sy if one wants to emphasise the structure of the bundle), set of all sections
over a certain open set U C M is denoted as E(B)y or E(B) .

The most basic example of vector bundles and vector fields are tangent and cotangent
bundle, containing tangent vectors and one-forms. There are many equivalent definitions
of the tangent vectors. Let us provide the one given in [98]:

Definition A.39. Tangent space at a point, tangent bundle
Given a manifold M and a point p € M consider a set of all functionals X on the set
of functions on M, satisfying the following conditions

o linearity: X (f+9)=X(f)+ X (9)

o Leibniz rule: X (fg) = f (p) X (9) +9(p) X (f)
e if f is a constant function, then X (f) =0

The set of all such functionals form a vector space of dimension equal to the dimension
of M. We call it the tangent space to M at p, and denote as T,M. One can attach a
tangent space to each point of M obtaining the tangent bundle T'M (obviously the fibre
of this bundle is isomorphic to RY™M ) Sections of TM are called tangent fields to M
(or tangent vector fields on M, the value of a tangent field in a particular point is called
a tangent vector to M ). Set of all tangent fields is denoted as X (M) :=E(TM).

Given a coordinate chart (xz) on M there is a natural basis of tangent vectors, given
by 0; := % 'A complete set of basis vectors is called frame. Vector fields will be denoted
as X(p) = X" (p) 0i, or in abstract index notation as X" (p).

An example of a tangent vector to M is the velocity vector of a path: given a path
v : ]—€,€[ = M such that v (0) = p and a function f defined on a neighbourhood of p
the tangent vector X, acts on the function f as

X3 =S f®) (A19)

dt|,_,
Each tangent vector is the velocity vector of some path (however, different paths may
have the same velocity vector), we will sometimes denote it shortly as X, = %‘ oY (@)
or Xp =7 (t)

Tangent fields can be considered as functions on M valued in a vector space V iso-
morphic with 7, M.

Having the tangent fields we can introduce tangent multivector fields as tensor products
of tangent fields. The space tangent multivectors will be denoted as
X (M) ;== Z(TM ® ---® TM), the space of symmetric tangent multivectors will be
denoted as X®F (M) := Z(TM ® --- ® TM), the space of antisymmetric tangent mul-
tivectors will be denoted as X" (M) := Z(TM A --- ATM), or as A* (M).

Given a tangent field one can always locally define family of diffeomorphisms called
the flow of the tangent field.

Definition A.40. The flow of the tangent field
Let X be a tangent field on M. The flow of X is the family of diffeomorphisms ¢%
(for t € |—e€, €[), such that for each point p the path v, (t) := ¢ (p) satisfy the condition
d

Viel-eel  Xot ) = 5 _O’Y (t+s) (A.20)
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In other words the flow of the tangent field X is defined by the set of curves tangent
to X at each point and parametrised in such a way, that the velocity vector is precisely
X.

The diffeomorphisms of the flow of a tangent fields obviously effects the tensor fields
on a manifold M. The infinitesimal change with respect to the flow is measured by the
Lie derivative:

Definition A.41. Lie derivative
Given a tensor field Y € Z(B),,y, and a tangent field X € X (M) the Lie derivative
of Y along X is a tensor field OxY defined as follows

OxY) (p) := lim Ty (Y (9% (p) — T ()

e—0 €

(A.21)

If Y € X (M), the Lie derivative is denoted as OxY = [X,Y] and indeed it is the vector
field defined by the commutator of the tangent fields, i.e.

(X, YT(f) = X (Y (f) =Y (X (F)) (A.22)

The Lie derivative commutes with tensor product and with contraction. It also acts
by the duality on the fields dual to the tangent fields, that are introduced below.

Definition A.42. Cotangent bundle and differential forms

Consider a linear functional dual at each point p € M to the tangent fields, i.e. w
such that Vpepw (p) : TyM — R is a linear map. Assuming, that given an appropriately
smooth field X the action of w on X is a smooth function on M (i.e. f(p):=w (p)2X (p)
is of appropriate differentiability class), such functional is called a differential form or a
one-form on M. The set of all one-form on M form a fibre bundle, called the cotangent
bundle over M, denoted by T*M.

Consider an antisymmetric tensor of product of k copies of cotangent bundle, we will
denote it as A** (M) and it is obviously a tensor bundle over M. The sections of such
bundle are antisymmetric tensor products of one-forms. FEach such section is a functional
on k tangent fields. These sections are called k-forms on M, and the space of all k-
forms is denoted as QF (M) = Z (A** (M)). Obviously Q' (M) = E(T*M), one can also
say, that the space of all differentiable functions on M is the space of 0-forms, and thus
C® (M) =Q°(M).

Obviously given a coordinate chart (mz) on M one can at each point (where the chart
is defined) introduce a basis dual to 0; - denoted as dx'. One-forms will be denoted as
w (p) = wi (p) dat, and k-forms as w (p) = wj,...i,, (p) dx* A---Adz', or in abstract index
notation as w; (p) and wj,...;, (p) respectively.

It will be also convenient to consider forms giving values more general, then simply
real numbers:

Definition A.43. V-valued functions, V-valued k-forms and V -valued tangent vector
fields and tangent multifields, (p,q)-tensors

Consider a vector space V' and a manifold M. One can construct a vector bundle
(B — M), of V-valued functions on M (for example M x'V ). We will denote them like
ordinary functions: v : M — V, v : p w— v(p), however remembering, that v (p) € V.
Given a basis {er} of V we have v (p) = eyv! (p), sometimes we will use the abstract
index notation, writing simply v’ (p).

Consider now a bundle B @ A** (M). The sections of these bundle are V-valued k-
forms on M. We denote them as ordinary forms w : M — A¥ (Tp*M) QV,w:p— w(p),
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however remembering, that w(p) € AF (T;M) ® V. Given a basis {er} of V and a
coordinate chart (z) on M we write w (p) = wijl__l-k (p) e @ dx® A--- Ada™ (of course
we will also use the abstract index notation). The space of V-valued k-forms will be
denoted as V @ QF (M) :=Z (B ® A** (M)).

In a similar way one can define a V -valued vector field E, as a section of a bundle
B®TM. In a coordinate chart (x;) the components of a E are E (p) = Elie; @ 0.
Similarly one can define multi-vector fields, as = (B ® XNk (M))

There is a special nomenclature for sections of bundles (TM)®P @ (T*M)®? - they
are called tensors fields p-covariant g-contravariant, or simply (p, q)-tensor fields. Given a
(B— M), bundle we have also V-valued (p,q)-tensors, being sections of
B®(TM)®P @ (T*M)®?. Some of these tensor products may be symmetrised or antisym-
metrized, thus we have for example p-covariant symmetric g-contravariant, antisymmetric
in last two indices tensor fields being the sections of
(TM)®P @ (T*M)®™2 & (T*M)"2, ete.

Given a diffeomorphism of a base manifold, one can consider the way it influence the
tangent and cotangent fields.

Definition A.44. Tangent and cotangent map

Let ¢ : M — M be a diffeomorphism. The tangent map T¢ is a collection of linear
maps Tpg : TyM — Ty M acting as follows: given a vector X, defined by the path ~ it
is mapped to the vector defined by the path ¢ (vy):

Tyo: X = X500 (A.23)

The cotangent map T*¢ is defined by the algebraic duality: given a form « and a
vector X we have [T;qﬁ (Oé)]_le)—l(p) = ay [T¢_1(p)¢) (X¢_1(p))}.

The tangent and cotangent maps can be naturally generalised to multivectors and
higher order forms.

A.2.1.3 Lie groups

A special class of manifolds are the Lie Groups:

Definition A.45. Lie group
A Lie group is a group G with a manifold structure, such that all the group operations
(i.e. multiplication and inversion) are smooth maps.

Two Lie groups are used most in our work: SU(2) and SL(2,C).
The SU(2)-group is the group of special unitary matrices of dimension 2:

SU(2) := {u- ( ‘CL 2 ) eC¥? : det(u)=1 A ul = u_l} (A.24)

It is a 3-dimensional manifold, homeomorphic to the 3-sphere S3. It covers the group
of 3-dimensional rotations: SO(3) = SU(2)/Zs. It is described in more detail in Ap-
pendix [A.3] The elements of SU(2) will be denoted by h or by u,v,U, V.

The SL(2,C)-group is the group of 2 x 2 matrices with determinant equal to 1:

SL(2,C) = {g _ < “ ! > € T2 det (u) = 1} (A.25)
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It is a 6-dimensional, noncompact manifold. It is the universal covering of the proper
orthochronous subgroup of the Lorentz group: SL(2,C) — SO (1,3)". It is described in
more detail in Appendix the detailed study can be found in the textbook [86]. The
elements of SL(2,C) will be denoted by g.

Lie groups are groups and thus they have linear representations in vector spaces. A
representation of a Lie group on a vector space being a fibre of a vector bundle leads us
to the notion of gauge action and gauge transformations:

Definition A.46. Gauge Transformation

Consider a fibre bundle (B — M),,, a Lie group G and a representation
p: G — Aut(V). Consider a G-valued field g(-) on M (i.e. a smooth function
g: M — G). A gauge transformation defined by the field g (-) is a map on the set of sec-
tions g (+) : 2(B) — Z(B) (i.e. a map on V-valued fields on M - see Appendiz[A.2.1.3)
defined as follows. Let us pick a field X € Z(B) and choose a local trivialisation, so
that the field looks like a function X : M — V. Then the gauge transformation maps
g(+): X — X9, where the new field X9 (x) := p(g(z)) X (x).

The equivalence classes of gauge transformations are called gauge orbits. Obuviously
two fields that vanish in different points lay on different gauge orbits. Moreover in most
cases the representation maps G to p (G) that is a proper subgroup of Aut(V'), thus there
are more than one gauge orbit per point of M.

The tensor fields with gauge action of a group G will be called G-tensor fields or
G-tensors. Of course it might happen, that we want to introduce an action of G-group
on a bundle, that is not a linear representation of G' on the fibre (see for example Ap-
pendix - then even though the fibre bundle has some tensor structure, we will
not call it’s sections G-tensors.

Groups obviously acts on themselves:

Definition A.47. Action of a group on itself
Given an element g € G we let us define a map gi)g : G — G given by gbﬁ g —=g-d.

Thanks to smoothness and invertibility of multiplication the map qbg s a diffeomorphism.
We call it left action of G on itself. Similarly we define the right action of G on itself as

¢ 19 g g
Having the left and right action we can define invariant fields on a group:

Definition A.48. Left- and right-invariant fields
Consider a tangent field X, € T.G, where e € G is the unity element. Using the
family of left and right action of G on itself we can extend each such field to each point
g€ @G as:
X =T X, X} :=Toll X, (A.26)

The fields X* and X are called left- and right-invariant fields on G, respectively. Some-
times they are called left- (right-) invariant extensions of a vector X..

The invariant fields are used to define the Lie algebra of a Lie group:

Definition A.49. Lie algebra
Given a group G its Lie algebra g is the vector space isomorphic to the tangent space
to G at the unity element

1
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The Lie algebra product is given by the Lie derivative of the left invariant fields: let
Ax, Ay € g be given by Ax := %X and Ay := %Y for some tangent vectors X,Y € T.G,
let X¥ and Y are the left-invariant extensions of X and Y. The the Lie product of Ax
and Ay equals:

[Ax, Ay]® =i [XE,YF] (A.28)

where [-,:] is the commutator of tangent fields. Given a representation of the group
p:G— Aut (V) there is always a representation of the Lie algebra determined by the
tangent map to the representation map: Tp: g — End (V).

Concerning generators of Lie groups there are two possible conventions. Given a
Lie group G, its Lie algebra may be defined either as the vector space g = T.G or
gl = %TCG (Lie algebra is a real vector space), so that in the defining representation
the elements g € G (in some neighbourhood of the unity) are given by

g = eaXA = eiaXH (A29)

for & € R and both X4 and X being appropriate endomorphisms of the carrier space
of the defining representation of G. The algebra multiplication o in both g4 and g¥ is
induced by the adjoint action of G and it is

XAoav4 = [X4 Y4 and XPouvH .=i[XxH yH] (A.30)

where [X,Y] := XY — Y X is the ordinary matrix commutator. It is easy to see, that g4
and g¥ are isomorphic algebras. Indeed, V XAcgA %X A ¢ gM and the algebra multiplica-
tion transforms as

1

1

1 1 1 1 1
X o A = XA SV = (ea ) (A
1 (3 (3 1 (3

Consider now a unitary representation p of G. The algebras g# and g’ are represented
by the tangent representation Tp. The algebra g# is mapped onto the space of anti-
hermitian generators of p (G), while the algebra g’ is mapped onto the space of hermitian
generators of p(G), thus let us call g4 the anti-hermitian Lie algebra of G and g the
hermitian Lie algebra of G.

As we have shown above, the hermitian and anti-hermitian Lie algebras of G are
equivalent. However, the matrix elements of their members differ by the factor of i,
which influence some formulae, thus it is important to fix this convention.

Remark A.3. The hermitian convention is more convenient for the functional analysis
(for example in this convention one has the well known action of rotation-generator in
Wigner representation, given in ), and since the main use of Lie algebras in the
thesis are in the functional analysis context, we decide to use the hermitian generators in
most cases. It is the opposite choice to the one used for example in [6]. On the other hand,
the anti-hermitian convention is more convenient when considering connections, because
it allows to introduce a covariant derivative operator (see Appendix which is an
anti-hermitian operator, similarly to ordinary derivative operator. Thus whenever we say
g-valued connection, we mean g?-valued connection. Elsewhere we either use g or we
state the use of g4 explicitly by keeping the superscript A (thus whenever - except the
phrase g-valued connection - we use g without a superscript, we mean g'7).
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A.2.2 Geometry

We start with defining the (pseudo-)Riemannian metric on a manifold, together with
basic geometric notions. Then we introduce affine connections on fibre bundles. We
relate them with the Riemannian structure obtaining the Levi-Civita connection. Finally
we study holonomies of connections and we prove the formula of gauge transformation of
a holonomy.

A.2.2.1 Riemannian geometry

Consider a manifold M and a tensor field g : M — TyM © Ty M (i.e. g is a section of
T*M ® T*M). We say, that g is nondegenerated, if in each coordinate chart the matrix
gij is non degenerated. Similarly we say, that g is positive, if in each coordinate chart it
has only positive eigenvalues.

Definition A.50. (pseudo-)Riemannian manifold

A Riemannian manifold is a pair (M,g) of a manifold M and a field
g: M — T;M ©TyM, such that at each point p the field g is positive and nonde-
generated. The field g is called the metric field. A manifold is called pseudo-Riemannian
iff the field g is nondegenerated, but id does not have to be positive. At each point p € M
the directions X € T,M such that g,(X,X) = 0 are called null directions. The metric
field defines a (pseudo-)scalar product at each space T, M.

Obviously given a submanifold ¥ — M of a (pseudo-)Riemannian manifold there is a
induced field q == g|y,. If (M, g) is a Riemannian manifold, (¥, q) is also a Riemannian
manifold. If (M, g) is a pseudo-Riemannian manifold it may happen, that the induced
metric q is Riemannian, pseudo-Riemannian, or degenerate (and this property may vary
in various points of ¥).

The matrix elements of a metric tensor has a natural interpretation as angles:

Definition A.51. Angles in Riemannian manifold
Given two tangent vectors X,Y € T,M, where (M, g) is a Riemannian manifold, the
angle axy between X andY is defined by the formula

9 (X,Y)
\/gp (X, X) 9p (Y7 Y)
This definition generalises in a natural way to the angle between two intersecting curves:

given 1 and 7y such that v (0) = 72 (0) = p, the angle between them at p is the angle
between the their velocity vectors.

CoOsaxy =

(A.32)

The metric tensor allows to define other geometric quantities, i.e. k-volume:

Definition A.52. k-volume

Given a k-dimensional region R%®) < M in a Riemannian manifold M (k may be
equal to dim M ) the k-volume form is the k-differential form dV® on R®) define in a
coordinates (mi)i_l e at RK) s

AV .=\ /det (g;;)dz A --- A da® (A.33)

Although defined in a specific choice of coordinates, the k-volume form does not depend
on the coordinate chart. For k = 1 the volume form is called length form, for k = 2 it
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1s called area form, for k = 3 it is called volume form, for higher k it is called k-volume
form. The total k-volume of a region R*) is given by

1% (R(k)> = / av® (A.34)
R(K)

(and it is called length, area, volume, and k-volume respectively) and is additive and
mwvariant under a change of coordinates.

A.2.2.2 Affine connections

Let us define a connection on a vector bundle (B — M)y,

Definition A.53. Connection on a vector bundle
Consider a vector bundle (B — M)y, and a tangent bundle TM. A connection on B
1S a map
ViE(TM)XxEB)yy = EB)yy

V:(X,)Y)— VxY (A.35)
satisfying the following three conditions:

o [t is linear in the second argument, i.e.

Vx (aY +bY') =aVxY +bVxY' fora,beC (A.36)

o [t is functionally linear in first argument, i.e.:

Vixigx'Y = fVxY +¢gVxY for f,g,€ C® (M) (A.37)

o [t satisfies the Leibniz rule when multiplying the second argument by a function:

VxfY = fVxY + X (f)- Y for f€C™(M) (A.38)

In other words a connection is a directed differential operator on the fields of a bundle B,
where the direction is defined by a tangent field on M.

A very trivial example of a connection is the Lie derivative (see definition [A.41)).
For connections other then Lie derivative the operation is usually called covariant
derivative with respect to the connection V.

Since a connection is functionally linear in the tangent field, one can associate a one
form with each connection.

Definition A.54. Connection one-form

Given a connection V on (B — M)y, its connection one-form w is a one-form valued
in End (V) =V @ V* defined as

VxY =0xY +w(X)Y (A.39)

Consider now a coordinate chart (SBZ) on M and a basis ef on the vector space V. The
connection one-form can be expressed in this basis as

w=wh= wikd:ck (A.40)
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and the derivative along the connection is given by
VY =o' +why’ (A.41)

A connection one-form determines fully the connection, thus we will say connection w

instead of connection one-form w of the connection V. Having a connection w we denote
(W)
the covariant derivative by V.

Assume now, that the tensor field Y is a G-tensor for some gauge group G.

Definition A.55. Gauge covariant connection
A connection is called G-covariant, iff it transforms under gauge transformations in
such a way, that the covariant derivative does not change (it is gauge invariant), i.e.

VxY = VY%, V? (A.42)

this leads to conditions on the action of gauge-transformation on connection one-forms.
A simple calculation leads to the formula

wl=p(g Nwp(g)+p(g7")dlp(9)] (A.43)

where p is the representation of G on the bundle (B — M),,. The action is non-linear,
and that’s why the connection one-form is not considered a G-tensor no matter that it is

a section of the bundle (B — M) .
V@V

The equivalence classes of the gauge action on the connections are called the
gauge invariant connections.

Consider now connections defined on a bundle (B — M), such that V" is the defining
representation of the group G. The gauge action of the group simplifies to

w9 =g twg+ g ldg (A.44)

Moreover, note that the Lie algebra g of the group G is the subspace of V* ® V. Let us
then consider only these connections, that takes values in g. Such connection can be very
easily generalised to other G-bundles:

Definition A.56. G-connection

A connection w is called G-connection for the group G, if it is defined by a one-form
that takes values in gt = ig, which is G-covariant.

A G-connection with the base manifold M defines a G-invariant connection on each
bundle of G-tensors over M. It acts on the tensors via the representation Tp of the Lie
algebra g tangent to appropriate representation p of the gauge group G':

(w)
VY = 0xY + Tp(w (X))Y (A.45)

Covariant derivatives with respect to different fields in general do not commute. The
measure of non-commutativity of a connection is the Curvature form:

Definition A.57. Curvature form of a connection
Given a connection w the curvature form is a Aut (V')-valued 2-form on M, which
action is given by

(w)  (w) (w) () (w)
Q(X1,X2)Y := Va, Vi,V = Vi, Vi, Y — Vi, xyY (A.46)
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One can prove, that if w is a G-covariant connection, its curvature form Q is a G-tensor-
valued 2-form. For G-connections the following equation holds

1
Q=dw+ 3 [w, w] (AA4T)

A special class of connections are the connections on the tangent bundle to the man-
ifold. Although they are connections on a vector bundle, we will call them connections
defined on manifolds:

Definition A.58. Connection on a manifold

A connection on a manifold M is a GL (n,R)-connection on the bundle TM (where
n = dim M ). The connection one-form of such connection is denoted by T' instead of w.
Given a coordinate chart (x’) on M and related frame (0;) and coframe (da:z) the matriz
elements of I' are given by

& k )

and they are called Christofel symbols of second kind.
Consider a coordinate transformation ¢ : (') — (y*). Because of GL (n,R)-covariance
the Christofel symbols transform as
e _pk 00100 Oy | Oy O
ba " It gye gyb dak T dxt dydyb
Since I' is a GL (n,R)-connection, it can be naturally generalised to any bundle of multi-
vectors or k-forms on M.

(A.49)

Although the connection form has one upper and two lower indices, it is not a (1, 2)-
tensor field, because the transformation rules are not linear. Moreover, the con-
nection acts on two tangent fields, but they are not treated equally. The antisymmetry
of such connection is measured by Torsion tensor:

Definition A.59. Torsion of a connection on a manifold

()
Given a connection I' on M the torsion of this connection is the field T defined as

follows:
() (] )
T(X,)Y):=VxY -VyX - [X,Y] (A.50)

One can prove, that for each connection on M the torsion is a (1,2)-tensor field.

An example of a connection on a manifold is the Levi-Civita connection. It is defined
as follows:

Definition A.60. Levi-Civita connection
Given a (pseudo-)Riemannian manifold (M, g) the Levi-Civita connection is the SO (g)-

(L=C)
connection YV defined by the following property:

(L=0)
e [t is torsionless: T =10

(L-C)
o Covariant deriwative of the metric tensor vanishes: V ;g =10

One can prove, that there is a unique connection satisfying these both conditions for a fixed

(pseudo-)metric field. The Christofel symbols of Levi-Civita connections can be expressed

by derivatives of the metric field:

; a1l (Ogi.  Ogi;  Ogjk
VY J ¥l
Iy=g 5 (axk’ + 5l Bl (A.51)
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A.2.2.3 Parallel transport and holonomies

Connections gives a way to connect the fibre spaces of a fibre bundle in separate points
of the base manifold. This is done using the holonomies. In order to define holonomies
let us first introduce selfparallelness with respect to a connection.

Definition A.61. Self-parallel field
Given a connection w on a bundle (B — M),, we say, that the field Y € Z(B) is

self-parallel with respect to w along a path ~ : |—1,1[ — M iff for each t € |—1, 1] we have
(w)
Vx+Y,4 =0.

Consider now a single tensor Y, € V. One can extend it in a self-parallel way along
any path passing through p via the parallel transport

Definition A.62. Parallel transport of a tensor
Given a connection w on a bundle (B — M) , a tensor Y, € 71 (p) and a path
m 1%

v :]=1,1[ = M we say, that the parallel transport with respect to w of Y, along the path
7 is the function Y :]—1,1] — 71 (v(]=1,1])) such that for each t € ]—1,1] we have

(w)
Vx+Y (t) = 0 (where obviously Y (t) = Yy € 771 (v (t)), but we will use the notation
without the subscript).

The condition for parallel transport can be expressed in terms of the connection form

%y () + wlyy Y () =0 (A.52)

(where w| S = wJX;Y( t)), which in coordinates gives the so called geodesic equation:

d .
51/1 ) +wh (X)'Y) =0 (A.53)

Since one can parallel transport each tensor, one can transport all the fibre, which is
a vector space. Thanks to the linearity of the covariant derivative, the geodesic equation
is a linear differential equation on a vector space:

%U (t) =~ wl @ U (1) (A.54)

This equation can be integrated to a linear operator on a vector space.

Definition A.63. Path ordered exponential
The unique solution of the equation with the initial condition U (0) = 1 is

called the path ordered exponential, and denoted as P exp (f(f — w\7> where w|7 s a

one-form on the interval [0,t] defined as w|, (s) :== w|, ) ds.

Given a compact path v : [0,1] — M the path ordered exponential along the full path
will be called the holonomy:

Definition A.64. Holonomy
A holonomy of a connection w along a path~ : [0,1] — M is U, [w] := P exp <f01 - w[,y>.

Sometimes we will also use the shortcut notation Uy [w] = Pexp ([, —w).

Consider now a holonomy on a bundle of G-tensors. The following statement is true:
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Claim A.2. Gauge transformation of a holonomy of a connection
Given a G-covariant connection w that transforms according to (A.43)), the holonomies
of w transform as

9():Ulw] = Ue[w’] = p [~ ()] (Ue [w]) pg (€(0))] (A.55)

Likewise, given the G-connection w, that transforms according to (A.44]), the holonomies
of w transform as

9(): Urlw] = Urw] = g7 (£(1)) (Ue[w]) g (€(0)) (A.56)

Proof
It is enough to prove the claim for G-connection. The proof for general G-covariant
connections goes analogously.

Consider both sites of the equation as functions of the parametrisation of the
curve. The left-hand site is

Uy w9 (£) = P exp ( /0 _ wm) (A.57)
The right-hand site is
U [w] (t) == g~ (£(t)) Pexp </0 - W|z) g (£(0)) (A.58)

Let us differentiate both Uy [w?] (t) and U] [w] () with respect to the ¢ parameter. We
get for the left hand side:

d d t t
&Ug W9 () = &Pexp </0 - w9]£> = — w9y Pexp </0 — wg|e> (A.59)

and for the right hand side:

S0l® = Lo ewypen ([ —ul)seo)

—1 t
S A P (A.60)

t
£ 00) (=) P ([ =) 9 (£ 0)
Inserting the identity 1 = g (¢(t)) g~* (£ (¢)) before both P exp (fot - w\£> we get:

d dg™ (£(1))

gurk e = g wmygt ewypes ([ - o) ato)

—g () @l 9 (€)™ (£(1) Pexp ( /0 - wu) 9(€(0))

_<dg‘1(€(t>>

o o) - ) el a e @) g 00)

(ot enpes ([ -u)swo) (A1)
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Note, that %g (@) = —gt( (t))% (indeed, since 0 = dl we have

0=d (g_l . g) = (dg_l) g+g~'dg), and that the last term in (A.61) is precisely UJ [w] (t).
Thus we get

~1
0 0 = (g 0) - 7 0 0) vl 9 €)™ €0 ) U] 0

dt dt
(A.62)
but the factor in the bracket is precisely w?|,, (see (A.44)), so
d
S U711 () = iy U7 141 (1) (A.63)

So both Uy [w9] (t) and U} [w] (t) satisfy the same differential equation. Since the initial
condition also match (for Uy [w9] we have Uy [w?] (0) = 1 by definition of Pexp (-), for
U{ [w] we have UJ [w] (0) = g~ (¢(0)) Lg (¢(0)) = 1), whole functions match, and thus
the holonomy of the transformed connection Uy [w9] equals the transformed holonomy
U] [w].

Quod erat demonstrandum. O

Remark A.4. The above notions were introduced in terms of connections valued in g#.
They can be easily translated to g by noticing, that the canonical isomorphism between
g4 and g is g4 5 X4 — %XA =: XH e g Thus given a g”-valued connection w there
is a gH-valued connection & = %w. A geodesic equation for gf-valued connection is

d .
ayf (t) +ich; (X")' Y7 =0 (A.64)
and the path-ordered exponential is the unique solution to the equation
d ..
EU (t) = —i w|7(t) U (t) (A.65)

and we can write it as P exp (z Iy - @]7>

A.3 Harmonic analyses on SU(2)

Both Spin-foams and Operator Spin-network Diagrams are topological objects colored by
some tensors. Most of these tensors are elements of Hilbert spaces build of representation
spaces of SU(2)-group. Let us thus provide here a short introduction to the harmonic
analysis on SU(2) and the algebra of SU(2)-tensors.

We start with fixing conventions about denoting SU(2)-elements. Then we introduce
spin- and tensor-representations of SU(2). Finally we define spin network functions.

The SU(2) is a widely known group. The detailed study of the representation theory
on SU(2) can be found for example in [99] and [86, chap. 2|. The detailed introduction
to spin network functions can be found in for example in [I00].

A.3.1 Conventions

A.3.1.1 Angular momentum operators

The hermitian generators of SU(2) will be denoted by L, f/y and L.. In the defining
representation they are given by halves of the hermitian Pauli matrices

0 3 p_o (0 =% ;o3 _ (3 0
;o> Ly—z—(; o> L”f( 1) (AED)



and they have the following commutation relations:
1 [f/z, i/]] = —Gijkik (A67)

A.3.1.2 Parametrisation of SU(2)

Elements of SU(2)-group will be denoted by letters u,v or h. A general u € SU(2)
element can be parametrised by 3 angles:

eiaT_B cos & eiaTw sin ¢
u:u(@,a,ﬂ): La+8 '29 .a—pB 2 (A68)
—e "2 sing e "2 cosg
the ranges of the angles are
0 € [—m, 7] a €] — 27, 27] B € [0,2n] (A.69)

Although the range of a may be surprising, it must be so in order to admit all possible
combinations of phases.
The elements of a U (1)-subgroup of rotations along the z-axis are denoted by

uq = u(0,,0) = ( ¢ Om > = exp (éaﬁz) (A.70)
0 ez

Note, that here also a €] — 2, 27|, and that « (0,27,0) = —1. The elements u, act on

general SU (2)-elements as follows:

U U (0, o, ﬂ) =u (9, a+d, B) (A.71)

It is convenient to derive matrix elements of a group element which corresponds to
the rotation of the z-axis to a given direction 7 = (sin 6 cos ¢, sin 0 sin ¢, cos 6), being the
element uz € SU(2) such that
ulosug =i - & (A.72)

it
Obviously ugz is defined up to left multiplication by a rotation around z-axis, i.e. if ug
satisfies (A.72]), then uyuz also does. In calculations we will often use the u; defined in
such a way, that it’s diagonal elements are real. In such convention the matrix elements
are

o i) qin O
uﬁ:< cosy e Slﬁz)zuw,gb,@ (A73)

—e~gin @ (4
e'’sing  cos g

and the group element u; of a vector 77 is sometimes denoted as n.

A.3.2 Representations of SU (2)

In general a SU(2)-tensor is an object on which we can act with a linear representation
of the SU(2)-group. The simplest case is SU(2)-vector, i.e. elements of spin-j Hilbert
space:

Definition A.65. Spin-j Hilbert space
Given a non-negative half-integer number j € Z%. U {0} the spin-j Hilbert H; space
is the carrier vector space of (25 + 1)-dimensional unitary irreducible representation of
SU(2)-group. Its elements will be denoted by ket notation: |x);. The action of SU(2) on
H; will be denoted by
SU2) x H; > (u,x) = ulz); € H,; (A.74)
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The spin-j Hilbert space has a basis that diagonalise the L. operator, i.e. |m>j for
me{—j,—j+1,...,5—1,5}. The action of the generator of the z-rotation L, is given
by:

L. |m); =m|m), (A.75)
Unless explicitly stated otherwise we use the summation convention over spin-indices:
|z); = 2" |m); me Im); (A.76)

There is of course the basis diagonalising L, and f/y, we denote them as \mx)J and
|my>. respectively. The z-angular momentum basis can be also denoted with z-subscript:

|mz> however whenever there is no subscript, we assume that m refers to L,-basis.

The spin-j Hilbert spaces are eigenspaces of the Casimir operator L2 with the etgen-
value j (5 + 1).

There are two special cases of spin-j Hilbert spaces. First is the scalar space Ho = C.
In most cases we will simply omit its vectors and treat them as numbers. Second one is the
defining representatzon?—ll = C2. We will denote its basis as |T) := | >1 and |}) = ‘ >

(of course there are also \Tx> Lz) and [1y), |4y)). The higher spin representatwns can
be seen as symmetrized tensor products of the defining representation, i.e.

Hi=Hy o 0y, mh=Nio oo ol (A7)
27 times (§+m) times (j—m) times

4 1 )
where Ny, := (_?_]m) % is a normalisation factor (see [86]]).
The dual space H;f is the space of linear functionals on H;, its elements are denoted

either by kets |y) . or by bras: (y|;, or by lower indices: (y|; = (n|; yn.
The group SU(2) acts on H; via Wigner matrices:

Definition A.66. Wigner matrices
Wigner matrices are matriz representations of action of SU(2) on H; spaces. They
are defined as

SU(2) 3 u s DV (u)?, := (n|u Im); € C (A.78)
thus action of SU(2) on H; is given by the formula
SU2) x H; > (u,2) = ulz),; = DI (u)l ™ n); € H; (A.79)

and on H; the group SU(2) acts via the hermitian conjugation of Wigner matrices

SU(2) x Hj 2 (uy) = (ylu = DI(u),yn (ml; (A.80)

Using the one can get an exact formula for matrix elements of Wigner matrices
(see [86]):

D = <j —Ql-jm>é<jijn>_; (A.81)

where wt = (Jult), ut = (Aluld), uf = (Hult) and u= = (Lull). Imposing the
unitarity and unit-determinant conditions on ui leads to further simplifications of this
formula.
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Thanks to the Peter-Weyl theorem the Wigner Matrices matrix elements form an
orthogonal set of square-integrable functions on SU(2). The orthogonality relation is

1

/ AuDI () D7 (u)7 = 679" 6™ 5,
SU(2)

Given several spins one can introduce a product representation space:

Definition A.67. Product representation
Consider a tensor product of k spin-j Hilbert spaces Hj, @ --- @ Hj, . We will denote
them shortly as Hj) Q- --@Hj, = Hj e-.0j = Mz . The basis of this spaces will be denoted
as |mi,...my)j o g4, Or shortly: |ﬁi>]~ This space has a natural action of SU(2) given
by:
SU(2) x H; > (u, T) = D7 (u)ps, - - - D% (u)pk Tk |ﬁ>j—' € M; (A.83)

It can be simply generalised to temsors with both wupper and lower indices:

for Trqr?klﬂm?nkﬂ EHj, @ QH; ® H;kﬂ ®7—[;kk , we have

SU@2) x Hz> (uw,T) — D (u)pt - D (u)ps
.Djk+1( )?k’f_‘_“'ll oo DIkt (u)?k’:‘;l

T i) € Hs (A.84)

M1 M4

mg

we will often use a shortcut notation:

DI (u)?% " = Dii(u ) - DIk (y )k - Dikt1(u Yl e DIkt () k! T
(A.85)

Among the SU(2)-tensors there are tensors, that does not change under the action
of the SU(2)-group. They are called invariant tensors:

Definition A.68. SU(2)-invariant tensors
A tensor T™ € Hs is SU(2)-invariant iff

-

Vuesu() DY () T™ = T7 (A.86)

The space of SU(2)-invariant tensors will be denoted by Inv (H;). The projection
onto Inv (H;) 18

Py = du DY (u), (A.87)
SU(2)

Sometimes we will expand the formula in the spin-z-basis:

Piyy = / du D7 (u)p -+ DM (u)ys, - DIk ()5 DIt ()l (A.88)
SU(2)
or simplify to a formal expression
Py = / du u (A.89)
SU(2)

The invariant tensors are often denoted by ¢ instead of T', and in Ket-notation as ‘L);
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The necessary condition for a tensor ¢ € 7—[; to be invariant is L. |L>J~. = 0 (as well

as Ly 07 = L, |t)7 = 0). This put a constraint on the multi-index 7 - since [m)> are
eigenstates of L., with the eigenvalue Y ¢;m; (where ¢, = —1 if the spin j; is present in ’Hj#
as a dual representation, namely H;w and €; = +1 otherwise), the invariant tensors has
non-zero only the components ¢ |777L>J-* for m such that > ¢;m; = 0. Thanks to rotations of
the generators one can prove that some tensor spaces may contain no nontrivial invariant
tensors. In order to have a non-trivial SU(2)-invariant subspace, the following condition
must be satisfied:

Viet,. ki < Y Ja (A.90)

aFi

called generalised triangle inequality.

For invariant tensors one can also prove a convenient identity that were used in the
main text of the theses:

Theorem A.1. On functions of invariant tensors

Given two invariant tensors i, € Hs (where j = (ji,...,7n) |L>]? =D 5w |T7l>5 and
|L’>j—f = b |Th’>; ) and a function f : R*™ — C being a uniform limit of a series of
polynomials we have

, N — mi (m1 + 1) My (My +1) :
Zf(m%avmrzzﬂjlav.]n) LT?LL;ﬁ:f<37~'-,n3n;]1,...]n <L| ’L,>j
m

(A.91)

The proof of this theorem can be found in subsection [6.5.2]

A.3.3 Spin-networks

Let us now introduce Spin-network states. The detailed definitions and deeper study of
spin-networks can be found in [I00, 19]. Here we introduce a usable definitions, without
discussing their origins.

Spin network states are functions on configurations of a gauge field on a graph. Thus
first let us define the gauge configuration on a graph. Then we define the spin-network
functions for the SU(2)-group and express them in two pictures - as a function on a group
and as a tensor product of invariant tensors. Finally we discuss how to generalise this
picture to other groups.

A.3.3.1 Gauge field on a graph

Consider a manifold M with a SU(2)-connection defined by a su(2)-valued SU(2)-

covariant one-form w (see Appendix |[A.2.2.2)). Recalling the Appendix |A.2.2.3] given a
path £ : [0,1] — M one can define a holonomy of w along ¢ as Uy [w] := Pexp (i [, — w|,) ,

that transforms under the gauge transformation h (-) as
h(-): Uelw] = b (t(0)) " Urlw] h(s(0)) (A.92)

Consider now a graph G embedded in M. One can define a holonomy of the field
w along the graph G as a functional Holg : Q' (M) ® su(2) — SU(2)* defined by the
formula:

Holg : A > {U [o]}ser, = {Pexp <2 /g —w) }ZELQ (A.93)

243



One can check, that for w being SU(2)-connection the holonomy of w along the graph
G transforms under a gauge transformations according to the formula:

P() s AU AT ey {Ue[4"] ), = {n @) vetaln(s(0))} (A.94)

EELg EELg

Consider now a collection of SU(2)-elements {Up}ey,, and action of N copies of
SU(2)-group on them (N is the power of the set of nodes Ng), similar to (A.94]), namely

SU(Z)N S {hn}nENg : {Ug}éeLg {hs(g)Ufht( )}EELQ (A.95)
Let us call {Ur} ey, a SU(2)-holonomy on the graph G, and the action of SU(2)N will be
called the SU(2)-gauge action. A SU(2)-holonomy can be defined for a graph embedded
in a manifold (then it might be a holonomy of some connection field on this manifold),
as well as for an abstract, non-embedded graph. The equivalence classes of SU(2)-
holonomies on the graph G of the gauge action of SU(2)"V are called gauge-eqiuvalent
configurations of SU(2)-holonomies. The set of all gauge-equivalent configurations will
be denoted by SU(2)*/gSU(2)", where G indicates the precise action of the gauge trans-
formations (of course even if G and G’ have the same number of links and nodes, the spaces

U(2)F/gSU(2)N and SU(2)¥ /g SU(2)"N are in general different).

A.3.3.2 Spin-network functions
Let us define a general spin-network function.

Definition A.69. A spin-network function
A spin-network function is a function Ng;,j, v, : SU(2)L — C determined by a graph
G = (N, L), colored as follows:

e cach link of the graph £ € L is colored by a spin jp

e cach node of the graph n € N 1is colored by a triple: a spin j,, a vector v, € H;,
and an invariant tensor i, € Inv [H;n ® <®£+e£$ Hjl) ® (®£—e£; %;zﬂ

Given a set of SU(2)-elements {Up} ey, the evaluation of the spin-network function is
given by

Mk Mgk .
Ngﬂjnvnm {Ué}gg[, H V 2jp+1 DN UZ : ané, meli mj, v in (A96)
1 l

Lel. neN
where k is the number of positive half-links and | is the number of negative half-links at

the corresponding node.

Spin-network functions span a basis of the Hilbert space L? (SU(2)%) (see [19]).
Consider a graph embedded in a manifold M on which one defined a connection one-
form A. Then a spin-network state defines a functional on the connection one-form by

the formula
./\/’gjw'nann [A] := Ngjgjnann <{Ug =Pexp <2/€—A)} ) (A.97)
feL

Since the gauge transformations act on connections (as it was defined in
Appendix and recalled in Appendix , they also effects the value of a
spin-network functional on a connection. In order to have a functional insensitive on the
gauge choice we define the gauge-invariant spin-network functions:
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Definition A.70. Gauge-invariant spin-network functions

A spin-network function Ng;j,j,vni. 1S a gauge-invariant spin-network function iff all
the spins j, = 0. Thus the vectors v, are redundant (since they only multiply the tensors
tn, by numbers) and thus the gauge-invariant spin-network functions can be described in a
simpler way as Ngj,.,., where v, € Inv [(®£+e£$ 7—%) ® <®£*e£; H}feﬂ , and evaluated

as e
e ek

Nojoon ({Uckeer) = [T V25 + 107 Weymes - 11 tnm,t o (A.98)
1 !
el neN
where k is the number of positive half-links and | is the number of negative half-links at
the corresponding node. We may say, that a gauge-invariant spin-network function is a
function Ngj,., : SU(2)Y/gSU(2)N — C.

Structure of spin-network Hilbert spaces
Let us now study the structure of the Hilbert space of all spin-network functions. In
order to do this it is convenient to name the Hilbert spaces of the form

o= Q) i || & H, (A.99)

el (-l
as the node Hilbert spaces and
v =Tnv || Q) Hy | @ | Q) H, (A.100)
relt t=eLly,

the invariant node Hilbert spaces (such Hilbert spaces appeared already in definitions
and at each node). We will use this notation in what follows.

Consider now all gauge-equivalent configurations of SU(2)-holonomies on a graph G,
i.e. all equivalence classes of gauge action on the space of SU(2)-holonomies on G (see Ap-
pendix. These configurations form a compact topological space SU(2)" /g SU (2)V.
Let us call the the space of all functions square-integrable with respect to L copies of Haar
measure on that space as Hg, i.e. Hg := L? (SU(Z)L/QSU(Q)N ; (duHaar)L>. Gauge-
invariant spin-network functions are a dense subset of Hg. They can be used to describe
the structure of Hg [6) 100].

Each coloring of links of G by spins {js} labels a separate orthogonal component,
thus:

Ho= B Hopn (A.101)

{je}egr_,g

Given a fixed spin-labels note, that in a gauge-invariant spin-network each node of n
labelled by a tensor ¢, € H,. Thus the space of all gauge-invariant spin-networks with
fixed spin-labels contains a copy of H,, for each node. Since the choice of the invariant
tensors is independent for different nodes, the node Hilbert spaces are tensor-multiplied.
Since there is no more freedom for gauge-invariant spin-network functions, we have

Inv
Ho iy = Q) Hi (A.102)
nENg
Thus the Hilbert space of all gauge invariant spin-network functions of a given graph is

o= P Q #H™ (A.103)

{jl }ZGLg neNg
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Given an orthonormal basis of each of the intertwiner spaces H, (denoted by

(1) I=1....dim Hn) we have the orthonormal basis of the space of spin-network functions:

Hg = Span (Ng{jﬁ{%}) all possible {]E} (A.104)
all possible {.}} for given {j;}

The Hilbert space Hg is often called the graph Hilbert space or the space of spin-
networks on G. The space Hg 5,1 is called fized-spin Hilbert space on G; it is often
denoted shortly as Hg G The spaces H,, and H™ were already named the node Hilbert
space and the invariant node Hilbert space. The spaces Hg and Hg ¢;,) are gauge invariant
by definition.

Spin-network functions are often used as vectors in a Hilbert space, not as functions
on a group. Because of this we often refer to them as to spin-networks, not spin-network-
functions.

A.3.3.3 Spin-network-like states for other groups

The framework of spin-network functions can be easily generalised to any compact Lie
group G. The generalisation is defined as follows.

A spin-network-like function is determined by the following modification of the defin-
ition : Each spin j, and j, is substituted by a irreducible unitary representation
pe or p, of G-group respectively. The Wigner matrices are replaced by appropriate mat-
rix elements of corresponding representations. The factors /27, + 1 are replaced by the
dimension of the appropriate representation \/@ . The invariant tensors ¢, are now in-
variant tensors of the appropriate representations of G-group, the vectors v, are elements
of the representation carrier Hilbert space H,,. Thus the evaluation of the spin-network
function is

ngfpnvn’»n {gf}éeL H V pgpf gﬂ H Lna - a - c7rL ) 'Uncjn <A105)

leL neN

The same substitutions are straightforward through all the formulae in Appendix[A.3.3.2]
Thus in the end the space of gauge-invariant G-spin-network-like functions is decomposes

into
b & HI™ (A.106)

{pZ}ZGLg neNg

with 2SIy [<®£+e£$ le_,) ® <®£_€£77 H@)] being the node Hilbert spaces of
G-group.

Spin-network-like states can be also defined for a noncompact Lie group G, however,
the Peter-Weyl theorem is not valid for non-compact groups and the matrix elements of
irreducible representations of G are not any more square-integrable functions on G - they
are distributions.

A.4 The SL(2,C) group

The SL(2,C) group, being the universal cover of proper orthochronous Lorentz group
SO (1, 3)+, is the group of key importance in the dynamics of General Relativity. In this
section we recall some basic properties of this group and fix notation conventions used
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used in this thesis. This section is based mostly on the textbook [86], and partially on
[101], however conventions used here are more similar to [37].

In subsection [A-4.T] we focus on algebraic properties of the group, we show it’s relation
with the Lorentz group and show the decomposition of SL(2, C) into rotations and boosts.
In subsection present the brief recall of representation theory of the SL(2,C)-
group. In subsection we discuss some technical issues related to the EPRL map.

A.4.1 Algebra of SL(2,C) elements

In the defining representation the SL(2,C) group is the set of 2 X 2 complex matrices
with the determinant equal to 1:

1 1
SL(2,C) > g = ( Z% ié ) L9195 — 9391 = 1 (A.107)

In this subsection we fix our convention about relating SL(2, C) elements with Lorentz
transformations, then we show, how is the SU(2)-subgroup immersed in SL(2,C), and
finally we present some formulae allowing to decompose a SL(2,C)-element into pure
rotation and pure boost.

A.4.1.1 Lorentz representation

Consider a 4-vector x in the Minkowski space. One can assign to it a hermitian 2 x 2
complex matrix X := 20y, where

e (30) (U e () me (D)) oy

Note, that det (X) = nya*z”. Indeed:

2+ 23 ! —ix? )

ol fig? 203 )T (x0)2 - (x1)2 - (372)2 - (953)2 (A.109)

det (X) = det (

Given an element g € SL(2,C) one can define its action on z as follows. Let Y = ¢ Xg,
where Y = y#0,. We say that Ajgz = y. It is easy to check, that this representation
preserved the scalar product 7. Indeed:

Nuwyty” = det (V') = det (gTXg) o det (X) = nuata” (A.110)
thus A, is a Lorentz transformation.

Since SL(2,C) is connected, it covers only a connected component of SO (1,3) con-
taining the unity, namely SO (1,3)". Moreover, one can easily check, that Ay = Ay,
thus each SO (1,3)" element is represented by a pair of SL(2,C) elements.

A.4.1.2 Little group

Given any hermitian matrix X one can identify a subgroup H < SL(2,C) preserving this
matrix. This subgroup is called the little group of the vector z# (where X = zt0,,).

If the matrix X is positive-definite, the vector z* is timelike and future-pointing. In-
deed, the determinant of a positive-defined matrix is positive, thus z#2"n,,, = det (X) > 0,
so the vector is timelike. Now consider a matrix element (1| X |1) = 2% + 3. If 2* were
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past-pointing, we would have z° < 0. Since z* is timelike, obviously }:EO‘ > ’mﬂ, thus
20 + 2% < 0, so X is would not be positive-definite.

If X is positive-definite, it defines a hermitian scalar product on C2. A group that
preserves a hermitian scalar product is the group of unitary matrices U (2). Its inter-
section with SL(2,C) are the unitary matrices with unit determinant, i.e. SU(2). Thus
given a timelike future-pointing vector z# € R* or given a hermitian positive-definite
matrix X € C2*2 we can pick one of SU(2)-subgroups of SL(2,C).

The Lorentz transformations that preserve a timelike future-pointing vector z* are the
rotations of the 3-space orthogonal to xz*#. Thus the little group of proper orthochronous
Lorentz group SO (1,3) of x* is SO (3), being doubly covered by SU(2).

Each particular choice of SU(2)-subgroup of SL(2,C) can be interpreted as a choice
of time direction in the space-time. All the elements of Lorentz invariant theory are
invariant under such change of coordinates. Thus in most cases we chose the SU(2)-
subgroup preserving the natural hermitian scalar product in the defining space C? of
SL(2,C), which corresponds to the choice of timelike vector z = (1,0,0,0).

A.4.1.3 Decomposition into boost and rotation

Having chosen the little subgroup SU(2) < SL(2,C) one can provide a decomposition
of g € SL(2,C) into the unitary and non-unitary part. In this subsection we pick the
SU(2) subgroup corresponding to the vector z = (1,0,0,0).

One can perform the polar decomposition of g. Let H = g'g. Obviously H is a
positive hermitian matrix (since for each |¢)) we have (¢| H [¢) = ||g®|| > 0), thus it has
a unique positive hermitian square root k. The matrix u := gk~! is unitary, thus for each
g we have a unique decomposition

g = uk (A.111)

for unitary w and hermitian k. Obviously both u and k can be treated as SL(2,C)-
elements (with appropriately trivial polar decomposition). One can perform another
decomposition (by choosing H' = gg') into g = k'u/ for unitary «/ and hermitian &',
where in general v’ # u and k' # k.

The unitary subgroup of SL(2,C) is SU(2), thus we have u € SU(2) and
k€ SL(2,C)/SU(2) := H3. The choice of the little group SU(2) < SL(2,C) corres-
ponds to the choice of the hermitian scalar product with respect to which we consider
v and k to be unitary and hermitian respectively. Although H? is the quotient space
SL(2,C)/SU(2), there is a natural embedding H® < SL(2,C). For each element of the
quotient space there is a unique hermitian representative. Thus we will usually consider
H? as a subset of SL(2,C).

In order to characterise the quotient space H? let us consider a general hermitian
k =kt € SL(2,C). In the defining representation it can be written as

00,00 = (L Lot o e ) (a112
It is easy to check that given a unit vector 7ig , the element k (1,6, ¢) is
n
k(n,0,9) = uj_ig’d) < 602 693 ) Usiy , = u}%w exp (mf(z) Uiy, (A.113)

for ug, , given by li and K, = 23, Introducing two other anti-hermitian Pauli

matrices K, = g} and K, = %2, recalling |D and noting, that for unitary u we have
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u~texp (A)u = exp (u"'Au), we can express k (1, 0¢) as

k(n,0,¢) = exp <im—i9,¢ . K) = exp (zﬁ ff) =: k(1) (A.114)

Thus the hermitian elements k& € SL(2,C) can be labelled by a vector 77 = nfip,, € R3.
We will often identify H® with R, however, H® has a measure induced from SL(2,C)’s
Haar measure, being different from the natural measure on R3.

The elements of SU(2) < SL(2,C) are called pure rotations, because in the Lorentz
representation they correspond to rotations of the space - C R*. The elements of
H3 C SL(2,C) are called pure boosts, because in the Lorentz representation the element
k (77) boost the vector x in the direction n (with the velocity monotonic with |7]). The
generators L; (introduced in Appendix D and K ;j are called rotation generators and
boost generators respectively. Their commutation relations are following:

i[ﬁi,ﬁj] = —ejPly Z[LKJ] = —eF K, z[KK]} =Ly (A115)

Combining (A.113) with (A.111]) one can obtain another decomposition of a general
SL(2,C) element:

g=u "tk (A.116)

for u,v € SL(2,C) and k, := exp (mK Z) This decomposition is not unique, because

the z-rotations ug commute with z-boosts, so g = u‘lknv = u‘luglknu(bv. Nevertheless,
this decomposition is very useful in direct calculations.

A.4.2 Harmonic analysis on SL(2,C)

A very good and detailed study of harmonic analysis on SL(2, C)-group can be found in
[86]. Here we summarize the aspects of the theory, which are used in our thesis.

We start with finite dimensional representation of the SL(2,C)-group (i.e. the spinor
representations), which are non-unitary. Then we describe the principal series of unitary
representations of SL(2,C) (without going into derivations, but simply by character-
ising these properties and these matrix elements, that are necessary in our calculations).
Finally we recall some formula for Haar measure on SL(2,C).

A.4.2.1 Spinor representations of SL(2,C)

The generators, when treated as complex matrices, are proportional to corresponding
generators of rotations. This leads to a conclusion, that SL(2,C)-group can be obtained
by a complexification of SU(2). Indeed, consider the formula for u (0, a, B). Matrix
elements are combinations of trigonometric and exponent functions of the angles. The
determinant of u (0, o, B) is

co— co— 9 feY e 9
det (u (6, a,8)) =€ 7 "% cos? 3 + i3 %5 sin? 5 (A.117)

It is equal to 1 thanks properties of exponent and trigonometric functions, that hold also
for complex arguments. However, the unitarity of u (0, a, §) is ensured by the reality of
the arguments. Thus by complexifying the angles one obtains a general 2 x 2 complex
matrix with determinant equal to 1, i.e. a general SL(2,C) element.

Civen a general SL(2,C) 3 g (21, 22, 23) consider a Wigner matrix DY) (-). Its matrix
elements are analytic functions of matrix elements of its argument. Since g (z1, 22, 23) is
complexified u (6, «, 5), one can calculate the Wigner matrix of it, obtaining DU) (9)-
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The spin-j Wigner matrices of SL(2,C) elements are invertible operators acting on
;. However, they are not unitary, except from the SU(2) subgroup of SL(2,C). They
form finite-dimensional irreducible non-unitary representations of SL(2,C).

A.4.2.2 Unitary representations of SL(2,C)

All unitary representations of SL(2,C) are infinite dimensional (except the trivial one).
Let us consider here the principal series of unitary representations of SL(2,C). They are
labelled by a pair of a real, positive number p and a non-negative half-integer k.

The carrier space of each of (p, k)-representations is a subspace of the space of square-
integrable functions on a sphere HPK) L2 (S 2). The precise action of SL(2,C) on these
functions is crucial for the derivation and can be found in [86], chapter 3.]. However, it is
irrelevant for our considerations, thus we shall treat it as given.

Let us introduce a convenient basis in (p, k). Fixing a SU(2) subgroup of SL(2,C)
decomposes HP*) into subspaces invariant under the action of SU (2). On each of such
subspace the little group acts via spin-j representation, for a different spin:

HOP = D Hy)”f) (A.118)
j=k

where the sum goes through j = k 4+ n for a nonnegative integer n (i.e. there is no
j=k+3 etc.).ﬂ Fixing the z-direction (i.e. choosing a little group U (1) of SU(2)) splits

each ’H§-p *) into eigenstates of L., so that there is a basis in H®):

PR = Span (y 4, m)(nk)) (A.119)
JEK+Z
the states [j,m), ;) will be sometimes denoted as [(p, k) ;j,m). In this basis the matrix
elements of g will be denoted in one of the following ways:

DPR (g)ia, = (il gld2,m) g = (0, k) 351,10 g | (9, k) 5 2, m) (A.120)

Of course D@k (g)géfn is an infinite dimensional unitary matrix, even for g € SL(2,C)
non-unitary in the defining representation.

As we have mentioned, given an element u € SU(2) < SL(2,C), it acts on |j,m),
via spin-j Wigner matrices, so

(1, nlw iz, m) 4 = 81,5 DYV (), (A.121)

Thanks to the formula (A.113) it is now enough to find the matrix elements of
k, = exp (nf(z>. Since K, commutes with L., D®F) (kn);;?n is diagonal in m,n:
DR (ks )yln = 57, DPR) (g, )7 (A.122)

However, it is not diagonal in ji,js. For general j; and js it is given by the following
integral:

d, (2t = 1)dg,, (20— 1)
[te=n + (1 —t)en)' ="

) 1
DR (k)i = /(21 + 1) (252 + 1) / dt (A.123)
’ 0

! The absence of subspaces with spin lower then k follows from certain assumptions on the regularity
of the functions f € L? (SZ)7 that are chosen to build H ™",
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where

ty = te ™ (A.124)
T te (1 —t)en '
and d‘]i,q (cos§) = DY) (u (8,0, 0))fn, ie.
27 \Z/ 2j \ 2
j _ J J A.12
.y, (cos 0) (j . m> (j N k) (A.125)

. . ] 0 2n—m—k 0 2j—2n+m+k
. E J+m o (=1)7 =" (cos = sin —
n j+k—n 2 2

n

(see (A.81)). Putting cosf = 2t — 1 for t € [0,1] one gets cos? § = ¢ and sin?§ =1 —¢,
thus the formula simplify

1
; 27 2/ 27 \
d 2t—1) = A.126

ECn e

n

N

and thus

. 1 1
‘ 1 T2 N[22
km (2tq ) [te" +(1—1) en] (j + m> (j + k‘)

: Zn: (j Zm> (j ian) (—1)/ R (A.127)

) (t)n— m;k (1 - t)j—n+m;'k €77(]‘—1—771—}—16—271,)

Combining (A.123) with (A.126)) and (A.127)) we get

1
; . 1 102510 \2( 21\
DPR) (yiom — (25, 4+ 1)7 (2j + 1)2
. (_1)j1+j2+2k en(j2+m+k)
1 (t>—(m+k) (1 o t)j1+j2+(m+k)
. dt —
/0 [te=n 4 (1 — t) en) 2P

'Z<j1+m>< Ji—m )<j2+m>< Jo—m >
i n1 n+k—n N9 Jo+k—mno

. (_1)n1+n2 (t)n1+n2 (1 _ t)—(n1+n2) 67277712

D=

1 1
( 272 >2<2j2 ) 2
Jjo+m Jjo+ k

(A.128)

(since k is half-integer, we cannot reduce (—1)*%). For each value of the ni and ns
the integral over df in (A.128)) gives a Hypergeometric Function with some parameters,
depending on p, k, ji, j2, m, n1 and no.

A.4.2.3 Measures on SL(2,C)

In order to perform integrals over SL(2,C) group one has to introduce an invariant
measure. We use the measure derived in [86]. Since SL(2,C) is non-compact, any
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invariant measure is defined up to a multiplicative constant, which we fix consistently
with the conventions presented there.
Given a parametrisation of SL(2,C) by a complex vector g* € C*

g(g")=¢"1+7-¢ (A.129)

the measure is

dg = Csp2,00 (9"9" 1w — H Dg" (A.130)

for an arbitrary constant Cgro,c), where for z = x + iy we have Dz = dazdy and
0(z) =0d(x)d (y). Such a choice was introduced in [86, p.13].
One can introduce an analogous parametrisation of SU(2) by a real vector u# € R*:

u(ut) =l 4 it - 7 (A.131)
In this parametrisation the Haar measure on SU(2) is

3

3
du = Cgy(2)0 <Z (u’)? — 1) H du* (A.132)
pn=0

v=0

for an arbitrary constant Cgyr(p). In [86] Riihl postulates to set Cgpa,c) = CSU(Q)Q, while
the constant Cgyr(9) can be ﬁxed by the normalisation requirement |, SU2) duw = 1. Such
condition leads to

Cspy =7 > (A.133)

thus, according to our convention
CSL(Q,(C) = 71'_4 (A.134)

We are especially interested in the measure expressed in terms of polar decomposition
of g into g (u,7) = u-k (7). In [86, appendix A| one can find, that given a decomposition
g = u1kyug the measure is

1
dg = 4—du1duQ sinh? ndn (A.135)
T
One can shift the decomposition into g = ujus lknug without change of the measure,

thanks to invariance of du on the shift. Let us now focus on du. In terms of the

parametrisation introduced in Appendix it is

w (0, 6, 1) = 1>2 sin 0d0dpd (A.136)

Note, that given ug (0,1, ¢) one can decompose it into ug (6,1, ) = (=0 L=y, (0,0,0).
The term e!*F= commute with ky, (see Appendix|A.4.1.3)), thus we can transform the term

k(17) :=uy ' (0, 6,0) kyus (0, ¢, v) as follows

k() = 0,9,9) kyus (6, 6,9)
_ “iW=O)Le g (i VO (0, ¢, )
—iW=9) L W= s k0 (6, b, &) (A.137)
k u2 (07 ¢7 ¢)

/\/\/—\/\
—_ — — O

0,0,0)e
9¢¢>
0,0,
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obtaining the term independent on . Thus we can perform the integral over ¢ (which
ranges over [—2m, 27| - see ([A.69))) reducing the measure term dug to

dug (0, ¢, 9) = % sin fdfd¢ (A.138)

being proportional to the area element of a 2-sphere.
Collecting all this together we have

1
dg = = sin d0d¢ sinh? ndndus (A.139)
7

Let us now focus on the part corresponding to k (77), i.e.

dk (77) = sin #d#d e sinh? ndn (A.140)

4r)?

Note, that the natural volume element on R3 is d37 = n? sin 8dfd¢dn. This means, that
dk (77) is proportional to d3i:

1 sinh®
dk (7) = —— iy (A.141)
(4m)” m
so that finally we can rewrite dg in the form that was used in
dg (7, u) — (52  Pridu (A.142)
g\n,u)= 4m1) n .

A.4.3 EPRL map

In this section we introduce the Lorentzian EPRL map. We start with a recall of ex-
planation of its construction. Then we discuss basic properties of the Y-map. Finally we
apply the simplifications induced by the EPRL map to the formula for matrix
elements of a z-boost.

The Lorentzian EPRL map was first introduced in [41], then it was widely studied.
Most of formulae are based on the version presented in [37].

A.4.3.1 Explanation
The EPRL map was designed to be weak solution to the simplicity constraint, i.e. to find
the states [¢), ) € KPR ¢ HPF) such that

(WK +7L[) 4 =0 (A.143)

In order to do that it is convenient to recall the matrix elements of the generators L and
K. Let us decompose L and K into L., K, and Ly := L, &£iL, and K4 := K, & Z'Ky
Obviously (A.143)) is equivalent to

(Y| K, +~L, |w/>(p,k) =0
(| Ky +9Ly )y =0 (A.144)
(Y| K- +vL- )y =0

2Note, that although in the defining representation K; = %Li, in the unitary representation this is
not the case, because in the unitary representation both L; and K, are hermitian operators.
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In the representation (p, k) the matrix elements of L and K are following (since all the
vectors |j, m) are in (p, k)-representation, to make the formulae more transparent we omit
the subscript):

L,|j,m) = m|jm)

Ly |j,m) VG Fm) (G +1Em)|j,m+1)

Kz‘j¢m> = _a(j)vjz_m2|j_17m> - 6(])m|]7m>
+a(G+)\G+1)*=m2]j+1,m) (A.145)

Kiljym) = —a@)VGiFm)(G-1Fm)lj—1m=1)
—BG) VG Fm)(j+1Em)[j,m=E1)
—a(f+ 1)V +1Em)(G+2Em)[j+1,m=E1)
for
R 2 L kp
a(J)—j\/ 121 ﬁ(y)—j(j+1) (A.146)
(see [47]).

We postulate (the detailed argument is not a subject of our thesis, it can be found for
example in [41])), that the the space of weak solutions of the constraint (A.143) is present

iff p =~ (k+1) and it iskK®F) = H,(gp’k). In order to check it, let us calculate matrix
elements of (A.144) between elements |k, m), ;) and [k, m’), . for p = (k +1):

<k:,m/’Kz+’yLz|k‘,m> = —ﬁ(k:)m<k:,m/’|k,m)+’ym<k,m/}|k:,m>
<k,m’|Ki+’yLi|k,m> = —p(k) \/(j:Fm)(j+1j:m)<k:,m'||k:,mj:1)

VG Fm) G+ L Em) (k,m'| [k, m + 1)
= VEFm) G+1Em)opnarm (v—Bk)  (A.148)

and
kv (k+1)

(v—5 (k))|p:’y(k+1) =7 m =0 (A.149)

The spaces KP*) are in fact parametrised by one half-integer number k. Consider
now a direct sum of all these spaces

Ice{o}uZTJr k:e{o}uZT+

Note, that K is isomorphic to sum of all carrier spaces of irreducible representations of
SU(2)
HUD = P H (A.151)

ke{oyusE

Let us now introduce a map from H5U®) to K, called the EPRL map:

YW:HSU@) - K
Yy im) = km) gy e (A.152)
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This map has a natural generalisation to any tensor product of any of H ;-spaces.
Sometimes it is convenient to use so called approximated EPRL map:

Y, :|m), 1Ky 1) (1 ) (A.153)

It’s image does not satisfy exactly the simplicity constraint , but the difference
is of the order of 1. In the case of semicalssical calculations this difference is usually
negligible, and the corresponding formulae are simpler. More discussion of this issue can
be found in [47]. In we use only }77 without stating it explicitly.

We will often omit the ~-subscript, when it is not necessary.

A.4.3.2 Basic properties

First of all note, that the EPRL map is defined because of a choice of a little subgroup
SU(2) of SL(2,C). Indeed, in its definition there is an asymmetry between K and L
generators, which means, that there must by a way to identify rotation and boost part
of SL(2,C).

Although the elements of K have SL(2,C)-indices, they can be treated as SU(2)-
tensors. Indeed, the map Y (or f/) is a bijection on its image, and thus the conjugate
YK — HY® s its inverse, so YV =1 and YYT = P.

The easiest way to translate the objects lying in H5L(2C) into SU (2)-tensors using
the Y map is to introduce Y as a collection of tensors Y € HOEFDR) & H, The matrix
elements of Y} are following:

Vil = 6100, (A.154)

One can insert them whenever needed and then simply use the summation convention.
Thanks to the EPRL map one can introduce a new action of SL(2,C) on the SU(2)
tensors. Let us focus on one space H;. Given an element g we can calculate

(n|YTgY [m); := (j,nl g i, m) 0.5 = PP (9)0, = DY (g);r (A.155)

J,m m
We call the matrices D7 (g)p, the generalized Wigner matrices. However, they are not a
representation of SL(2,C), because they do not satisfy the composition principle:

!

DI (g, DV (g)" = (n|YTgYYTg'Y |m),
= <n|YTgP;Cg/Y|m>j (A.156)
# (n|YTgg'Y |m); = D7 (g9')",

Nevertheless, the thanks to (A.121f), the chosen subgroup SU(2) of SL(2,C) acts
unitarily via generalized Wigner matrices. Let u € SU(2) < SL(2,C), then

D7 (u), = (n| YTuY |m), = 82, 67,62 DUY (u)r 6157 = D) (u)"

m = (nlu|m);

(A.157)
A.4.3.3 Matrix elements of boosts in EPRL map

The EPRL map reduced a lot the number of free parameters in the formula (A.128)).
This makes further calculation manageable. To simplify some formula even further we
will use here the approximated EPRL map Y.
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N
N

Let us calculate a matrix element (m|Y 1k, Y Im); = D03d) (kn);’rmn Recalling (A.128])
J j+m

it is given as
02\ 30 2 \?( 2%\
<j+j> <j+m> <j+j>
,(_1)j+j+2j . en+m+j)

1 —(m+j) (1 _ p)Jtit(m+s)
/ qp Wi T (A.158)
0 [te™ + (1 —t)en) ™"

S GEmICE G5

ni,n2

DOID) (g, yim — (2j+1)5(2j+1)5< % >

. (_1)n1+n2 (t)nﬁ—nz (1— t)—(n1+n2) e~ 2mm2

simplifying some of the numeric factors one gets

DOSI) (k)i = (2 H)<ij ).677(2j+m)
b ] m

: / 1 dt OB ) il (A.159)
0 [ten 4 (1—t)en) I '

S OETCE)

ni,n2

. (_1)n1+n2 (t)m-i-m (1 B t)—(n1+n2) e~ 22

Now consider the binomial factors in the sum. In order (J;tlm) not to vanish we need
n1 < j +m. In order (2§:r:1) not to vanish we need 25 —nqy < j—m, sony > j+m.
Thus the only n; giving nonzero contribution is n; = j +m. The same happens to ns.
The binomial coefficients become equal to 1, the sign factor (—1)™ 772 = (—1)20+™) =1

because j +m must be an integer, thus we end up with
o . 2j .
DI (k)™ = (2741 ( . ) . eN(2j+m)
(kn) (2j ) j+m

-]7m

1 (t)—(m-i—j) (1 o t)3j+m

. / dt — - e (A.lﬁO)
0 [te= + (1 —t) en]

()20 (1 — g)T20Em) = 2nEm)

collecting similar terms we get
DRI (k)bm = (25 + 1) 21 ) g (A.161)
n/jm j+m

. /1 " (t)j+m (1 - t)j*m
o

te=n 4 (1 —t) en) I~

One can factor out the term e” from the denominator of the integral, obtaining
[te™ 4 (1 —t) "] 7709 = Utl=idn [1 — ¢ (1 — ¢=20)] 7V (A.162)
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which leads to

D) (kn)?z = (2j+1) <i7 > . o~ UH1+m)n jivin (A.163)
5 ] m

‘ /1 dt (7™ (L=t 1=t (1 — e 2)] U
0

Recalling the integral definition of the Gauss’s hypergeometric function [88§]:

/1 A ) L ) (A.164)

e e S = e 5 Jy

we get

D) (kzn)ﬁﬁ — o~ G+mAD)n gy A (j +1—ivj, j+14+m;2j+21— 6*277)
(A.165)
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Appendix B

Lemmas, theorems, calculations

In this appendix we gathered some strictly technical proofs or calculations, that we
decided to remove from the core part of the thesis to make the text more fluent.

In section section we present the theorem, that was proven in the appendix to
[53], stating, that gluing 2-complexes along pairs of edges does not depend on the order
in which we perform the gluing.

In section section §B.2| we present the generalized Saddle Point Approximation the-
orem, that is of key importance in the asymptotic approximation done in and

in [83].

B.1 Commutativity of gluing 2-complex

In this section we will use the following notation for the elements of sets: when writing
sets by explicit list of their elements (for example A = {a,b, c}) we allow the elements to
appear more then once, for example B = {a, b, ¢,b}. We will treat the multiple elements
as one element, so that

{a,b,c,a,b,b} ={a,b,c} (B.1)

This is only the notation trick, so that we may write a set not knowing, whether its
elements overlap, for example

{a7b} U {‘T?y} = {a7b)$7y} (B2)
and when we eventually realize, that a = x, we simply write
{a,b} U{z,y} = {a,b,z,y} = {a,b,y} = {z,b,y} (B.3)

Let us also introduce a notion of a set divided by a pair of its elements:

Definition B.1. A set divided by a pair
Let A be a set and xz,y € A. We define A divided by a pair (x,y) as

A/ (x,y) = (A\{z,y}) U {{z, y}} (B.4)

The elements A/ (z,y) are denoted by [w],  for w € A, where [w], » =w ifw & {z,y}
and [w](m/) = {x,y} for w € {x,y} (the subscript (x,y) is often omitted, if it does not
cause confusion).

Now let us prove a lemma about sets divided by pairs:
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Lemma B.1. Commutativity of dividing by pairs
Let o = (x,y) and 8 = (w, 2) forx,y,w,z € A. There is a canonical bijection between

(A/a) /B and (A)B) |a, i.e. we have (AJa) /B = (A/pB) /c.

Proof
Using the definition we have

(4/a) /8 = ((A\{zy) U {lal )\ [l D U { [l (B5)

using the set identities we can rewrite it as

(4/a) /8 = (AN {z,y}) \ o [} U (el )\ (], Bl ) U {Ield,} (B6)
Let us focus on the first term. We can transform it to

(AN {2, y1) Hlwl,» 2o} = ANz, 9, [w],, s [2],) (B.7)

Now if w, z & {x,y}, the equivalence classes are [w], = w and [z],, = 2 respectively, so

(AN {2, y}) \wl,, Flo} = ANz, y, w0, 2} (B-8)
on the other hand if w € {z,y}, then [w], = {x,y}. But then [w], & A, so

AN\ A{z,y, [w],, [} = AN Az, y, [2]0} (B.9)

Moreover, thanks to our notation {z,y, z} = {z,y,w, z}, because w = x or w = y. The
same argument works for z € {z,y}. Thus either case

(AN {2, y}) \wl,, Flo} = ANz, g, 0, 2} (B.10)
The overall set (A/a) /B is thus
(Afa) (8= (A\ {0, ) U (el )\ {lul, () U L))} @)

while the set (A/fB) /a is

(4/a) /8 = (A\fz,y,w, 2 U ({lwls )\ {lals s} ) u{[lls] } (B12)

(67

Let us now focus on the term ({[z],} \ {[w],,[2],}) U {[[w]a}ﬂ} There are three possib-

ilities: w, z & {z,y}, w,z € {x,y} and only one of w, z is an element of {z,y}. We will
deal with them separately.

Low,z & {z,y}: Then [w], = w and [2], = 2z and ({[z],} \ {[w],, [2],}) = {[z],} =
{{z,y}}. Moreover [[w],]; = {w, 2}. Thus we have

[l \ Ao ) U {llwlals | = (e, v} s w23} (B.13)

2. w,z € {z,y}: Then [w], = [7], = [z],, so {[z],}\ {[w],,[#],}) = 0. Moreover

«
[[w],]5 = [w],, because it is an equivalence class of a trivial relation, thus the set

(el \Aloly s ) U {0l = {eld = (B} = {oy}} (B19)
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3. we{x,y}, z & {x,y}: then [w], = [z],, so ({[z], }\ {[w],,[#],}) = 0. Moreover
[[w],]s = {{z, v}, 2}, thus the set

(el \ el 21 1) U { [fl]s | = {0} 23} (B.15)
Let us now compare the sets (A/a) /5 and (4/8) /a.

(4/a) /B = (A\{z,y,w, 2} U ({lzlo} \{lwlo s ) U { T, | (B.16)

while the set (A/fB) /a is

(4/a) /8 = (A\{z,y,w, 2D U ({fwls )\ {lals s} ) U{[iels] } B17)

In the first case it is (A\ {z,y,w,z}) U {{z,y},{w, z}}, and it is symmetric with
respect to interchange of the pairs (z,y) and (w, 2), so (A/a) /B = (A/B) /.
In the second and third case the equivalence of (4/«) /8 and (A/B) /a less obvious.
The set (A/a) /B is
(A/Ot) //B:(A\{xavaﬂz})UB (B18)

for B = By :={{z,y}} or B= By = {{{x,y}, z}}. Let us now write explicitly (4/3) /.
There are two possibilities: either both z,y € {w, z}, or only one of them, say = € {w, z}
and y & {w, z}, so we have

(A/8) Ja = (A\{z,y,w,z}) UC (B.19)

for C = Cy = {{w,z}} or C = Cy = {{{w, z},y}}. Each of the sets By, B, C; and
(5 is one-element, thus there is a natural bijection between them. This natural bijection
determines the natural bijection between (A/«) /B and (A/S) /.

To make the proof complete, let us explicitly write the bijection
¢ : (A/a) /B — (A/B) /. The map @[ (-} 15 the identity map. On the glued
part there are two possibilities:

e The map ¢|((A/a)/ﬂ)\(A\{:v,y,w,z}) is the ldentlty map on {[ﬂ?]a ) [w]ﬁ} if
{z,y} N {w, 2} =0.
e In the opposite case (i.e. if {z,y} N{w,z} # 0), we have ¢ : [[w],]; — {[m]ﬁ} :

(e}

After this introduction let us state and prove the theorem:

Theorem B.1. On commutativity of gluing 2-complex along edges

Let k = (F,E, V; fa, f1) be a 2-comples. Let e1, ez, e3,e4 € E,; be four edges (it may
happen, that e3 = ez). Let fo : e1 — ez and fg: e3 — e be two homeomorphic maps of
cells. The 2-complexes k1 = (k/fo) /s and ko := (k/fg) / fa are equivalent.

Proof
To prove the theorem we have to show the equivalence of each element of the structure

of k1 = (F17E17V1; 2(1),f1(1)) and kg = (F27E2,V2; 2(2)7]01(2))-
The sets of faces are trivially the same, because the gluing of edges does not effect
faces.
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The sets of edges are also the same. Indeed, let a! = (ejez) and B! = (e3,e4). Then
the E; = (E/a ) /B' and By = (E/,B ) /al. Using lemmathere is a natural bijection
QZ)E : E1 — E2.

To identify the sets Vi and Vj let us name the end-points of each of the edges
e1,...,eq by v for € € {4, —}, such that the map f, maps v{ to v5 and the map
fs maps v§ to v{. Let us name the pairs a% := (v, v§) and % = (v§,v{). Un-
der such notation the set of vertices of x/f, is (V/a%T) /a®~, which is equivalent to
(V/aof) /a®* (thanks to lemma. Thus the set V; = (((V/a0+%a0) /a1+) /ot~
and Vo = (((V/a!'t) /al™) /a®T) Ja®~. Again, thanks to lemma [B.1} we can change
the order of divisions and obtain the natural bijection ¢" : Vi — V.

Let us now consider the action of the boundary maps fo and f; and check, whether
they are consistent with the bijections ¢¥ and ¢".

In order to consider the the map fo let us consider the projections 7T§1) :E — E! and

(2) :E — E2. The map f = 7'('51) o fo, and similar f2( = 7r1 o fo.
The exact formula of the projections can be read out of the proof of lemma [B.1]

Obviously 7'V = 7?2 = 1. If {er,ea} N {es,e 0, all
VIOUSlY T E\{e1,e2,e3,e4} 7T1 E\{e1,e2,e3,e4} ) { ! 2} { s 4} 7&
1

the edges are glued to one edge, and thus we have m;" : {e1,e2,e3,e4} — {[[e3]]} and
77%2) :{e1,e2,e3,e4} — {[[e1]]}, otherwise (i.e. if {e1,e2} N {es,eq} = 0) both projections
map {e1, ez }onto {[e1]} and {es, eq} onto {[es]}.

Consistency of 2-complex structure require ¢ o fz(l) = f2(2). In fact it is enough to
check, whether ngowgl) = 7r§2). At E\{e1, ea, €3, €4} the bijection ¢¥ and both projections
are the identity maps, it is enough to check it at {eq, e, e3,e4}. If {e1,e2} N{es,e4} =0
the bijection ¢ is the identity map. If {e1,ea} N {es, s} # 0, we have 7r§1) (e;) = [[es]],
but ¢ ([[es]]) = [[e1]] = 7r§2) (e;), which proves the consistency of the fo maps.

In order to consider the map f; let us consider the projections 71'(()1) :V — V! and
-1
77(2) 'V = V2, The map fl(l) = w(()l) o f1 o (ﬂ'gl)) , and similarly

-1
f1 —7T0 of o (7I'§2) .

function requires ¢" o fl(l) o (g{)E)*l = f1(2), SO
~1 _ ~1
qSV o 7r(()1) ofjo <7r§1)) o (¢E) 1z 7r(()2) ofio <7T§2)) (B.20)

First let us show, that ¢ o ’7T((] ) — 7T(()2) Note, that to obtain V5 from Vy one has to
do four changes of order of quotients. Let us introduce four bijection maps:

The consistency of 2-complex structure at the level of f;

oYV = (V/« 0+) /a® )/a1+) JatT = (((V/a0+) JatT) /ao_) JalT =1V,
oV, = (((V/ozoJr) JalT) Jal~ )/alf — (((V/ozoJr) JalT) Jal )/aof =V,
oYV, = (((V/aOJr) aH) Jal™ )/aof — (((V/aH) /a0+) /alf) /o' =V,
oY V.= (((V/aH) a0+) Jat™ )/aof — (((V/aH) /alf) /a0+) /a% =V,

Obviously ¢V = ¢V g © #Y o gbb o @Y. Moreover let us introduce three projection maps:
20

7y : V — V;fori=a,b,c. Bythesame argument, as we used in case of &P we see, that
To = G, w((]l), Ty = gbl‘)/ﬂ'a, 7. = ¢Y 1, and 71'(()2) = gi)gﬂ'c. By composing these identities we
obtain 770 = ¢y oY o) o ¢Xﬂél), =)

2 — 4Vl B.22
¢"'mp
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N -1
Now let us check the consistency of the counterimage of (7['52)) . As it was stated

above, if {e1,ea} N {es,eqs} = 0, both projections ng) §2)

) ! 2)\ !

and 7"’ are equal, thus their

inverse (ﬂg = 7r§ give the same counterimages for each argument. On the
other hand if {e1,e2} N {es,e4} # () the projections are different, but the counterimages

of each argument also agrees - indeed,

(=) lesl) = fersenseseat = (x) " (leal) = () (05 feal))  (B23)

Applying (B.22) and (B.23) to (B.20) we obtain the identity, so indeed
¢¥ o fl(l) o (¢E)_1 = fl(Q), which ends the proof.

Quod erat demonstrandum O

B.2 Proof of generalized SPA

The statement of the theorem and the sketch of the proof is taken from [102]. The
extension of the proof to more general integrands was performed by the Author.
Let us recall the Saddle Point Approximation theorem in the original formulation.

Theorem B.2. Saddle Point Approximation (original formulation):
Given two smooth functions f,g : [a,b] = R and assuming, that f has a global min-
imum at a unique point ¢ € [a,b] such that f"” (¢) > 0, one has

b
/ g (x) e 7@/ ag = \/he 1/ (B) (B.24)

a

for a smooth function I (h) : [0, 00[, such that I (0) = v/ 2%\/’}(57)(0).

One can easily re-express this theorem in such a way, that the function g disappears
(i.e. for f(z) = f(x)Ing(z)). One can assume ¢ = 0. One can assume f (c) = 0 (by
multiplying both sides of the formula by ef(9/"). One should also assume R (f (z)) — oo
for x — a and x — b - in order to avoid boundary terms in the integral. It is also
convenient to change the sign of f and consider f having maxima instead of minima etc.
Moreover, there is no good reason to restrict only to real functions, however one has to
slightly modify the assumptions about f.

Thus we have another theorem:

Theorem B.3. Simplified form of Saddle Point Approzimation

Given a smooth function f : [a,b] — C and assuming, that R (f) has a global mazimum
at 0 € [a,b] such that f”(0) < 0 and f(0) =0, and f'(0) =0, and Yy2oR (f () < 0,
and R (f (x)) = —o0 for x — a and x — b, one has

/ ’ el @/ g = VRI () (B.25)

a

. . _ 1
for a smooth function I (k) : [0, 00[, such that I (0) = \/ﬁm
However, we are interested in integrating functions ® (z, i) of more general form than
el@/h Consider an integrand of the form eX(®" where the function y (z,h) has a simple
pole of degree 1 at h = 0, i.e. it has a Laurent series

X h) = X S @ (B.26)
a=0
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An intuition suggests, that the contribution from the terms other than x_; will be neg-
ligible. The intuition is right, what we shall prove in the following theorem:

Theorem B.4. Generalized Saddle Point Approzimation
Given a smooth function x : [a,b] x ]0,1[ > (x,h) — x (z,h) € C, (where 0 € [a,b])
with a simple pole of degree 1 at h =0 and assuming, that

Va£0,1€)0,1] R(x(x,h)) <0 (B.27)
Vaeoar Mmoo R(x (2, h) = —o0 (B.28)
Vhelo,1] x(0,h) =0 (B.29)
im o X@R (B.30)
h—0 ox 0
2

im aw (XA = -C<0 (B.31)

h—0 o0x2 =0

one has )

/ X @M dg = V/RI (R) (B.32)

. ) _ 1
for a smooth function I (h) : [0,00[ — C, such that I (0) = m\/ﬁ
Proof
The function I (k) can be defined by the equation . What we need to do is to find
it’s value at A = 0 and prove its smoothness.

Let us start with a sketch of the proof. It goes in three steps of estimations, i.e. we
find three classes of functions I (k) (a one-element class), I3 (h) for n € Z4 U {0} and
I3 (h) again for n € Z4 U {0} (we shall define these classes later), such that:

. |I(h) =11 (h

Vnez, %g% ‘()th(” -0 (B.33)

) - 1BY(n
Vnez, };g(l)' L )hNﬁ ™l _, (B.34)

B () - 1Y (h)
Yy fez, M 22 N s () =0 (B.35)
From (B.33)-(B.35)) we see, that

Vwvez, Fuezy |1 () — I ()] = O (") (B-36)

so the series of functions I3 (h) can be used to estimate the original integral. These
functions will be chosen in such a way, that at each order it is easy to evaluate the
integral and obtain the corresponding term of expansion.

Having the sketch, let us go to the proof.

Let € € |0, 5[ (it will never be considered a small number).

The function I (h) is defined by the following integral:

o
I (h) := 7 / e eX@h qg (B.37)

note, that for A < 1 we have ha ¢ < 1. Having defined I; (%) let us prove (B.33]).
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Proof of :

To simplify the notation, let us name the integration ranges: [a,b] =:
and [—h%—ih%ﬂ = Ope.
The difference I (k) — I (h) is given by the integral

I(h)—1 (h):\}ﬁ / eX@h) qy (B.38)

Q\Oh,e

we can estimate its modulus by

IUW—IMM‘<¢M\Om\?m’¥“m‘ (B.39)

Ohe

The measure of the set |2\ Op | < || = b—a. The supremum is given by the supremum
of the real part of the exponent, so that

1 u
1) =1 ()] < —= (b= a) &SPy, (RIx(@:A)) (B.40)

Since x (0, i) is the global maximum of the real part of x (x, k), for & sufficiently small
the supremum will be at one of the borders of Oy .. Without loose of generality we may

assume that it is for z = h%_ﬁ obtaining

10— 1] < = (- ) FO0E) (B.41)

Since h2 ¢ < 1, we may apply the Taylor expansion to x in « around = = 0. Notting
the Laurent series (B.26)) of y, we get

(n)

=Y Z”"m(o)x”hﬂ (B.42)

a=—1n=0

Now applying the assumptions on the function x we get rid of some terms in (B.42)).
First of all, since x (0,h) = 0 for all h (see (B.29)), we have Voxq (0) = 0. Moreover,

(B.30)) puts an extra constraint on x_1, i.e. x"_; (0) = 0. Thus
1

[e.e]

)2 aem X (0) e
€+ZZ —ah (B.43)

n=2 a=0n=1

The assumption (B.31)) gives another constraint on the real part of second derivative of
X-1, i.e. ® (x”;(0)) = —C. Thus

oo ™ o oo n)
9‘%(X(ﬂ:,h))——ggc—jt %<)+Z %< 0)> 2" h® (B.44)
1

n=3 a=0n=

For 2 = h>~¢ the real part of the exponent becomes

(n) o oo )
(s (i) = ~Gona S O) o S M)

a=0n=1

- _%h—% [1 - ég(ﬁ)] (B.45)
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with

oo (n) o oo )
C(h) = Z R ( ( )) Fﬁ_l —ne+2e + Z Z R ( )) hg—ns-i-a—i-Qe (B.46)

n=3 a=0n=1

Now note, that limy_,o ¢ (k) = 0. Indeed, in the first series in each term & has the exponent
5—1—ne—2e= (% — e) (n — 2), and since by n > 3 and (by assumption) % > €, it is
positive. In the second series in each term A has the exponent n (% — e) + a4+ 2¢ being the
sum of two positive quantities and one non-negative quantity, so it is also always positive.
Thus for A small enough we may be sure that [¢ (h)| < €. Under such assumption we
have |1 — Z¢ (h)| > 3, so .

R (x (z,h)) < —Zh% (B.47)

and thus 1
C —2e
I(h)—IL ()| < —=(b—a)e 2"
|1 (h) — I (h)| \/ﬁ( )

so it is bounded by an exponent function of % to a positive power, which indeed goes to
0 faster than any polynomial of A, which ends the proof of (B.33)). O

Having proven (B.33) let us define the family I3 (h) and proceed to the proof of
. In order to define I} (h) let us first change the integration variable in (B.37)) to
y = \[, so that

(B.48)

I (h) = / " eX(vVhh) gy (B.49)

—h—€
Note, that now the boarders of the integration range A~ ¢ > 1, but the argument of the
function f is still small, i.e. yv/h < 1. The family I} (h) is defined as

" (yVh,h)
17 (R) — x(yVhh d B.50
2 (R) /_h_e [(e )nth order of Taylor expantion in VA y ( )

i.e. let us introduce h := v/h and a function ® (y,h) := ex(yh’hz), then we have

0D
2 (w:h) =D H

n=0

n"
w0y ™

(B.51)

according to Taylor’s theorem we can introduce a family of functions ®" (y, h) such that
®(y,h) =" (y,h) + R" (y, h) (B.52)
where R" (y, h) is the reminder of n'® order, i.e

v, lim &8s 1)

= B.
Yhs0 o hn 0 (B-53)

The functions I§ (k) can be rewritten in terms of h and ® (y, h), obtaining
h—2€
Bw= [ oy (B.54)
_h—2€
Let us now proceed to the proof of (B.34))

|11 (h) = I3V (h)]
hN+e

Vnez, lim =0 (B.55)
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Proof of :

Note, that in terms of ® (y, h) the function I; (h) is

h—2€
nw= [ ewmy (B.56)
—h—2¢
thus the difference I; (h) — I§ (h) can be written as
h—2e
N -5 = [ R (B.57)
Let us recall the Lagrange form of the reminder:
o tlep prtl
"(y,h) = B.
B 1) = gpart| v 1) (B.58)

for some £ € ]0, h[. We shall estimate the value of the reminder.

Since we are interested in ® as a function of h, in what follows we shall treat y as a
parameter, i.e. we shall consider ®, (h) := ® (y, h)

First let us introduce the exponent function ¢, (h) := x (yh, hQ), so that @, (h) = e®u(h)
The derivatives of ® with respect to h are:

o (h) = ¢, (h)e?™
o (h) = [¢;’(h)+(¢;(h))2} eu(h)
oy (h) = [’”( )+ 20] () 9}, () + (9] ())*] €2 ®

o) () = W (0, (k) ()., 6 (R)) €20 (B.59)
where W" (z1,...,z,) is a polynomial:
W™ (z1,... prmz pa T TG " (B.60)

and the coefficients wp, p,...p, are zero unless y ;' | i -p; = n, when they are non-negative
(they can be derived from the derivative of a composition of functions).

Consider now the Taylor series of the exponent function ¢, (y). Since through all the
domain the argument of  is small (indeed, yh < h™2‘h < 1, since h < 1 and 1—2¢ > 0),
one can apply the expansion (B.43] m We obtain

(k+2

//
k=

a=0 k=1

Recalling the same argument, as in (B.43)) we argue, that the tail goes to 0 with h — 0.

" 2
Thus, for sufficiently small A the modulus of the tail is less then w , SO

C
Vye[h-2 p-2)R (¢ (h)) < —Zy2 (B.62)

Now let us study the derivatives of ¢, (h). By reorganizing the terms in (B.61]) one
can order them by the powers of h, so that

" S K =2e=D) () yn-2(a-1)
0 0

R M D (8.6

n=0
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thus the n'® derivative over h reads as

|42

k!
.
a=0
L

]

X((Xk:2(a71)) (0) yk—Q(a—l)

1
(k—2(a—1))!

k=n

k+n+1J ( +n—2(a—1)) (O)yk+n72(a71)

Xa—1
D (k+n—2(a—1)

a=0

Again reorganizing the terms in (B.64) one can obtain a more convenient form, i.e

(B.64)

LTJ (n—2a) 9] (k+n 20)
(z)én) (h) — Z yn72a (n'XOl + Z k; +n ' (O) (hy)k)

= (n —2a)! — E'(k4+n —2a)!
X = 2(a 1) — 1+ 2 (0)
* a%:ﬂ " l; Toa—nen W) (B-65)

By a similar argument we see, that for each a both tails dependent on A vanishes with A
(indeed, because hy < 1 and h < 1). Thus given an arbitrary constant C® for sufficiently
small & the modulus of the sum of the tails can be estimated by C), times the modulus
of a h-independent termﬂ

22
’(ﬁén) (h) ‘ < O> + Z |y Za\

a=—1

Cy for C,=1+0C, (B.66)

n—2a)!

where C% = 1+ C% and C2° is the total bound of all the terms for o > L”T‘HJ For
simplicity we assume all Cy and C5° to be less then 2. Thus we have an estimation for
derivative of ¢ (h) of each degree n:

o) ()| < Py () (B.67)

where P} is a polynomial in [y| with positive coefficients, independent on h.
Going back to the derivative of ®, (h) (see (B.59))), thanks to (B.62) we can estimate
its modulus by

#m] < [ (00,6500 )] ferr )
< 1W”(y<h>,¢:;<>,...,¢y“><>)\~e i (B.68)
recalling the positiveness of the coefficient of each of the polynomials W™ we can estimate
(W™ (x1,...,z0)] S W™ (1], ..., |2n]) (B.69)
combining (B.69)) and ( we obtain
w (aﬁ; (). .,¢§,"> <h>)] SWHPLW) . Pr@) =W () (B70)

being another polynomial, with positive coefficients (one can check, that the minimal
power of |y| is 0 and the maximal is 3n).

INote, that now we estimate the modulus, not the real part, thus we have to add the modulus of each
term.
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Now let us go back to the integral (B.57)). Thanks to (B.58) we have

h—2€ h”""l h—2€ ( +1)

Since € € |0, h], we can use (B.68) and (B.70]) to estimate the modulus of the integral

h=2¢ hn—H h—2e (nt1) hn—l—l h—2e B c 9
R (y. h)dy| < B ‘d < T W -9v*q
/h_2‘ (y’ ) Y= (n + 1)' /h—2€ 4 (é-) y= (n -+ 1)' /h—25 (’y|) € y
(B.72)

Since Vyer the polynomial W (Jy|) > 0, we can estimate the integral from the above by
extending it’s limits to +oo:

h—2¢ ')
/ W (Jyl) e T dy < / W (|lyl) e T dy (B.73)
_h—2€ —00

For each polynomial the integral of the right-hand-side of (B.73)) is equals to a number M
depending only on C and the coefficients of the polynomial. Both C' and the coefficients
of the polynomial are numbers depending only on the derivatives of x, (z) at = 0, thus

/: W (e 5y = M (3 (0)) = M, (B.74)

Is important that M, does not depend in any way on h.
The final step of the proof of (B.34)) is to plug (B.74) and (B.72) and (B.57) to (B.34),
obtaining

h— 2e
11 (k) — 12N ()| [ RN ()

,{igg h2N+2¢ - }LIL% h2N+2e (B.75)
2

< lim hziﬂe (ZQE) / Z W2N (|yl) e~ 5V dy (B.76)

< m%%hl 201, (B.77)

= (nﬂﬁ)'mohl % (B.78)

=0 (B.79)

where from (B.75)) to ( we applied the estimation (B.72)), from (B.76|) to (B.77]) we

used the estimation 1B 74} and (B.73)), from ( - ) to (B.78]) we used the fact, that M,
does not depend on h and from (B.78)) to (B.79) we used the fact, that 1 — 2e > 0, by

definition of e.
This ends the proof of (B.34).

O

Having proven ) let us define the family I3 (k) and proceed to the proof of
(B.35). We will do 1t in terms of h = v/h and the Taylor decomposition of the function
® (y,h) (see (B.52)). The function I% (h) is defined as

I3 (h) = /00 o" (y,h)dy (B.80)

—0o0
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Recalling (B.50) we have

h 2e
B[ e (B.81)

so we can rephrase our claim (B.35) into

_ ’ffooo " (y,h)dy — ff;; " (y, h)dy
ilzli% h2N

=0 (B.82)

Proof of :

Let us recall the Taylor series of the function ® (y,h) = @, (h). The n'® order of the

expansion is
n

(i)
" (y,h) =) <1>yi‘(0) hi (B.83)
i=0 ’

Recalling the form (B.59) of i'! derivative of @, (k) we get

o) (0) = W' (9},(0), 6 (0),,...., 6 (0) ) e (B.84)
From we have
LR;IJ | (n—2a) 0 ~
o)=Y y"*hi”'(fl{ 2a)(! ) Py (B.85)

being a polynomial in y. Inserting the form of ¢, (h) and (B.85|) of the derivatives
of ¢y (h) we get (now exactly, without approx1mat1on)

"
X_l(O) 2

) (0) =W (PL().-- -, Pi(y) e (B.86)

thus the n'® order of the Taylor expansion ®" (y, h) is

ZW’(Pl ..,ﬁ;(y))hl S, ZWZ h—, (B.87)

X 1(0) 2

" (y,h)

for some polynomials W (3) (note, that they are different then W (y) of (B.70)). Con-
sider now the nominator of the formula (B.82). It can be rewritten as

00 h—2€
[ owma- [ eama= [a ey @
- h R\[*h_gs,h_Qe]

thus the domain of integration is symmetric with respect to the change of the sign of
x” 1 (0)
y. Thus only the part of ®" (y,h) symmetric in y contributes. The term e v
is symmetric in y, so it is enough to take into account only the part of each of the
polynomials W* consisting of even powers of y, namely Wg,,,,. Note, that again the
polynomials Wgym( ) do not depend on h in any way, they are fully determined by

derivatives of x, at 0. Thus the nominator of (B.82) is

X! 1(0) 2 n

Z o ( (B.89)

Bw-5m- [ a

\[ h 2eh 25]
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let us now organize the integrand in by the powers of y. Each term y?/ is multiplied
by a polynomial in A (let us call it Q7 (h)). Each QF (h) is a polynomial of degree less
or equal then n. The least power of y in W¢ (y) is 0 and the highest is 3n for even n and
3n — 1 for odd n. Let N := L%"J, then

" N 1
x_L1(0) . x21(0) .
I3 (h)~13 (h) = / dy e = V> QM) =Y Qr(n) / dy e 2 Vy¥

R\[ h7267h726] -7_0 jZO R\[ih72e’h72e]
(B.90)
We estimate the modulus |I§ (k) — I3 ()], thus
X/,ll(o) 2 27
13 (h) \<Z\Qn [ ey (B.91)
]R\[ h—2¢p 26]
recalling, that
(0) R(x" 1 (0)
eX 50 l=e & o )y2 = efng (B.92)

we have

N
13 () Z | [y ey (B.93)

Now we shall estimate the integrals

Jj(h) == /dy 6_%y2y2j (B.94)

R\[*h_ze,h_QE]

They are given by even momenta of Gaussian integrals with the spread o := \/g . Note,

that since —2¢ < 0, the bounds of the integration range h~2¢ may reach arbitrary multiple
of the spread o. Let us now consider a series

hy, = (ko)™ (B.95)
i.e. for each k € Z, we have h,;% = ko. Obviously limg_.o A = 0. We will show, that

I () — 1 ()

=0 (B.96)

Note, that

00 2 ko 2 ]
Jj(hi) = / e ZyHdy — / efﬁy%dy (B.97)
—00 —ko

Let us introduce a family of serieses of functions

TF (0) == \f/ e o2 2"dy (B.98)

with the limit _— )
Yy
I, (0): =1 (0) = — e 2 y?dy (B.99)
! VT ) oo
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One can find (see Appendix [B.2.1.1)) that

T, (0) = apo®*! (B.100)
where the series 2 1
n+ 1)1
== f >0 B.101
= nant+1y " E (B-101)
or equivalently
2n — N
ap=1 and a,= (nzn) for n>0 (B.102)
where
@n+1):=(2n+1)(2n—-1)---3-1 (B.103)

The series a,, satisfies the recurrence relation:

2n+1

Gni1 = Qpan for o, = 5 (B.104)
with the initial condition ag = 1.
The integrals Z* (o) are given by
T (0) = aF o] (B.105)
where for each k the series a¥ satisfies the recurrence relation:
k ko kgk 2n+1 k_ 12041 k et
Upyq = Qua, +79°6, for a, = and B, =k and " = — (B.106)

o/
ko

x2
with the initial condition alg = ﬁ o € o2dw (see (B.181) in Appendix |B.2.1.1). The

exact value of the initial condition cannot be obtained analytically, but it can be estimated

by
V1—e* <ak <\/1—e 2% (B.107)

(see (B.169)). One can expand the recursion and express af by a, and ay,, 8%, +* - each
known explicitly - obtaining

k
1
ab =alf - an + a8, Z bi — =:a, —dar (B.108)

i=0 nlaZ

(see (B.166))). Inserting the exact formulae for a,, 8% and 4* and the estimation of af,
one can estimate da’ . For n = 0 the estimation is simply

léa’g} —1-ak <l V1R <e ¥ (B.109)

For k > 1 we have:

k 2i+1 o1
k_ k g 1) _ L K220 (24 4 1)
oa, = an (1—ao—7 k1ai> “n( (20 + 1)
(B.110)
Obviously:
n| = Gn Wl Lo j2n=1=0) (2 + 1)1 '
=0
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Let us estimate the sum in the tail. Obviously

n—1 n—1

1 20(2i+1) 1 1 20(2i+1)
; 1) (2 L 1)1 k2 +; R0 (2i + 1)1 (B.112)
Now let us investigate the term @ (fo;,,) for i > 1:
21 (2i + 1) (H ) ( 1 > ,
i S M 2] ([ 5+—) @i+
' 1! H
(2i 4+ 1) o L2l +1
_ (B.113)
K=
2 I 2
~ @0+ ok 4
now since obviously %ﬂ < % = %, SO
20 (2 1 =
@i+l H , (B.114)
(20 +1)! ] )

Now since k£ > 1, for all ¢ we have ﬁ < 1. Moreover the sum of non-negative terms
up to n — 1 is less then the sum up to oo, thus
n—1

1 (204 1) >
Z k2(n—1—i) 9t (2Z + 1 ‘ Zl
Applying(B.115)) together with (B.107) and (B.109)) to (B.111]) we got

k2

1+2

(e‘k2 + 671472”_1 (1+2- e)) — ape ¥ (1 + kQ”_Ij}e> (B.116)
s s

(o]
1
—1+225:1+2-e (B.115)
i=0

k
‘&zn

Going back to J; (ki) note, that
J; (hyy) = V7 (Ij (o) = TF (a)) — Vro¥ ek (B.117)
Thanks to (B.116|) we have
T (he)] < e Faj (Vi + 8E¥ 1) o2 (B.118)

Going back to (B.93]) we can apply (B.118]) and obtain

N
13 (hye) = I3 ()| < e 1Q (hy) | ay (v + 8K271) g1 (B.119)
=0

for o = \/g independent on n, j or k.
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|15 (hx) 13 (ha) |
2 i

hy = (]{:G)_ < _ thus  the denominator becomes a  power function of &k,

ie. th = k~4Ng=4N thus the limit is

Let us finally consider the limit limy_, Recalling (B.95) we have

T ) = I ()

N
. k2 n . 2j—1Y 1.4eN _2j+1+4eN
Jim v < klg](r)loe g ‘Qj (hk)| a; (Vr+8k¥ N ko

j=0
(B.120)
Each polynomial Q7 (hx) goes to a constant Q7 (0) as hy goes to 0. Note, that
lim e * k> =0 (B.121)
k—o0
for any positive . Thus the overall limit is
I3 (hg) — I3 (h
k—o00 h%N
for each N.
This ends the proof of (B.35)). O

Now to find the leading order of the integral (B.32) it is enough to check I3 (h). It is
given by assuming A = 0 in (B.80). We have thus

+oo /
19 (h) = / X109 gy = _vam (B.123)
- —x”4 (0)
SO b
/ X qg — V2T (14 O (k) (B.124)
“ —x"1(0)

Moreover, it is easy to show a stronger approximation. From (B.33)-(B.35)) we have, that
I (h) — I3 (h)| = O (h). Consider thus the integral I% (h):

2(h) = /_ :O X102 <1 + Vi, (0) + g [610) + (4, (0))2]) dy  (B.12)

Recalling (B.85) one can check, that ¢ (0) is an odd polynomial of y, thus it vanishes

when integrated with X210V oyer a symmetric range. The integral

B )y | 47 / 2
/ X [¢y (0) + (), (0)) } = A (B.126)
—00
gives a constant factor A (independent on h), so
I2(h) =13 (h)+h-A=1IJ (k) + O (h) (B.127)
and thus finally
b
V2
/ XMy = VE— YT (1+0(h)) (B.128)
N —x21(0)
Quod erat demonstrandum. ]
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The multidimensional generalisation of the theorem is straightforward. Indeed, let us
do the following modification of the proof:

e We use a compact set 2 C RY, such that  is a neighbourhood of {0} instead
of the interval [a,b]. Moreover, let us choose the coordinates in RY, such that

the matrix is diagonal (one can do this ensuring that the Jacobian

9%y
0z'0zI =0

J = det (%) =1 for all z € RY).

e We use the set Op = {:U cRY : |z| < h%_e} instead of [—h%_e,h%_g}, and
Ope = {z € RN : |z| < ™} instead of [-h~¢, h™] respectively.

e We adjust the assumptions, i.e.

Voroneoal  Rx(z,h)) <0 (B.129)
Viheof lim - R (x (2, h)) = —oc (B.130)
Vieoa  x(0,h) =0 (B.131)
Vet wlm  p X&) (B.132)
T h—0 oxt 0
: 0% (x, h)
vz,]=1,...,N %11}(1) h¥ <8xlaxﬁ x:O) = —Cz(Sz] <0 (B133)

e The final formula reads
N

/ X@M Ny — (x/ﬁ) 1(h) (B.134)
Q
for a smooth function I (%) : [0, 00[ — C, such that I (0) = (m)N ¢ ( 12 ) .
det ([ — 22X=1
dzdxI o

Then all the steps of the proof can be translated to the multidimensional case. Whenever
in the above proof one uses the Taylor series of the functions x, (z), here one uses the

multidimensional Taylor series. Whenever one uses the smallness of x € [—h%*, h%*},

here one has it for all coordinates z* for x € Ohe. Whenever in the above proof one
derives, that a function is polynomial of |y| or of y, here one obtains a polynomial of
many coordinates ! or ‘xz‘

The only nontrivial generalization is the estimation of the integrals

Jj(h) == /dy e_%yQij (B.135)

R\[*h_ze,h_ZE]

in the proof of (B.35). In the multidimensional case one obtains a Gaussian integral over
RN\ O of a polynomial of multiple variables y*, with positive coefficients. One can

estimate such polynomial by a polynomial in r = |y|, because obviously r > y*. One can
Ci ()2 r2
also estimate the Gaussian function e~ =i 2 (V') < ¢=% for ¢' = min (C;). Passing to

the spherical coordinates one obtains integrals

o0

~ T2 7‘2
Im (h) == / y|™ VD - S dVy = sV-1) / rMe= % dr (B.136)
h—2¢

ly|>h~2¢

275



where SV=1is the (N — 1)-volume of the unit (N — 1)-sphere, and m can be both odd

and even. Again one introduces o := \/; and the series hy, := (ka) ¢ and consider the

limit with & — oco. The case of even m is handled by the derivation in the above proof,
5<N 1)

because Joj (hy,) = Jj (hg), so it vanish at k& — oo. Here let us study the case of
odd m.

Let us introduce a series of integrals

B ko 2 )
ZJ’-C (o) :—/0 e 2yPtldy (B.137)
and the limit
~ o0 2
I (o) ::/0 e 2y tldy (B.138)
Similarly to the calculations in the proof above, we have
- o2i+2 ~ 5 g2i+2 B
¥ (o) = —5 4 and Z]’~C (o) = Taf (B.139)

where by appropriate changes of variables one gets
) ] k2 ]
a; = / e “uw/du and df / e “u!du (B.140)
0 0
The integrals a; can be easily calculated, giving
a; = j! (B.141)
The integrals &f satisfy a recursive relation, similar to (B.106)), i.e.
ak ., =aak + 365 for @ =j+1 and BF=k¥*? and FF=—F  (B.142)

with the initial condition ,
ak=1-—e*=1443" (B.143)

(see Appendix [B.2.1.2). By the same argument, as in the above proof, one obtains the
difference 5&;‘? = @, — a” to be given by the formula

& BE 1
oa; = 1—af —aky*p Z ﬁk % (B.144)
7j—1

applying the exact form of a;, Bf and 7* one gets

7j—1
e L2\ o 11

=0

; : —K? Jj—11 1
Again we can estimate (1 —e ) <1 andzz - kQ(J <Y h <Y h =

0| < jte™ (14 ¢ k%) (B.146)

s0 Joj1 (hy) = S50 (100( ) — Ik (a)) is bound by

S(N 1) o29+2
2

’J}jﬂ (hk)‘ < ‘(m 0 (B.147)

k—o0
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The final calculation of Ig (h) factorises into N independent Gaussian integrals, which
N 1

0%y _

\/det (_ 8:ci8z1j e

leads to the result
y
and ends the multidimensional generalisation of the proof.
The following subsection present the calculation of the Gaussian integrals.

(B.148)

B.2.1 Gaussian integrals over finite intervals

Let us derive the recursive relations for integrals Z¥ (¢) and Z* (¢) used in above proof.

B.2.1.1 Gaussian integral with even polynomial

Consider a family of integrals

1 ko 22
T (0) := / e 2 r?dx B.149
==/ (B.149)
with the limit ) ~ )
I, (0):=1;° (0) = —= e~ ¥dx (B.150)
" VT oo

Integral over all real line
First let us consider 7, (¢). By changing variables to u := £ we get

1 o
T, (o) = o®" 1 — e W undy =: o2" g, (B.151)

VT )

For the series a, we can find a recurrence relation by integrating by parts:

1 /OO —u? 2nd
a, = — e “udu
ﬁ —00
1

2 |00
[u2n+le—u

2n+1

2n+1
= B.152
o+ 1! (B.152)
thus the recurrence relation is o+ 1
Qg1 = "2 tn (B.153)

The initial condition is

1 oo 2 N
= Ydu=-Y==1 B.154
ag ﬁ/_ooe u \/;‘_ ( )
1

(we kept the factor 7= in order to have this simple initial condition). Let us introduce

the series o+ 1

= "2 (B.155)
so that

(pt1 = Qpan (B.156)
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Now it is easy to solve the recursion:

n—1
=0
The product can be done explicitly:
2n — !
ap, = (nzn) for n>0 and ap=1 (B.158)
where
N
@N+ D)1= ][] 2k +1) (B.159)
k=0

Integral over a multiplicity of the spread of the Gaussian
Now let us consider Z¥ () . Again the change of variables gives us a series

1 k
TF (o) = o2l — e % udu = otk (B.160)

VT Jk

and integration by parts gives us a recurrence relation for aflz

k 1 k —u?, 2n
G, = — e " u"du
VT

k
1 2n+1 ,—u? k on+1
S - / (—2u) el du
NG 2n+1 . —k 2n+1
k
_ L2 ong 2 n 2 / Y2200 4y,
VT 2n+1 2n+1 )

2 1
= 5 [ﬁk%ﬂe—kQ + aﬁ+1] (B.161)
giving the recurrence relation
2n + 1 —k?
iy = —n; ok — k2l NG (B.162)
Let us now introduce two more serieses
—k2

k._ p.2n+1 k. _¢ B.1
Bn =k ¥ NG (B.163)

so that the recurrence relation becomes
ap,, = anaf + " for n>1 (B.164)

with «,, the same, as in case of a,.

One can expand the recurrence relation (B.164]) by inserting it in place of afﬁb:

k k k k
an = O‘”—lan—l—i_/@n—lfy

k k k k k
= Qp-10p—20,_o + O‘Tl—lﬁn—Z’Y + 571—17

k k k k k k k
= Qp_10p_2Q0n_30, 3+ an—lan—25n737 + an—lﬂn727 + Bn—17

. n—1 n—1 n—1
= <H ozi) -ak 4 AF Z Bk H o (B.165)
1=0 1=0

=0 j=it+l
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n—1
. _1In—1 n—1 _1j=0% _ a
now since a, = [[;Z; a;, we have [[[Z o = Ty — s
=

BE gy 1
ak—an a0+an 'Ykz = an - a0+an 6713 1° sz

—g %+l nl

(B.166)

The initial condition af for (B.164) cannot be found directly, but it can be estimated.

Let us consider (a§)2:

2 1 k
k - —x - —y
<a0> ﬁ/_ dz / dy
_ 1 // e (@*+y )dxdy
T S max(|zl.|y) <k
1 27 (¢)
= / d(b/ e rdr

2m 7% (9)
- % de / du
1 27r

2m Jy ( ¢ ) d¢

(B.167)

where r (¢) is describes the borders of the square. The exact integration is impossible
in terms of elementary functions, however one can estimate it. Note, that for each ¢ we

have k2 < r2 (¢) < 2k%. Thus we have

1 2 — max(r? 2 1 2
o (1 — e max( (¢))) dp < (af) < o
1 2 1 2

o ], (1-e®)as < (ah)’< - O (1-¢) a0

1—e 2 < (a§)2 < 1-—¢¥

S0
1—e 2 <ab <\V1—e#

B.2.1.2 Gaussian integral with odd polynomial

Let us now consider another family of integrals
B ko 2
7F (0) := / e Zx?lay
0

with the limit

Integral over all positive real half-line
~ 2
First let us consider Z,, (¢). By changing variables to u := Z; we get
g

B O.2n+2 00 O,2n+2
7, (o) = 5 / e "u"du =: 5 an
0
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(B.168)

(B.169)

(B.170)

(B.171)

(B.172)



Integrating by parts we get a recurrence relation for ay:

[o.¢]
ap = —e_“u”‘go — / —e % n " du = na,_; forn>1 (B.173)
0
Again introducing a series
Qp:=n+1 (B.174)
we have
C~Ln = dnflanfl (B175)
with the initial condition ~
ag = / e du=1 (B.176)
0
which gives
n—1
in = do | [ i =n! (B.177)
i=0

Integral over a multiplicity of the spread of the Gaussian
Now let us consider ZF (o). Again the change of variables gives us a series

B gnt2 rk? o 2n+2
7F (o) = 5 / e “u"du =: 5 ak (B.178)
0

and integration by parts gives us a recurrence relation for a’:

k‘2
= / e "u"du
0

k2
—u nk2 —u n—1
= —e u‘o — —e Yn-u" du
0

IS
S &

— R gk
= (n—1)+1)ak_, — e ¥ pn-1+2 (B.179)
Introducing two more serieses
e . (B.180)
we get the recurrence relation
ak = an_qak_, + gE3F for n>1 (B.181)

similar to the (B.164)).

Applying the same technique we used in case of a¥ we can expand the recursion
obtaining

k k Sk knil Bt 1
=G -+ an - B AT 2= (B.182)

Here the initial condition can be calculated explicitly

k2 2 )
0
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