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Abstract

Various aspects of three-dimensional spin foam models for quantum gravity are discussed.
Spin foam models and graphical calculus are introduced via the Ponzano-Regge model for
3d gravity and some important properties of this model are described. The asymptotic
formula for the 6j symbol found by Ponzano and Regge is generalised to include the
Ponzano-Regge amplitude for triangulations of handlebodies. Some simple observables
are computed in a model for fermions coupled to 3d gravity. The result is a sum over spin
foam models with certain vertex amplitudes which are described. An explicit example is
given and the vertex amplitudes expressed in terms of 6j symbols. Finally, a group field

theory for this spin foam model is described.



Foreword

This thesis discusses various aspects of the spin foam approach to quantum gravity.

Quantum gravity has become a large branch of theoretical physics with a number of
interesting approaches. While this work will focus entirely on the spin foam approach this
is not intended to suggest that these models are the “correct” theory of quantum gravity.
A number of important and difficult questions remain open in the field and some of these
will be mentioned if they are relevant in the text. One of the most compelling reasons to
consider spin foam models is the number of different paths that seem to lead there. They
give a concrete realisation of Penrose’s ideas about spacetime and representation theory;
they can be described from the point of view of topological quantum field theories and some
models can be related to Chern-Simons functional integrals; recently the boundary spaces
of some 4d spin foam models have been connected with the kinematical Hilbert spaces
of loop quantum gravity; finally, although by a less direct route, the group field theory

approach that provides a sum over spin foams has been related to dynamical triangulations.

Not all of the research contained within this thesis is my own work. I was fortunate to
have a number of other people at the University of Nottingham who were interested in
spin foam models and much of my work was carried out in collaboration with them and
my supervisor. The research in chapter 2 and some of the end of Chapter 1 was carried out
with Frank Hellmann and Henrique Gomes and resulted in the paper [C] below. Chapter

3 was research done with Winston Fairbairn. Chapter 4 is my own work.
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These may be referred to throughout the text.

The work from [A] and [B] is not included although similar methods are used in Chapter 2
and they may be referred to. The organisation of the thesis can be summarised as follows:
Chapter 1 gives an introduction to spin foam models from the lattice BF theory approach.
There are a number of different ways to motivate the construction of the models but I chose
this method because it will be used in later chapters. A number of important aspects are
discussed for use in later chapters such as graphical calculus and regularisation. Chapter 2
generalises a well known result on the asymptotic properties of spin networks. In Chapter
3, I describe a way of coupling fermionic matter to 3d spin foam models and compute some
observables. Finally, Chapter 4 discusses a way of resolving the triangulation dependence
of the spin foam model coupled to fermions by describing a group field theory to sum over

triangulations.
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CHAPTER 1

3d quantum gravity, the 6j symbol

and the Ponzano-Regge model

1.1 Introduction

The first two chapters of this thesis will discuss three dimensional spin foam quantum
gravity and its semiclassical limit. Spin foam quantum gravity is an attempt at a covariant

path integral quantisation in which the problem is to make sense of the integral

Z:/ exp iSer, (1.1.1)
METRICS

where we are formally writing the partition function for quantum gravity by integrating
over all metrics on a spacetime manifold. We may also wish to introduce some bound-
ary conditions in order to define transition amplitudes between 3-geometries. Spin foam
models provide a possible way to define this integral and demonstrate another important

connection between fundamental physics and the representation theory of groups.

Although it did not receive much attention at first, the first spin foam model was written
by Ponzano and Regge [1]. They wrote an asymptotic formula for the 6j symbol appearing
in quantum mechanical angular momentum calculations which contained the Regge action
of discrete 3d gravity for a tetrahedron with edge lengths related to the spin labels of the
6j. With this motivation, they constructed a discrete theory of 3d quantum gravity based
on the 6j symbol. Summarising the construction of this model and its relation to 3d gravity
and BF theory will be the subject of this chapter. We will not take a historical approach
but, to allow generalisations in later chapters, we will start by writing a discretised BF
theory path integral and show that this is equivalent to the Ponzano-Regge model. We will
then mention some of the important features that we will use in later sections. Perhaps
surprisingly, the asymptotic formula for the Ponzano-Regge model was not generalised to

triangulations larger than a single tetrahedron. This will be the subject of the second



CHAPTER 1: 3D QUANTUM GRAVITY, THE 6J SYMBOL AND THE PONZANO-REGGE
MODEL

chapter where we will extend the 6j formula to cover triangulations of handlebodies.

1.2 3d gravity as a BF theory

We begin by recalling the first order formalism for 3d gravity [2-4]. This is useful as it
allows the coupling of fermions and we can construct a simple discretisation which we will

use in later sections.

The first of the two independent fields is the frame field which is an su(2) valued one form
e = eZdw“Ti, where 77 = %a are the su(2) generators. The frame field is related to the
metric in the usual way g, = n;; ezei. The internal indices are contracted using the metric
1 = Diag(1,1,1). The second field is an su(2) valued connection one-form w = wj,da*7".
We can write the curvature of this connection as F'(w) = dw + w A w and we can write

the action for 3d gravity on a spacetime manifold M as

Sle,w] = %/M tr (e A F(w)), (1.2.1)

with the trace in the spinor representation. Varying the connection gives the equation of
motion

dye =0 (1.2.2)

so that the frame field must be compatible with the connection. Varying e gives
F(w)=0. (1.2.3)

So in 3d, we only have to deal with flat geometries. This makes the quantum theory much
easier to deal with. For this to be equivalent to gravity, we need the additional constraint
that the frame field be non-degenerate. Without this restriction the above action describes
3d SU(2) BF theory [5] so we see that in 3d, BF theory and gravity are very similar theories.
The classical theories both do not possess local degrees of freedom. In 4d, gravity is not a
BF theory but BF theory will be a useful starting point for constructing quantum theories
of gravity.

The action also has the following symmetries, the SU(2) (rotational) gauge symmetry

e — geg !

w — gwg '+ (dg)g~! (1.2.4)
for g € SU(2) and a translation symmetry

e — e+dyo
w o= w (1.2.5)
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with ¢ € su(2). We will find analogues of these symmetries when we attempt to discretise

the theory which must be fixed in order to avoid divergences.

1.3 More on 3d gravity

One can gain further insight into the nature of 3d general relativity by considering the
Hamiltonian formulation [6, 7]. Since this will not be used in later chapters, only a brief

summary will be given here.

The Hamiltonian form of 3d GR is given by splitting the spacetime into a set of spacelike
hypersurfaces, e.g. the manifold is of the form ¥ x R. Each hypersurface has a spatial
metric hgp, which in 3d has 3 indpendent components and a,b = 1,2, this is the configu-
ration space. The unit normal to the hypersurface is denoted n, and we have the lapse N
and the shift N, which together describe the steps between adjacent hypersurfaces. The
extrinsic curvature is given by the covariant derivative of n,, i.e. Kg = h,Vnp, which

allows us to write the momentum conjugate to the spatial metric as
pab — hl/Q(Khab _ Kab)

where h = det hy, and K is just the contraction of the extrinsic curvature. The Lagrangian
(or Hamiltonian) can be re-expressed in terms of these new variables and one finds that
the lapse and shift act as Lagrange multipliers (they have vanishing conjugate momenta)

for some constraints H, H,

1,205

H = 2xh™'/? (pabp“b —p2> -3
K

H, = —20vpt=0

)R is the Ricci scalar for the spatial metric and 2V}, is the covariant derivative compat-
ible with the spatial metric. With the Hamiltonian one can also write evolution equations

for haba Pab-

We can now state that the un-reduced phase space for 3d GR is six dimensional since
hap, Pap have 3 components each. However, the freedom to choose a hypersurface and
coordinates on that hypersurface removes three of these. We also have the three constraints
H, H, so this leaves zero local dynamical degrees of freedom. So even once matter is added
to the theory, spacetime outside the matter is still flat. There are no gravitational waves
in 3d GR and Newton’s law is not obtained in any limit. Although matter cannot have
any effect locally, it can still cause global effects, for this reason one says that 3d gravity is
a “topological” theory. In contrast, the spatial metric in 4d GR has 6 components, and so

the phase space without the constraints is 12 dimensional. Four of these are removed by
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choice of coordinates and 4 by the constraints H, H, (since now a = 1,2,3.) This leaves
a four-dimensional reduced phase space, and we say that 4d GR has 2 local degrees of

freedom.

Since 3d GR is simpler in this respect, it will be easier to construct and study the cor-
responding quantum theory. Obviously there will be additional complications when one
considers the 4d case, but by studying 3d we hope to gain some insight into how to tackle
this harder problem.

1.4 A path integral for discrete BF theory

As mentioned in the introduction, the Ponzano-Regge model for 3d gravity can be con-
structed by starting from a discretised version of BF theory that is similar to standard
lattice gauge theories used in particle physics. Let us assume we have an orientable, com-
pact, 3-manifold M that is our spacetime. It may have boundary M. To discretise the
BF theory, we must first choose an appropriate structure on which to discretise it. We
pick a triangulation A of the spacetime manifold M and label the vertices, edges and tri-
angles by V, ' and T respectively. We also choose an arbitrary orientation for A. In later
chapters we will use a more refined discretisation of the spacetime into wedges, however
the triangulation will be sufficient here. We can discretise the frame fields by integrating
them along the edges of the triangulation. This assigns an SU(2) Lie algebra element ep
to each edge by

er :/ eudxt. (1.4.1)
edge F

To discretise the connection, we consider the dual triangulation A* with nodes, edges and
faces v,e and f. To each dual edge e, assign the holonomy of the connection w,. This

gives an SU(2) element which we denote g..

Je = exp/ We. (1.4.2)
dual edge e

To construct the discrete action, we take the path ordered product of group elements

around a dual face f, denoted

—
Gr=Ggp= ng. (1.4.3)

eCf
Choosing an arbitrary dual vertex u as the starting point of the holonomy, we then take

as our starting point, the action
Ser = Y _tr (epGp) (1.4.4)
E

The labels E and f are interchangeable as they refer to the same objects topologically.

We will briefly mention an important symmetry of the action that will be necessary for
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later chapters. In a similar way to the continuum BF theory, the action is invariant under

SU(2) gauge transformations at each dual vertex

e — k:;leEku

Gg — k;'Ggk, (1.4.5)

where k, € SU(2) is a group element associated to each vertex v. The action also admits

a translation symmetry as in the continuum [2]

We can now write the partition function for this discrete BF theory, which reads

= e ¢SGR 4.
o (1;[ /su<2>d E) (H /SU<2> dgé) 40

The integrals are performed using the normalised SU(2) Haar measure dg, and the usual
measure de on R3. While this path integral has clear links to a quantisation of GR, it is

difficult to extract numbers in this form.

To make it easier to compute the partition function, and to recover the original form of
the Ponzano-Regge model, one must perform the integral over the discretised frame fields
and then a Fourier transform on the group variables to transfer the variables to the half
integer spin labels appearing in the 6j symbol. In its current form, equation 1.4.6 will not
give the true Ponzano-Regge formula but a very similar model based on only the integer
spin labels. The key to this difference is the following formula [2]

1

o /d?’x expitr(Xg) =4d(g9) +0(—g) (1.4.7)

for a Lie algebra element X = z'7¢ and an SU(2) element g, the delta function is on SU(2).
Using this, we see that the integral over the eg in equation (1.4.6) gives a delta function on
SO(3), i.e. it is peaked on both Gg and —Gpg reflecting the 2-1 homomorphism between
SU(2) and SO(3). Whilst the path integral above seems perfectly valid, we would like to

recover the Ponzano-Regge model so we use the trick from [8] and insert the observable

1

1
3 (1 +otr GE) (1.4.8)

into the partition function. This observable is equal to one when G is the identity and

zero when it is minus the identity. Hence

1 1 ‘
de / dgz | = <1 + —trG > ¢SGR
(1;[ /su@) E) (H 5U(2) ) 2\ 2

= dgz 0 (Gg 4.
(g/w ¢> 1;[ (G) (1.4.9)

So we see that, as expected from the equations of motion, the effect of the e field is to

ZGR

act as a Lagrange multiplier which enforces that the integration is only over flat SU(2)
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connections. So the partition function can be interpreted as an integral over the space of
flat SU(2) connections. We also see in this form that the partition function can easily be
divergent as if there are not enough group integrals, we will be left with delta functions

evaluated at the identity.

The next step in the derivation involves using harmonic analysis on SU(2), in particular
the Peter-Weyl theorem. The Peter-Weyl theorem provides a way to express functions of
group variables by Fourier decomposing over the irreducible, unitary representations of

the group. The formula that we will need is

5(g) = dix;(g) (1.4.10)

jel
X;(g) is the trace of the representation matrix of ¢ in the j representation, i.e. x;(g) =
tr D’(g), dj = dimj = 2j + 1 is the dimension of that representation. This is derived in
appendix A along with a brief description of the Peter-Weyl theorem. Fourier transforming
the delta functions corresponding to each edge and labelling the irreducible representations

in the decomposition by jg for edge F, we get

Zorn = %; (1;[/%(2) dgz) I;IdjEXjE (Gp) (1.4.11)

This is a good point to introduce graphical calculus in order to complete the derivation
of the Ponzano-Regge model. The graphical calculus allows one to compute complicated
expressions involving representations of group variables very easily and, although the case
here is quite simple, later chapters will require the computation of more complicated

expressions.

1.5 Graphical calculus and spin networks

The purpose of graphical calculus is to be able to manipulate representation theoretic
expressions using a selection of diagrammatic identities. This was used in quantum me-
chanical angular momentum calculations, i.e. representations of SU(2) before its use in
quantum gravity. The formalism can also be extended to quantum groups but, since we
only need the simpler case here, we will concentrate on SU(2). There are various different
conventions used for spin networks, each having advantages and disadvantages. Unfortu-
nately we will need to consider two differing conventions in different chapters of this thesis
which we will refer to as Kauffman and Lins spin networks [9] and angular momentum
diagrams [10]. The Kauffman-Lins networks have the advantage that they are invariant
under Reidemeister moves in the plane but in the angular momentum diagrams it is easier

to deal with phases that occur in integrals over tensor products of group elements.
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1.5.1 Kauffman-Lins spin networks

We use the binor calculus [11, 12], this corresponds to a choice of Kauffman parameter
A = —1 and the association of a minus sign to every crossing. A Kauffman-Lins spin
network diagram is constructed from SU(2) invariant objects, called intertwiners. The

most elementary object is the identity operator which is drawn as a vertical line

(1.5.1)

In the fundamental representation, this corresponds to dy. If we denote the spin j repre-
sentation space as Vj, then higher spin representations of SU(2) are obtained by taking
2j symmetrised tensor products of the fundamental representation. To accomplish this,
we must antisymmetrize the lines in the diagram because of the minus sign associated to

each crossing.

ST nlt L7 ] e Hom(v;, V) (1.5.2)

1
=
(2)! et

L.e., we sum over permutations o, in the permutation group on 2j elements, of the lines
in the fundamental representation. |o| is the minimum number of crossings needed to
obtain the permutation. This antisymmetrisation combined with the minus sign will sym-
metrise the indices of the associated tensor. Note for later use that this projector onto the

symmetric subspace is idempotent

|| e |
- H ‘ (1.5.3)

The open ends of the diagram are fixed, lines at the top of the diagram correspond to the
vector spaces V; of the appropriate representation and lines at the bottom correspond to

V. Two other important diagrams are the cup diagram

U (1.5.4)

corresponding to the tensor i€, i.e. a map in Hom (Vi ® Vi, C), and the cap diagram
2 2

m (1.5.5)
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corresponding to the dual ie?® tensor. Again, the higher spin versions ¢; € Hom(V;®V}, C)
and ¢/ € Hom(C, Vi® Vj*) are given by the symmetrised tensor products and are drawn

as cup and cap diagrams with a j label on the line.

J U J m (1.5.6)

These cup and cap diagrams can be used to change the vector space corresponding to an
open end of a diagram to its dual. The cap diagram also gives a bilinear inner product
between two states in V. Using the cup, cap and identity diagrams, we can write the
binor identity. Starting from

€Pe g = 096y — 0460 (1.5.7)

b

and using cup= i€?’, cap= i€y, and associating the minus sign to the crossing from the

final pair of deltas gives

&

Finally, there is a diagram for three lines meeting at a point with different spin labels.

k

W : (1.5.9)

This is an element of InvSU(Q)(VZ- ® V; ® Vi, C), and is also constructed from symmetrised
products of fundamental lines. The spin labels must satisfy the admissibility conditions
t+j>kk+i>357+k>1and i+ 75+ k € N. The intertwiner is constructed in a

canonical way with no crossings, for example

N

- (1.5.10)

This generalises to higher valence intertwiners
¢ € Hom(V;, ® ... ®Vj;,,C),

by choosing a decomposition into 3-valent intertwiners. These are given by a vertex with

Jl\/yn (1.5.11)

The dual map ¢* € Hom(C,Vj, ® ... ® V},) is drawn as the inverse of this diagram

j%\j" (1.5.12)

n ingoing lines:
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Twisting two of the three lines in a three-valent vertex results in a minus sign

~

. . J
i Jooo 21y R ()24 G4 ~k(k2)

- (_1)(i+j—k)(_1)4ij / . (1.5.13)

The normalisation of the spin network vertices is an important and often confusing issue.
The Kauffman-Lins 3-valent intertwiners are not normalised. The norm of a 3-valent

intertwiner is given by

< i
eijnll = k = (—1)ititk k@ >0 (1.5.14)

The value of this spin network is computed in [9]

H(iuja k) = ]{;@

(D)™ + i+ R+ DI+ = k)G + k= )k +i— )]

_ TS (1.5.15)
It is possible to work with intertwiners that are normalised
1 1,7k

T = N O] \V . (1.5.16)

so that the norm of the intertwiner ||Y;;.| = (Tl-jk)abc(Tijk)a/b/c/ea“/ebb/ecc/ = 1. Diagra-

matically this is

z+]+k
izl = 0G| 06T (1.5.17)

Since the (—1)"7** cancels the sign in the theta network.

Tensor products are expressed by drawing diagrams adjacent to each other, e.g.
j v j
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and composing diagrams is done by drawing them one on top of the other and connecting

the lines.

(1.5.19)

One of the useful properties of this formalism is that the expressions corresponding to the
diagrams (sometimes referred to simply as the diagrams) are invariant under Reidemeister

moves in the plane that leave the external edges of the diagram fixed
o \ /N N
& & & @\]/
_ N/ \ |

with the addition of another move that moves a line over a vertex. A closed diagram with

no external edges is a map from C to itself and so is a complex number, we often refer to

this as the value of the spin network.

A number of useful expressions can be put into diagrammatical notation. A closed loop

gives the dimension of the representation with additional minus signs

IO = (¥ j+1). (1.5.20)

Schur’s lemma is the following

Sl (1.5.21)

! iQ n l

"= Zn: (5, k,n)0(l,i,n) (1.5:22)
k

10
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Kauffman and Lins define the recoupling coefficient as the following

o bet © ! e (1.5.23)
d e f KL_H(f,a,B)H(f,b,d) o
d

This is different to the 6j symbol found in angular momentum recoupling computations

and does not have the usual tetrahedral symmetry of the 6j. Comparing the analytical
formulae for the different conventions shows that the following definition for the 6j symbol

agrees with that of Wigner [13]

{z‘ j m} _ 1 n ¢
E Il n \/|9(i,j,m)9(k:,l,m)ﬂ(i,n,l)@(j,k,n)|
k

= A, 4, m)A(k,l,m)A®i,n, )A(], k,n)
XY (=D E+ Dt —i—j—m)(t—k—1—m)

X(t—i—n—DI(t—j—k—n)(i+j+k+1—1)

X(i+m+k+n—tNG+m+l+n—t)" (1.5.24)
Where 12
b—oc)l(b —a)! —b)!
Aa,b,c) = |LaFb= oMb Fe—alleta- b (1.5.25)
(a4+b+c+1)!
With these normalised intertwiners, the recoupling identity reads
1
VI10G, 5, m)0(k, T, m)]
L i 1
=3 dimn(—1)tre LT , , (1.5.26)
" k l n \/|9(Zal>n)9(.]?k>n)|

11
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A consequence of this is the following move (the Wigner-Eckart identity)

_ (15.27)
p O bc A )\

Semisimplicity of SU(2) is expressed by the following diagram

(1.5.28)

These identities will be used to evaluate spin network diagrams in later chapters.

1.5.2 Kauffman and Lins cable diagrams

The term cable diagram is used to refer to diagrams that contain representations of group
variables. This will include a simple diagrammatic way of integrating over tensor products

of group elements. A group element ¢ in the spin j representation is depicted by

J

The character of a group element x;(g) is thus drawn as

Xi(g) = (~1)% 7 (1.5.29)

A Haar integral over the tensor product of n representations of a group element is repre-

sented by a box over the n lines
1 o | i

/ dg D7 (g) ® .. DI (g) = | (1.5.30)
SU(2)

12
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For three representations, the integral gives

v |J |k

N\
0(i,5,k) /N (1.5.31)

In later chapters, we will generalise this to include the tensor product of four or more

representations. We also have [14]

jO jl ]n jl ]n

Z(_1)2j0(2j0 +1) | = (1.5.32)

Jo

There are many other useful identities and operations that can be performed with spin
network and cable diagrams, these are just the minimum set that will be used in later

chapters.

1.5.3 Angular momentum diagrams

Various different graphical methods exist for angular momentum recoupling, each with
advantages and disadvantages. A method rather different to the Kauffmann-Lins diagrams
will now be described. This convention is closer to that found in original physics literature,
the main practical difference from the Kauffman-Lins diagrams is the need to orient the

lines and the vertices.

The next section is based on [10, 13], similar descriptions can also be found in the spin
foam literature in e.g. [15, 16]. We first note the existence of the epsilon map ¢’ : Vi — V]*
between the jth representation space and its dual. Its components in the standard basis

e, = |7,m), m = —j,...,j are given by the Wigner 15 symbol
Eiﬁ =B = (—1)j_65a,,5.
This map satisfies the properties
o= (1Y€, = (=105 o, and €467 = (-1)¥5).

For all triples of unitary, irreducible representations 7, 7/, 7% of SU(2), let

Ch Vi@ V;— Vi, and C%: V= Vi®V;, (1.5.33)

13
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denote the Clebsch-Gordan intertwining operators whose coefficients

Ci(e@)zZ( o >6a®6]6, and Clgj(ea(@ejﬁ):Z(k

af \ VT |7 v

)

(1.5.34)
can be found in [13]. These intertwiners are unique up to normalisation because the
space of three-valent intertwiners is a vector space of dimension one. This fact does not
completely specify the phase of the intertwiners which must be done more carefuly, see
[10]. The tensor product of two representations is given by the following standard formula

i+j
vieVi= @ W,
k=[i—jl|

which gives 7' @ 7/ = Dok Clij ok C’li Relative to the chosen bases, this yields
rer =3 < “ ) ) < ( Z L ) (1.5.35)

hec \ B o
A more symmetric intertwining operator called a 35 symbol can be constructed from the

Clebsch-Gordan maps. Let ¢, @ V; @ V; ® Vi, — C be a 3j intertwining map and u, v
and w be arbitrary vectors in V;, Vi and V} respectively. Clebsh-Gordan symbols and 3j
symbols are related via the following evaluation

€(i,j, k)
Vdimk

where €(i, j, k) is a sign usually chosen to be (—1)"" =% swhere —i 4+ j — k € Z. The

Lij(u®@vw) = (w,Clﬁj(u@)v)), (1.5.36)

evaluation of the above equation on the vectors u = e’ , v = e% and w = e,’j reads
i j ok (=1)~Hik 6| i (=)~ =y | i
= — € = s
a B v Vdmk "\ k| a 8 Vdim k E | o 8
(1.5.37)

where the left hand side is a 3j symbol. The above relation can be put into a more compact
form by using the epsilon tensor to raise and lower indices, i.e. to change between the
representation and its dual. We use the convention that indices are raised from the right

and lowered from the left, that is, picturing only one column of the symbol,

()-+(2) = ()-()

Note that this implies the following property

()=o) e
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By raising and lowering the indices on a 3j symbol, it is possible to construct intertwiners
between any three representation spaces and their duals. Using the symmetry under

permutations of the 35 symbol

i j k o ik J
= (=1)ititk , 1.5.39
(L ) (D8] (15:9)

which implies that the symbol is even under even permutations of the columns, the relation

between 3j symbols and Clebsch-Gordan coefficients can be put in the form

ki) e R
(’Yaﬁ)_ Vdim k <7 ) (1.5.40)

a f
We can now use the 35 symbol as the building block for another diagrammatic calculus.

A 3j symbol is represented as an ordered vertex with three lines. The clockwise ordering
of the lines at a vertex is denoted with a + symbol and the anticlockwise ordering with a
—. Each line of the vertex is oriented with the convention that ingoing lines correspond
to a map from the representation space and outgoing lines are a map from the dual. This

implies that

ik NPk
(aﬁv> \\I/
and ik
a v\
<ijk>_w+/

Note that unlike the Kauffmann-Lins vertices, these can be drawn in any orientation on

the page as it is the arrows and 4 that describes the ordering.

The 35 symbols are normalised

i j k a B v .
=Y (i, 4, k), 1.5.41
() Y erem s

where Y (i,7,k) = 1 if i, j and k are admissible and zero otherwise, summation is assumed

on the indices «, 3,v. Diagrammatically, this means that the theta network is equal to

+@ -+ @ “ =Y (i, k). (1.5.42)
F J

With the rule that lines can only be joined if the arrows are pointing the same direction.

(zero or) one

Note that changing the orientation of an arrow on an internal line of a diagram produces

a factor (—1)%¥ if k is the spin label on the line.

15
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The corresponding intertwiner has norm (squared) given by (—1)2*Y (i, j, k), in accordance

with the results found in the group integral section.

Changing the ordering at a vertex is equivalent to a permutation of the arguments of the

37 thus we have the diagrammatic identity
W
+

This emphasises the need to have an ordering label at the vertices.

k k

= (—1)FHitk W (1.5.43)

The 65 symbol is defined by the following contraction of 35 symbols

Ju gz g3 | [ o1 as)(il as j6><a6 Ja j2><064 Js j3>
Ja Js Je J1 J2 U3 a1 Js J6 Q4 a3 Ja a5 a3

Accordingly, the 65 symbol is equal to the following tetrahedral spin network evaluation

+

{ﬁ Ja J3 }: Js Jo (1.5.44)
e\
. +
N Ja

Comparing the analytical formula given in [10], one can see that this is the same as the
Kauffmann-Lins 6j formula 1.5.24. Note that reversing an arrow on a spin j line of the
diagram produces a factor (—1)% because of (1.5.38). This emphasises the need to have
the arrows in the diagram. Thanks to the symmetries of the 35 symbol, the 65 symbol

network is invariant under any permutation of the vertices.

Diagrammatics and Recoupling identities

The analogues of the diagrammatic identities given in the previous section can now be
described. These will look very similar but have some important differences (usually

minus signs.) The first that we use is the second orthogonality of the 3j symbols

' 5 kol IR
. g - 5. 60Y (i, k, ). (1.5.45)
a k1 v 0 j dim j

This is the analogue of Schur’s lemma The diagrammatic version is

Y (i, k,1) (1.5.46)

16
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The recoupling identity in this formalism is given by

8 i m e v 1 1
= C,
(jae)(mké) Zn: <a6

where

3

0 n B v
J(o27) s

C. :dimn(_l)iJrkerJrn{ ; ; m }

In graphical language, the recoupling theorem yields

_ Z dimn(_l)z’JrkerJrn
n

A consequence of the recoupling identity is the following property

<z- 5n><lj0><mke>:{i ky}<3k> (15.49)
a | € 6 B m 0 v n m | n a B v

Diagrammatically, this yields the fusion move displayed below
-+
i
= ! n )\ (1.5.50)
k j k
+ m +

We now express integrals of tensor products of representations in terms of 35 symbols. We

/ dg*(g) = &
SU)

1.5.4 Group integrals

use the fact that

17
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Using this and the Clebsch-Gordan decomposition, we can compute the integrals of the

other tensor products. The first is the bivalent integration.

e B a v | k €
e, - £(23] )

ket \ U

i g / ke \C
dgm(9)°
6 6 ) SU(2) (9)

B a v| 0 0 ¢ 3
t 310 0 B ¢
5ij oy J
Y el (1.5.51)

where we have used [10]

a f
i

in the last step. Note that 1.5.51 often appears in the literature with lowered indices

0 54 - B . J

and delta functions instead of ¢/. From this result one can prove the orthogonality of

characters.

below.

/S U(z)dg?fi(g)o‘gﬂj(g)yﬂk(g)eg = Z(a !

Using the above, one can compute the three-valent integral. The calculation is displayed
iJ

! n / I/ N0 K
dgm(g)”,m (9)°
=\ 9><z 66>SU(2) @) (9)%
1 @ Y| kY jper (N0
= - €€
dlmk%<ij 9) “\k| B

_ <O‘ K 6><Z J k) (1.5.52)
i k)J\p ¢

As for the Kauffman-Lins diagrams, a group integral is represented by a box, only now

the lines entering and leaving the box will have an arrow. The above formula is then
= - (1.5.53)

To calculate the same integral, but with one group element inverted, one uses the following

formula which essentially comes from the fact that for SU(2) the conjugate representation

is equivalent to the standard one.

ﬂ_i(g—l)ozﬁ — (_1)2j6j04'77ri(g)6,y€§6. (1'5'54)

18
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From the above, we immediately obtain that

ia'vwkfle__%aryk i €
/SU@)dgw(g)w(g)g (671 = (-1) ( j <><ﬁ ! k)

The diagram is the same but with the appropriate arrow reversed. Using the invariance of
the Haar measure under inversion g — ¢! this gives the final case of two group elements
inverted. These will be used later when tensor products of group elements and their

inverses will appear in all combinations.

1.6 The Ponzano-Regge model

We can now apply the graphical calculus techniques to equation (1.4.11). Each dual edge
has a group element associated to it and the formula contains a character with each of the

group elements in the dual face. An orientation must be chosen for each dual edge and this

I appears in the character. The partition function

1

orientation determines whether g or g~
is invariant under a change of orientation since g and g~ are in the same conjugacy class

and the character is invariant under conjugation.

To represent the characters diagrammatically, we use that the characters are related to
a loop diagram with a group element inserted 1.5.29. We can now draw the loops for
each character, noting that each group element will appear in three different characters.
We can draw the section of the partition function corresponding to a single dual vertex

graphically using Kauffmann-Lins cable diagrams as

(=172 (2jp + 1) (1.6.1)

o

&
n

The (—1)%F arise from the repeated use of equation (1.5.29). Performing the group inte-

19
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grals with equation (1.5.31) gives us

151 ()%= (2j5 + 1)
a(jlaj?aj3)9(j25j4,jﬁ)a(jl?j5aj6)9(j3aj4aj5)

(1.6.2)
So the amplitude associated to each dual vertex is the tetrahedral network. The Ponzano-
Regge amplitude for the triangulation Ajy; of some manifold M can thus be formally

written as

' J
ZPR AM Z H 2]E 2]E+1) H ; H o "

0
JjE edges E triangles A (‘71"727‘73) tetrahedra o

Ja
(1.6.3)

or in terms of the 6j symbol

Zpr(Ap) = Z H 1)%7(2jp + 1) H (—1)rtaetss H {jl ‘7:2 ‘7:3 }

JE edges E triangles A tetrahedra o Ja J5  J6
(1.6.4)

This may be divergent and require regularisation, this will be discussed in the next section.

Zppr is formally equivalent to Zqr defined previously, i.e. they agree if they are finite.

Note that there is a freedom in choosing the normalisation and the phase of the 3-valent
intertwiners on the boundary and the above formula is for a particular choice of phase.
We may write Zpr(¥, Aps) where U contains the information about these phases and
normalisations. If no mention is made of the boundary phase choice ¥ we will assume it
to be standard one - i.e. normalised 3-valent Kauffmann-Lins intertwiners - to agree with
1.6.4.

1.6.1 Examples

Applying the Ponzano-Regge formula to some simple triangulations, gives the following

simple examples for the partition function
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The tetrahedron The amplitude for a single tetrahedron is given by

6
ki ko k
_ H QkE 2k3E+1)( )2(k1+k2+k3+k‘4+k‘5+k‘6){ kl ]: ]: } (1,6,5)
4 5 6

The 3-ball Three tetrahedra can be glued together to make a triangulation of the 3-ball

ky s
k2

with one interior edge

The amplitude is

Zpp Z H 2kE 2kE + 1)( )2(k3+/€7+k9)—k1—k2—k4—k5—k6—k8—k10
ke E=1

ki ko k k ke k k ks k
5 1 ko k3 1 ke ks } { 2 ks kg } (16.6)
ky ks ke ko k7 ks ko ks ke

The 3-sphere The triangulation of S% with two tetrahedra with each face identified is

given by
Zpp = Z H QkE 2kE+1)( 1)2(k1+k‘2+k‘3+k4+k5+k6)
kgp=1E=1
% kl kQ kg kl kQ kg (167)
ki ks kg ky ks ke | o

The solid torus A triangulation of the solid torus with three tetrahedra is given by

ke ‘ k2
Q/ g

k1

21



CHAPTER 1: 3D QUANTUM GRAVITY, THE 6J SYMBOL AND THE PONZANO-REGGE
MODEL

The two triangles with edges k1, ko, ks are identified. The Ponzano-Regge amplitude
is given by
6

ZPR(\I/, T) _ H (_1)2kE (QkE + 1)(_1)2k4+2k6+2k‘8—k3—k5—k9
E=1

ki ke k ki ko k ki ks k
» 1 k2 k3 1 k2 k3 LoFs ke | (1.6.8)
ks ko kv ko ks ks ko k7 kg

1.7 Properties of the Ponzano-Regge model

1.7.1 Regularisation

The Ponzano-Regge amplitude given above may turn out to be divergent and require

regularization. Ponzano and Regge originally proposed the following regularisation

A . . .
Zer =Ny Y [ID25 @i + ) T[ (-0 H{ e } (1.7.1)

jr=0 E A o LJa Js Js
Where N, = 25‘20(22' + 1) and A is some positive number. Whilst this regularization
works for some simple cases, an example where it fails was given in [17]. The divergence in
the Ponzano-Regge model arises when the internal spin labels are not constrained by the
spins on the boundary and this leads to an infinite sum. A triangulation in which the spin
labels are restricted to a finite set of values is called non-tardis in [17] and by definition

this gives a finite partition function.

We will briefly discuss two important methods of regularising the Ponzano-Regge formula.
The first of which views the divergence as an SU(2) gauge invariance that must be fixed,
the second uses representation theory of a quantum group instead of SU(2) to restrict the

sum over spin labels.

Fixing the gauge symmetry

The divergence can be seen from the lattice BF theory point of view as the result of the
rotation and translation symmetries, which are equivalent to diffeomorphism symmetry

on-shell [2]. These are fixed as follows

SU(2) Symmetry: The rotation symmetry is fixed in the following way. One chooses a
maximal tree T in the edges of the dual triangulation and sets each of the group elements

associated to the edges of the tree to the identity by inserting the observable

IT s(ge). (1.7.2)

ecT*
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This can be derived from a Faddeev-Popov gauge fixing procedure with the associated

determinant equal to one.

Translation Symmetry: The translation symmetry is fixed by choosing a tree T on
the edges of the triangulation and setting the frame fields to zero, ey = 0,VE C T'. For the
formulation of the Ponzano-Regge model in terms of characters, this is given by inserting
5.
T 22 (1.7.3)
pop UMJE
In the graphical calculus an extra factor of (—1)*# needs to be inserted for each edge of

the tree.

It was shown in [17] that this type of regularisation only gives a finite partition function

under certain conditions on the topology of the manifold.

Regularisation with a cosmological constant

An interesting regularisation of the Ponzano-Regge model was found by Turaev and Viro
[18] when they constructed an 3-manifold invariant from representation theory of the
quantum deformation of the universal enveloping algebra of s[(2). This is referred to
in the literature as the Turaev-Viro model and while we will not use this explicitly, no

discussion of regularisation would be complete without it.

The Turaev-Viro amplitude corresponds to using spin networks with Kauffman’s parameter
A # £1. The parameter A is taken to be a 2r-th root of unity, i.e. A= /g = e%r . Instead
of the 6j symbol, the resulting spin network evaluation gives a “q-deformed” Kauffman-
Lins 6j symbol, the dimension is replaced by the quantum dimension, and crucially the

sums appearing in the partition function are restricted.

By studying the asymptotics of the g-6j symbol, or by relating the amplitude to Chern-
Simons theory, the deformation parameter can be shown to be related to a positive cos-
mological constant [19]. The Chern-Simons path integral for manifold M is given by

Zos(M) = /[dA] exp <z4ﬁ /M tr(A A dA + §A AAA A)> (1.7.4)

7

for some k, where A is an SU(2) connection (a 1-form). The Turaev-Viro amplitude was
shown to be equivalent to the square of Zog which, by a suitable field redefinition, can be

written as a path integral over 3d gravity with cosmological constant

4
A=|—
with k related to the quantum group paramter by k =r — 2.

23



CHAPTER 1: 3D QUANTUM GRAVITY, THE 6J SYMBOL AND THE PONZANO-REGGE

MODEL

Figure 1.1: The 1-4 Pachner move.

P-€

Figure 1.2: The 2-3 Pachner move.

1.7.2 Topological invariance

With an appropriate regularisation procedure, the Ponzano-Regge model is topologically
invariant. By this, we mean that it depends only on the boundary triangulation and
boundary data but not the triangulation of the interior of the 3-manifold. This feature is
due to the fact that gravity in three dimensions has no local degrees of freedom and only
admits flat solutions. The same is not true in four dimensions so that fact that the current
4d spin foam models depend on the underlying triangulation is not considered a problem.
The dependence on the triangulation can be dealt with by summing over triangulations
with a group field theory (see chapter 4), or may be removed by a suitable renormalisation

procedure.

The proof that the Ponzano-Regge model is a topological invariant proceeds using the
Pachner moves. Any two piecewise linear isomorphic spaces are related by a finite (al-
though possibly very large) sequence of elementary moves. In three dimensions, the moves

are the 1-4 move and the 2-3 move, see figures 1.1 and 1.2.

In general, Pachner moves in n dimensions can be found by considering the different
possible ways to split up the boundary of an n + 1 simplex. We can now show the
topological invariance by showing that the Ponzano-Regge amplitude is unchanged by
both the Pachner moves. This can be done in a number of ways, we illustrate one method
below. The regularisation is important because the 1-4 move will lead to a divergence

without it
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Cable diagrams

Here we use Kauffmann-Lins cable diagrams to prove the invariance [14], the angular

momentum diagram proof is essentially the same.

1-4 Move: For the 1-4 move, the relevant part of the partition function for four tetra-

hedra is

10
J7,38:39:J10 JE=T
Using the gauge fixing tree to fix the Lorentz symmetry, we have
J1
. j J2 [
> T =07 ie+1) \ (1.7.6)

J7,38,J9:910 JE=T

J3
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Using (1.5.32) on the loop with spin label j;

, Jé
) J5
n
: I

> H 1)*5(2jp + 1) = ]

J8,J9,J10 IE=8 .
J3

:

(1.7.7)

and again on the jg and j1g loops, leaves us with

Z( 1)%%(2js + 1)

Js

— (1.7.8)
s/

R
N

We now take into account the fixing of the translation symmetry with the tree 7. This
removes the final interior jg loop by setting the spin label to zero and the dimension factors
cancel. Note that T will also remove some of the loops on the exterior part of the diagram,

say j4,Js, J6, however we are only looking at the part that changes under a Pachner move
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so we will not add this alteration to the diagram. We are left with

, J6
J5
/

(1.7.9)

Which is the relevant part of the gauge fixed partition function for a single tetrahedron.

3-2 Move The partition function for three tetrahedra is given by

J1
Z(_1)2j10(2j10 +1)

J1o

With the dual gauge fixing tree

7
Z(—1)2j1°(2j10 +1)

J10

J5

(1.7.10)

L

(1.7.11)

J3
J7
|

J
J3
J2

J7
|
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Using equation (1.5.32) on the jig loop leaves
J5

I

J3 JW Ja
L
J1 /2 J6
(1.7.12)
Jo
J7 Js
|

However, the partition function for two tetrahedra sharing a face is given by
J5

I

J3 JW Ja
J2
I .
J6
J9
Js
|

1T

-

(1.7.13)

J7

which is equivalent to the previous diagram with an appropriate choice of dual tree. The
gauge fixing of the translation symmetry can be ignored here as the 3-2 move does not

create a divergence as in the 1-4 case.

Hence we have shown that the regularised Ponzano-Regge model is invariant under the 3d

Pachner moves and is a topological invariant.

1.7.3 Transition amplitudes

The Ponzano-Regge model gives a method of computing transition amplitudes between
simplicial geometries. Suppose for simplicity that we have a triangulated manifold M with

disjoint boundaries Mj, M2 and that we fix a Regge metric gy, on M; and gps, on Ma.
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This means that a half integer is assigned to each edge of the triangulation in M7, M, i.e.
gm,

(1.7.14)

</ O<ANNNCSe
K RS M

9M,

Constructing the Ponzano-Regge model for M with the spin labels fixed on M7, My then
(assuming it is finite) gives a possible way to compute the transition amplitude between
the initial state gps, and the final state ga,.

owlon)rr = Y. I v¥EEip+n [ vrtete ]

JEEM—0OM edges E triangles A tetrahedra o

{ i 23} (17.15)
Ja J5 Je

This amplitude is of course a topological invariant since the PR model is. More generally,
one can consider transition amplitudes between g7, and gz, but without a fixed topology

on the interior. This can be achieved with a Group Field Theory which provides a sum

over triangulations with a fixed boundary (see Chapter 4 or [4, 20]).

1.7.4 Ponzano-Regge on the boundary

We will now discuss a useful property of the Ponzano-Regge model that allows us to
express the partition function Zpr of a manifold with boundary as the evaluation of a
spin network dual to the boundary triangulation. This is based on the result of Moussouris

[21] which states that

Lemma 1. (Moussouris algorithm) Using the recoupling identity and Schur’s lemma,
any planar spin network can be expressed in terms of sums of products of 65 symbols and
dimension factors. This will be equal to the Ponzano-Regge model for the 3-ball with a

boundary triangulation dual to the spin network and some triangulation of the interior.

Note that this applies only to spin networks that can be drawn in the plane and thus
correspond to triangulations of B3. We will now describe the inverse of this procedure

(reverse Moussouris algorithm) and generalise it to higher genus manifolds.
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The reverse Moussouris algorithm for B3 Start with a triangulation Ags of B3,
for simplicity we consider non-tardis triangulations. The claim is that Zpr(Aps) can be
expressed in terms of a planar spin network topologically dual to the triangulation of the
boundary dB3. We start by noting that for a triangulation with a single tetrahedron,
the amplitude is expressed in terms of a tetrahedral network dual to the boundary of
the tetrahedron so satisfies the claim. We now need to proceed inductively to build up
arbitrary non-tardis triangulations by gluing on additional tetrahedra. We need only
consider gluing tetrahedra on one or two common faces as an more than this will not give

a non-tardis triangulation.

One face: If we glue two tetrahedra on a single common face then Zpp is given by two
tetrahedral networks with three common labels meeting at a vertex (see below). One
can replace the two intertwiners by an integration over the tensor product of three

SU(2) group variables

7 j k _ 1
/SU(Q) dgD'(g) ® D?(g) ® D"(g) = )

A4
A\ (1.7.16)

but, since the diagrams are invariant, these group elements can be reabsorbed leaving
only the theta network from the normalisation which cancels with the face amplitudes

in the Ponzano-Regge amplitude.

J1 Ji
J3 J3
J2 J2
J1
. J3
= 6(]17]27]3) (1717)
Jo

Now, one can see that this remaining spin network can be drawn dual to the surface

of two tetrahedra glued on a common face.

Two faces: We start by writing the relevant part of the partition function for a tetrahe-
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dron glued onto two faces of an existing triangulation

S

1

;(_1)2j(2j+1) 0(4,a,b)0(j, e, d)0(b, k,e)0(k, d, a)

(1.7.18)
The edge corresponding to the spin j label is now internal so there is a summation.
We can now apply the recoupling identity to the a,b, j, e, d edges which removes the

tetrahedral network, two thetas, the dimension and the summation to give

(1.7.19)

d

Which is a spin network dual to the new boundary of the triangulation with the
canonical intertwiners. This can be seen explicitly in the (slightly degenerate) ex-

ample of two tetrahedra being glued on two common faces.

The reverse Moussouris algorithm for the solid torus For the solid torus T = D? x
S1, the procedure differs slightly as the spin network dual to the boundary triangulation
will no longer be planar. We will use the fact that the solid torus can be reduced to the
3-ball by cutting along a disc. Since we are considering non-tardis triangulations, it will be
possible to reduce a triangulation At of T to a triangulation Ags of B? by cutting along a
disc, but such that the boundary of the disc contains at least three edges and no internal
vertices (e.g. the triangulation described in section 1.6.1). Suppose there are n edges on
the boundary of the disc, then there will be n — 2 triangles, and the resulting triangulation
will be that of the 3-ball with two identical discs. The Ponzano-Regge amplitude for
At with this cut will look like the amplitude for a 3-ball, but with the same spin labels
associated to this cut and a summation over these labels since they were interior edges for

Ar.

As above, we replace the n — 2 valent intertwiners and the summations with a group
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integral

/ dg D' (g) ® D2(g) @ ... ® D’=2(g) (1.7.20)
SU(2)

However, we can no longer absorb these group elements into the remaining spin network.
We are left with the following: Zpr(AT) can be expressed as a spin network evaluation
dual to the boundary triangulation, but with an integral over a group element inserted for
each edge of the spin network that crosses the cut. Note that if we had chosen a different
cut, then this can be compensated for in the amplitude by moving the group elements

around using the invariance properties of the intertwiners.

As an example, consider the triangulation of the solid torus described in section 1.6.1 We
choose the cutting disc D to be the triangle k1, k2, k3 and perform the cut that reduces T

to the 3-ball. A net for constructing the triangulation on the boundary is given by

ky
k1 k k1
5 ke
ko k7 . ko
8
k3 kg k‘g
ks

The Ponzano-Regge amplitude can be expressed as the following spin network evaluation

on the boundary, with a group integral inserted on each of the dual edges that cross .

Zpp(,T) = [y dh

Expressing this spin network in terms of 6j symbols gives equation (1.6.8).

The reverse Moussouris algorithm for handlebodies of genus ¢ This obviously
generalises to higher genus handlebodies by repeated use of the above procedure. We
first note that it is always possible to construct a non-tardis triangulation of a genus g

handlebody 3. Start with a triangulation of the 3-ball that has at least g distinct (i.e.
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do not share any common edges or vertices) pairs congruent triangles on the boundary.

Identify these triangles on the boundary pairwise and this provides a triangulation of 3.

By definition, a genus ¢ handlebody always admits a set of cuts D; ¢ = 1, ..., g that reduce
it to the 3-ball. For later use, we denote the set of cuts by C and for simplicity, we will

also assume that we are working with the set of ’standard cuts’ [22].
By repeated use of the methods described for the torus, we have the following:

Let Ags be a triangulation of a handlebody Y3 with a set of trivialising cuts C' with the
edge in 0Ayx3. The Ponzano-Regge amplitude can be expressed as the evaluation of a spin
network dual to 0Ays with a set of SU(2) elements h; inserted on each of the edges that
cross a cut 4, with an integral over each of the group elements. Schematically, we write

this as

Zpp(¥?) = /SU o [T dnico=?);, (1.7.21)
ieC

1.7.5 Asymptotics of the 6j symbol

The key piece of information that led Ponzano and Regge to suggest their model for 3d
quantum gravity was their realisation that, in the limit of large spins, the behaviour of the
6j symbol could be described by the exponential of the Regge action for a tetrahedron.
They did not provide a proof for their formula but gave numerical examples that illustrated
how accurate the formula was, the proof was provided much later by Roberts in [23]. Since
then, other (often simpler) methods of proving the formula have been found such as [24]

and higher order corrections added [25].

We will look at the limit in which all of the spin labels in the 6j symbol are rescaled by
some A € N, i.e. k— Ak, and we take A\ — oo. In this limit, the 6j symbol is related to
the geometry of a tetrahedron with edge lengths [ = Ak + % For consistency with later
chapters, we will label the faces of the tetrahedron by the numbers 1 to 4 and the edges
by the two faces that share that edge. Eg k1o is the edge between the triangles labelled 1
and 2.

The formula is

Aki2 Ak Ak 1 1
v v M cos Z(Ak‘ab + =)Ouw(T) + z (1.7.22)
)\k‘23 )\k‘24 )\k‘34 127TV01(T) a<b 2 4

Vol(7) is the volume of the tetrahedron and ©,(7) are the dihedral angles (the angles

between the outward normals to the triangles a and b.)

Whilst this result was interesting and provided the motivation for the Ponzano-Regge

model, it is important to check that the asymptotic formula for triangulations larger than
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a single tetrahedron give the correct semiclassical limit. This will be the subject of the

next chapter.
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CHAPTER 2

Generalizing the Ponzano-Regge

asymptotic formula

In this chapter, we will discuss the generalisation of the asymptotic formula for the 6j
symbol to an asymptotic formula for the Ponzano-Regge model for larger triangulations.

In particular, the results will cover triangulations of handlebodies. This chapter is based

on [C].

2.1 Rewriting the Ponzano-Regge amplitude

The standard method of evaluating amplitudes of spin foam models in the semiclassical
regime is to use the stationary phase approximation [26]. This requires the amplitude to
be expressed as the exponential of some action. We will discuss this in more detail later
but the next sections will focus on rewriting the Ponzano-Regge amplitude in this form.
To achieve this, we will use coherent intertwiners. For the rest of the chapter we assume
that we are considering a closed, compact 3-manifold with boundary M. In particular, M

will be a handlebody of genus g.

2.1.1 Coherent intertwiners

A coherent intertwiner (or coherent triangle) refers to the use of SU(2) coherent states
to express the standard SU(2) intertwiners in a different basis that is more suitable for
studying the semiclassical behaviour of spin networks and spin foam amplitudes. Coherent
states were first used in spin foam models by Livine and Speziale in [27] and have proved

very useful in asymptotic calculations.

We begin with the definition and a summary of the important properties of SU(2) coherent
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states. The subject is covered in detail by Perelomov in [28].

SU(2) coherent states: An SU(2) coherent state ay(n,f) is a vector in the spin k
representation space Vj that has maximum spin projection in the direction of some unit

3-vector n.

Lnag(n,0) = ikag(n,0) (2.1.1)

L = Lo are the SU(2) Lie algebra generators and the state ay(n,f) depends on both
the direction n and some angle 6 as this equation only determines the coherent state up
to a phase. So a choice of n does not specify a coherent state, and in order to properly
define the state one must pick a representative of the U(1) equivalence class of states that
correspond to the same n. Perelemov chooses this phase by demanding that the states are
defined by |k, n)pereiomov = 9|k, k), where g is the rotation taking the vector z = (0,0, 1)
to n around the vector m = z x n. Later, we will give a prescription for specifying the
relative phase of coherent intertwiners such that the Ponzano-Regge amplitude does not

depend on the choice of U(1) angle.

Coherent states have a number of useful properties that we will use later.

e These states transform with a phase under the group elements generated by L.n
and the label n transforms covariantly under the SO(3) action of SU(2). That is for
g € SU(2) with corresponding SO(3) element §:

gar(n,0) = ™ ay(gn, 0) (21.2)

e The k representation can be constructed as the symmetric subspace of 2k copies of
the fundamental representation. In this picture coherent states decompose into a

tensor product of coherent states in the fundamental representation, i.e.
2k
ax(n,0) = <a;(n, a)) (2.1.3)
2

Consequently the group action factorizes:

2k 2k
gor(n,0) = Q) a1 (n,0) = ®ei%a%(gn,9). (2.1.4)
i=1 =1

e The modulus squared of the Hermitian inner product of coherent states is given by:

2k
(a(ny, 61), ap(ng, B)) 2 = <%(1 +n1.n2)> , (2.1.5)
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e Under the action of the standard antilinear structure on SU(2) (see [29]) the coherent
state changes as:

LnJag(n,d) = —ikJag(n,d) (2.1.6)

The antilinear map J is given by multiplication by the epsilon tensor in the spin &

representation followed by complex conjugation. J commutes with SU(2) elements.

Intertwiners in the coherent state basis: An n-valent SU(2) coherent intertwiner

can be written as

n
o0y, 0;) = / o0 R (Xa, (n:,0:)) € nvsyy (Vi @ Viy @ @ Vi) (2.1.7)
SU(2 Pt
This state is clearly an SU(2) invariant state. As we noted that SU(2) acts covariantly
as SO(3) on the labels n; this choice is only dependent on an unspecified phase as we
left open which eigenstates of L.n; we are using. In particular it does not depend on the
remaining parity P = O(3)/SO(3) as this acts on the plane of the triangle as an SO(3)

element.

Thus choosing normalized ay(n,#) compatible with the boundary spin labels fixes the
intertwiner states up to a parity choice and up to a phase. These two data will be fixed

by considering the gluing of the boundary.

Asymptotic behaviour of coherent intertwiners It is interesting to consider the
behaviour of the intertwiners in the large spin regime k; — Ak;, A — co. The norm of the

coherent intertwiners (given by the Hermitian inner product)

n

Foon(my, ki) = / dX [(en(n,0)) Xay(n,0) (2.1.8)

SU(2) i—1

was studied in the limit of large spins in [27] using the stationary phase approximation.
Note that the phase dependence cancels in the inner product and the norm depends only
on n and k It was found that f.,, was exponentially suppressed for large A\ unless the

closure condition is satisfied

> kini =0 (2.1.9)
i=1

In the three valent case, this is interpreted as the closure condition for a triangle with
edges given by v; = k;n;. So a coherent intertwiner only exists in the semiclassical regime

if its variables admit a geometrical interpretation as a triangle.

In the 4-valent case, there is a geometrical interpretation with A; = k;n; as the normals

to the faces of a tetrahedron.
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Geometric quantisation of the shape space of polyhedra shows that sets of n vectors subject

to the closure condition are in fact sufficient to span the space of n-valent intertwiners [30].

2.1.2 Regge states - a canonical phase choice for the boundary

We are almost ready to use the coherent intertwiners to express the Ponzano-Regge ampli-
tude in a form suitable for stationary phase analysis, but first we will discuss a canonical

phase choice for the intertwiners.

When the PR amplitude is expressed in terms of coherent intertwiners, the partition
function is no longer a function of just the spin labels associated to the edges on the
boundary, but it now also depends on the ng,. The set {kup,ng} of half integers and
3-vectors associated to each edge on the boundary of the triangulation will be referred to

as boundary data.

Note that because of the closure condition, we can pick the boundary data to lie in a single
plane. We choose the plane orthogonal to A" = (0,0,1). The unit vectors n,, € S? are
labelled by the dual edge ab € £, or equivalently by the two triangles a and b to which
it belongs. Then the triangles formed by the edges k;n; along with N have the same

orientation with respect to R3.

Now there exists an element gq, € SO(3) such that:

-y = gab ngp

N = gaN (2.1.10)

SO ggp lies in the SO(2) subgroup of SO(3) that preserves N. There are two possible
choices of SU(2) element corresponding to this g,, and we make some choice of lift for

each triangle.

The canonical choice of phase for the boundary state is as follows. Since ag(—ngp, Ogp) is
proportional to gk (Npg, Ope), then we fix the phase of the ba state relative to that of the

ab state

Jak(nbaa aba) = gabak(nab7 Hab) (2111)

We call coherent states with the above relative state choice Regge states, and denote them
In, k) Their image under the antilinear structure is |—n, k) = J|n, k), and states in the

fundamental representation are denoted |n).

We can now write the boundary state for the whole manifold as the following

(ki n;) = / (H an> Q) Xe [nca, kea) (2.1.12)

acy cde€
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Where V is the set of vertices and we can choose any representative of the U(1) equivalence
class for the ab-th state. A different choice will result in some phase factor which will be

cancelled by the ba-th state.

2.1.3 The Amplitude in terms of coherent states

We begin with B2, the 3d ball. To evaluate the spin network defining our amplitude in
terms of these coherent intertwiners we choose a particular diagrammatic representation
of the planar graph. To obtain the spin network evaluation of this graph we then contract
the intertwiners chosen using the epsilon inner product defined in terms of the Hermitian
inner product by («, ) = (Ja|F). Number the triangles in the graph from left to right.
We then assume that the coherent intertwiners have been specified with respect to this
planar representation of the graph as well. Then we have no crossings in the diagram and

we can explicitly write the contraction of coherent intertwiners as:

ZPR(\Ila Bg) = / H an H (Xb ‘nbm kbc> 7Xc ’ncb7 kbc>)
acy bee€

— / TT @ TT {1t kel XJ X Incp, ki)

acy bee€

_ / TT aa TT (1l X; X Inep) (2.1.13)

acV bce&
Where we have written |ng) for [ng, %) This formula is just the Zpg for B defined in
chapter 1 but expressed on the boundary. The boundary phase is now different as the

coherent intertwiners are used rather than the standard 3-valent KL intertwiners.

For the higher genus manifolds, the amplitude contains additional group elements when
expressed on the boundary. Call € the set of edges not crossing circles and &; the set of

edges crossing circle j € C'. The amplitude is then given by

Zpn(0,5*) = (1% [ TLx, ] dby TT (el X[ )™

acy jeC becé
X H H <_nde’ lethe ’ned>2kd6 (2114)
leC de€&;

Where (—1)X is a sign factor incurred in the spin network evaluation when connecting up

the glued edges in the spin network evaluation. This can then be written as

Zpr(¥,03) = (—1)X/HdXinhjeS (2.1.15)

eV jec

with the action given by

S=" 2kan (ng| JX]Xy ) + > > 2kgeIn (nge| JXJh Xe nea).  (2.1.16)
abe€ leC dec&;
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Note that the ambiguity in the logarithm of a complex number does not affect the ampli-

tude.

2.1.4 Symmetries of the action
The action (2.1.16) has the following symmetries (up to 27)

e Continuous. A global rotation Y € SU(2) acting on each X, and h; as X, — Y X,

and h; — Y h;Y !, This represents a rigid motion of the whole manifold.

e Discrete. At each triangle a the transformation X, — €,X, with ¢, = +1 leaves

2k, C e ., . .
a factor eg“ bab€e T - Ag the admissibility conditions are satisfied on each triangle,

this factor equals one. Similarly we have an arbitrary sign ¢; on h; as the edges on

which h; act satisfy the admissibility condition for intertwiners.

This latter symmetry will be used to compensate for the ambiguity of the lifts of SO(3)
to SU(2) in the higher genus handlebodies.

2.1.5 Relation to the standard intertwiner phase choice

The standard choice of phase for an intertwiner, defined by chromatic evaluation [9], gives
real numbers for a spin network evaluation. We will now show that with the Regge phase
choice the amplitude is real so can only differ from the chromatic evaluation by +1 and a
normalisation factor. Note that since the Regge choice has all the ng, orthogonal to e,
the rotation e~"™="9 rotates n. to —ng, and leaves e, invariant. Under this rotation, the

coherent state |ng) will transform as
e"m % Iny) = e |ng) (2.1.17)

for some phase ¢.

Consider a single term in the amplitude (2.1.14), and rewrite it inserting the identity:

(=1 X[ X ) = (=] €77 (770 X)) (Xm0 ) e [ngy)
(| e X X e g 1 T 1y

= (np| JTe*id’JTX;rXcgcheid’J |npe)
{
<

nbc| JTJTX{TXCJ |ncb>

—npe| X} X |np) (2.1.18)

IT€, -0

where we have defined the transformation Xc = X.e , which can be absorbed on the

group integration in (2.1.14) and the fact that J |ng) = |[—ng). We have used the Regge
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phase choice (2.1.11) from going from the first to the second line and the fact that the
SU(2) transformations are all in fact in the same U(1) subgroup (and hence commute).
From going to the second to the third line we have noted that we are acting with opposite
rotations on the same state. Hence we get that Zpp(¥,%3) = Zpr(¥, ¥3) which is thus

real.

2.2 Asymptotic formula

We wish to study the semiclassical limit of the amplitude Zpr(¥, ¥3) when the boundary
spin labels are large. To do this, we homogeneously rescale the spin labels by an integer
A and consider the limit A — oo. The corresponding boundary state W) is denoted
Wy = W(Ak;,n;). We will see that a certain type of immersion of the boundary data will
play a dominant role in the asymptotic formula. These immersions are referred to as cut

Immersions.

A cut immersion i € J is an immersion of the manifold obtained from 9%3 by the trivial-
izing cuts 9D, i € C, i.e. it is an immersion 1(0X3 — {U;ecdD;}) — R3. This condition is
topological but here a cut immersion is also required to be an isometry, i.e. the mapping
is such that the discrete metric given by the edge lengths agrees with the standard metric
on R3. Furthermore, we require the existence of SO(3) elements that identify the two sides
of the cut, i.e. h; € SO(3) such that ﬁl(z(aﬂ)f)) = 1(9D; ), where dD; and 9D; are the
elements of the boundary 9(9%3 — 9D;) created by the removal of OD; from 9%3 ! . Note
that for the 3-ball, there are no trivialising cuts and the notion of a cut immersion reduces

to the usual immersion.

Given a set B = {ngp, kap }azp of boundary data we denote as J the set of cut immersions

of the polyhedral surface 0%2 with edge lengths kg, in R? up to rigid motion.

There are usually a number of different possible cut immersions for a particular set of
boundary data and cuts. The cut immersions for a different choice of cuts can be obtained
by a homotopy on the surface. We treat any cut immersions that are related in this way
as equivalent. An example of a cut immersion of the boundary of the solid torus is given

in Figure 2.1.

Such an immersion is called rigid if every continuous deformation of it requires changing
the edge lengths, and flexible otherwise. We denote the subset of rigid immersions J,, C J.
Through every immersion in J passes a set of immersions that can be continuously de-

formed into each other, for simplicity it is assumed that these are manifolds with dimension

'Note that since D; is transversal to generators of H;(X?), its removal changes the connectivity of ¥°

and creates two new boundaries, ;" and ]D):r.
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Figure 2.1: A cut immersion for a particular boundary triangulation of a torus. The
cutting circles are shown in bold and there is an h € SO(3) that identifies
them.

d. We call these flexifolds and denote them f, we denote the set of flexifolds §. We then
define §,... to be the set of flexifolds in § of maximal dimension d,,,.. With this definition
the rigid immersions are a special case of a flexifold with dimension d = 0. We assume

from now on that the flexifolds f do not intersect.

In the limit A — oo we have the following;:

Asymptotic Formula

For a triangulated handlebody Y3, with boundary data {kap, N}

1. If 7 is not empty we have that:

3(VI+]|C]—1) —dmax

2 2
Zonin =) — (%) > oo (3 3 ol )
fegmax abeé'
3(‘V‘+‘C;‘)*dmax

+0 (%) (2.2.1)

The coefficient IVj, the dihedral angle @Lb and the phase ¢Lb are independent of A
and will be described later. The (blb and the dihedral angle @ELb are evaluated on
an arbitrary immersion i in f. It can be shown that these are independent of the
cuts. Thus for any particular edge we can evaluate the dihedral angle by moving the
cut away from it. |V| is the number of triangles (or equivalently vertices in the set
V) and |C] is the number of cutting circles. d,., is the dimension of the flexifolds

f € Smax, and Nj now also contains an integral over the union of flexifolds in f.

2. If no immersions in R? exist the amplitude is exponentially suppressed:
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ZPR(T,Z)A, 23) = O(Ain) VneN (2.2.2)

Note that in the simple case where the boundary data only admits rigid immersions, ie if

dimax = 0, then the sum becomes a sum over the rigid immersions i € J,, and we have that:

9 3(W\+2\C\—1)
T . .
ZPR(’L/})\, 23) = <7> Z Ni COS <)\ Z kabezlb + ¢;b>

i€, abes
3(v+|C|=1)
B

+0 (%) (2.2.3)

since d,., = 0. Since the immersions are now rigid, the coefficient Vi, the dihedral angles

@;b and the phase ¢;b are evaluated on the cut immersion i.

2.3 Proof of the asymptotic formula

We now prove the above statement using the stationary phase approximation described in
the appendix. We will find the stationary and critical points of the action and give them
a geometrical interpretation. This can then be used to evaluate the action at the critical

points in terms of the geometrical quantities.

2.3.1 Critical points

The critical points of the action (2.1.16) are those such that ReS = 0. These are the only
ones that contribute in the limit A — oo as can be seen by considering the exponential of

a complex number
eNatib) (2.3.1)

where a < 0. This will obviously be suppressed in the large A\ limit unless a = 0.

First, we introduce some more notation. The action of the elements X; on the coherent

states will produce a new coherent state
Ing,) = Xalna) (2.3.2)
We will denote the corresponding rotated three vectors by
n, = Xangp (2.3.3)

where X, is the SO(3) element, corresponding to X,.
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We will first consider critical points for edges that are not on one of the cutting circles.
Using (2.1.5), we can see that the real part of the action is given by
1
ReS = kgln 5 (1= ng, mp,). (2.3.4)
abeE

This does not depend on the coherent state phases as it is real. Using this formula, we

can see that ReS = 0 when n/, = —nj  for all ab, or explicitly in terms of SO(3) rotations
Xanab = _anba- (2.3.5)

The critical points for an edge that crosses a cutting circle ¢ differ by the inclusion of the
h
Xanab = _Bianba- (2.3.6)

2.3.2 Stationary points

The stationary points are found by varying the action with respect to each of the group

variables X,. The variation of an SU(2) group variable and its inverse is
X =TX 6Xx'=-X"'T (2.3.7)

for an arbitrary su(2) Lie algebra element T' = %iTj oj. The stationary points are given

by 65 = 0 and lead to the following equation

> kap Vap =0 (2.3.8)
b: b#a

where .
_nab|Xa_ o Xb|nba>

<_nab|X0?1Xb|nba> ’
These equations can then be evaluated at the critical points using (n|o?|n) = n’ to give

> kap ngy =0 (2.3.10)
b: b#a

Vab:<

(2.3.9)

which is the closure constraint for an immersed triangle.

The stationary phase condition for the h; variables is the same but in this case we obtain

> kap =0 (2.3.11)
abeC;
Which is the closure condition for edges on the circle 4 immersed in R3. Note that unlike

the closure condition for the triangle, this relation involves the n, as each edge belongs

to a different triangle.

If the critical points are not isolated but form a manifold of critical points, then we denote

this manifold by

Cx = {(X1, eees Xp|, Bty s hyep) € SU)VIFICN: 55 = 0, Re(S) = 0} (2.3.12)
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2.3.3 Geometric Analysis

In this section we will discuss the relation of the stationary and critical points to geometry.
We begin by relating them to the cut immersions described above, we then discuss the
Regge action for this type of immersion - in particular what happens at the trivializing
cuts. We can then relate the group variables and the Regge gluing maps to the dihedral
rotation which will require resolving some sign ambiguities from the lift of the geometric
SO(3) quantities to SU(2). We can then evaluate the action at the critical points and show

that it reduces to the Regge action for a cut immersion.

Geometry of the critical points

The critical points correspond to immersions of the surface geometry defined by the bound-
ary data cut along the trivializing cuts. This is easy to see as the critical and stationary
equations simply enforce the existence of a consistent set of edge vectors to be associated

to each edge. Precisely formulated we have that:

Lemma 2. (Geometry) Given a set of boundary data B satisfying the closure constraint
on each triangle, the solutions X, h; to the critical and stationary point equations (2.3.5),
(2.3.6) and (2.3.11) correspond to immersions of a geometric triangulated 2-manifold with
boundary in R3. This manifold is the one obtained by cutting the boundary manifold 0%3
along the trivialising cuts C' and has a boundary \J;cq (9ID);-F U oD, . This immersion is
subject to the constraint that a set of h; € SO(3) exists that map the immersion of (9ID);-F
to the parity flipped P(OD; ), that is, the immersion of OD;' is congruent and oppositely
oriented to the immersion of OD; (i.e. Figure 2.1).

The edge vectors of the immersion are given by
Vab(i) - kabXanab-
Its orientation is the one induced by the vectors on each face.

Proof: The closure condition means that all of the edges associated to a triangle close
in R? and the edges do give a triangle. Start with all of the triangles immersed in the
plane orthogonal to the z axis N . The group elements then rotate these triangles out of
the plane such that the edges of the triangles satisfy (2.3.5), i.e. they are antiparallel in
adjacent triangles. For a 3-ball this is enough to give an immersion, but for higher genus
handlebodies the critical points on the cut must be used. The critical point equations on

the cuts ensure that there is a rotation that identifies the cut circles.

O
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If there is a manifold of dimension d > 0 of critical points then Lemma 2 holds for each
critical point in Cx. Since these critical points lie on a manifold, there is a continuous
deformation of the immersed surface that does not change the edge lengths. Hence these
critical points reconstruct flexible immersions and we arrive at the flexifolds f described in
section 2.2. We will now label the critical manifolds by Cj, where f is the flexifold that it

describes.

The Regge Action for Handlebodies

The boundary Regge action for a convex polyhedral body embedded in R? is given by
Sr = lpOap where Iy, are the edge lengths and ©, are the dihedral angles. The dihedral
angle is the angle between the two normals to adjacent triangles cos © 4, = N, - N} and we
take 0 < ©, < 7. In the previous section we found that our critical points corresponded
to a particular type of immersions in R?, these may not be convex, embeddings, or even
have a well defined notion of outward, e.g. a sphere with a dent such that the dent passes
through the sphere at another point. We give a slight generalization of the Regge action

to accommodate this.

Firstly, our choice of normals to triangles such that they agree with the standard orienta-
tion of R3 gives a suitable notion of “outward”, even though in the cut immersion some

of these normals may end up pointing inward. These normals are given by
N, = X N.

The dihedral rotation is the unique rotation ﬁab € SO(3) that rotates the normal N, to

N and leaves the edge v (i) of the immersion unchanged. That is
-/\/b = ﬁabNa

and
Vab(1) = Dapva(i)-
The dihedral angle is the rotation parameter associated with Dgpy. A lift of this rotation
to an SU(2) element can thus be written as
o ve(i
D = exp (O 25 )
= exp (0, n),.L) € SU(2) (2.3.13)

where L are SU(2) generators and we require —m < ©!, < . We then call ©}, the dihedral
angle. As vp(i) = —vp,(i) this definition clearly implies ©), = ©} . If we have a surface
defining a convex subspace of R3 this definition reduces to the usual definition up to a

global sign.
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For handlebodies with g > 0, the immersed surface will have a boundary given by a

collection of circles. We define the dihedral rotation at these edges to be such
iLiNb = f)abNa

and

~

—hivpa (1) = vap (i) = Dgpvap(i).
i.e., we use the group element iL, to move the normal N} such that N, can be rotated into

it. The Regge action of a cut immersion is then given by

Sr="_ kaOas
with the above definitions of ©

This definition does not depend on the choice of trivialising cut, which we see as follows.
Moving the cut will have the effect of rotating the variables on the boundary of the
surface by h;. So N, changes to h; "N, and vgp to h; 'vgy. Thus we have Ny = Dayh; "N,
and vy, = Dabhi_lvab. By comparing the equations before and after the move, we have
Dy, = h; 'Dayhi. So the dihedral rotation changes only by conjugation and its eigenvalues

are unchanged.

By repeating this procedure the cut can be changed to any other standard cut. Thus the
Regge action defined here is indeed invariant under moving the cuts. Thus we have N} =
[)abhl-_l./\/a and vy = Dabhi_lvab. Therefore by direct comparison we have Dab =h; 1Dabhi

and the dihedral rotation changes only by conjugation, its eigenvalues are unchanged.

The Group variables at the Critical Points

We now consider the relation between the SO(3) dihedral rotations and the SU(2) elements
that appear in the action. As for the g,p, we must lift the dihedral rotation to an SU(2)
element Dy,. We will then see that the X, are a gauge transformation that relates the
Regge gluing maps and the dihedral rotation. There is a sign ambiguity arising from the
choice of spin lift for the D,;, but we will see that the discrete symmetry of the action can
be used to compensate for this. We will proceed by first noting that the dihedral rotations

can be considered as SO(3) connections before discussing in some detail the lift to SU(2).

Connections: Consider the following diagram which applies to two adjacent triangles

that are not on a cutting circle:

tg—22 > 7, (2.3.14)

gabl l(_l)yabDab

tp——— Ty
b

47



CHAPTER 2: GENERALIZING THE PONZANO-REGGE ASYMPTOTIC FORMULA

Here t, is the boundary triangle at N with edge vectors given by kgng, and 7, is the
triangle rotated according to its location in the surface, which according to the geometry
lemma 2 has edge vectors given by vy (i) = kap XaDap. The SO(3) action of this diagram
immediately commutes, as can be seen by acting on ngy, and N. This implies that the X,
act as gauge transformations relating the SO(3) connections Dgp, and Jap away from the
circles. To analyse the lift to SU(2) connections we define a sign (—1)e* that makes it
commute as SU(2). The discrete sign symmetry X, — €,X, of the action can be seen as

acting on this sign by (—1)"2 — eqep(—1)"2b.

Now, for two triangles whose common edge is on a cutting circle i, in the same way we

have a commuting diagram as

te—22 > 7, (2.3.15)

gabl l(_l)yabDab

tb% Tb

hi Xy

and additionally have (—1)"at — €,€p€;(—1)"at. Together these diagrams can be interpreted
as saying that Dy is indeed a gauge transformation obtained from the connection given

by ga» away from the cuts and gabﬁi on the cut.

Spin Lift: Now we will fix the signs emerging from the spin lifts of the dihedral angle
by exploring the discrete sign symmetry in h; and X,. Recall that the discrete sign
freedom of the action X, — €,X, emerged from a different choice of spin frame for each
triangle. Now, we show that the discrete sign symmetry related to the cuts h; — ¢€;h;
corresponds to different choices of spin structures for the manifold ¥3. Then, using the
fact that (—1)” Dy, is a gauge transform of the connection gy, we can fix the symmetries
by adjusting the spin frames and the spin structure such that (—1)”a® = 1. Thus we will
show that:

Lemma 3. The signs (—1)"e> arising from the spin lift on each face not on the cut obey
(—1)Yab = Kgp = Kqky for some kg = 1. The signs for a face on the cut, i.e. abe€ i € C

obey (—1)"ab = Ko, = Rekpk; where k; parametrizes the spin structures of 3.

Proof. First of all, by (2.3.3) a lift of the dihedral rotations, k.,Dgp, are just a gauge
transformation of the g,. Now recall that g, € SO(3) are parallel translations on the
boundary triangles according to the Levi-Civita connection of the associated metric, with

gap being the parallel translation of the respective spin connection (a lift of g, to SU(2)).

But when the geometry around a vertex is continuously deformed to the flat geometry,

the g holonomy of a trivial cycle around said vertex has to go to the identity rotation,
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as opposed to a 27 rotation. This implies that for the holonomy around a vertex through

triangles a, b and ¢ (which of course consists of a trivial cycle), we have
ﬂca"ibcﬁachancDab = Keakpelah = 1

which implies that locally we must have kq, = Kokp. The problem now is that if there are
non-trivial cycles, i.e. g # 0, we may not be able to extend this globally, i.e. k4, may not

be globally pure gauge.

In other words, for trivial cycles the lift of the holonomy given by the k., Dy is fixed to be
the same as that given by D,,. But not so for the holonomy of a non-trivial cycle; there
exist inequivalent spin structures on a manifold. These have a one-to-one correspondence
with the elements of Hy(X3,7Zs), and so are 29 in number. Hence for a non-trivial cycle,

dual to the sequence of triangles A, --- A, A4, crossing the circle ¢ € C', we have
KapaoKan_1an = Kagay DanagDan_1an * * * Dagar = KiDanagDan_ran ** Dagar (2.3.16)
where a rk; is introduced whenever there is an implicit choice of spin structure; i.e. it

parametrizes the different spin structures associated with the cut.

We reconcile this case with the g = 0 one by keeping the form ky, = Kk for all the edges
ab that do not lie on a circle, i.e. ab ¢ i for any ¢ € C. Then by (2.3.16) immediately
we must have for ab € i, Kq = Kikqkp. Since our chosen basis for Hl(Eg,Zg) generates
all cycles, we can see that this form of k., has all the right properties demanded by our

equations and accounts for the different spin structures.

Therefore, taking advantage of the discrete sign symmetry, we can choose the spin structure
to be compatible with the one chosen for the lift of g,, and thus we will have (—1)"a® —
€i€q€p(—1)Ya makes (—1)¥a = 1. [.

The Action at the Critical Points

We can now easily evaluate the action at the critical points. We evaluate at the symmetry

related critical point at which (—1)"s* = 1. By equation (2.3.13) we have that
(Xa(1) ' Dy X4 (i) = exp (0}, ngp.L) (2.3.17)

Acting with X! by the left of the commuting diagram equations, using the notation
Xap(i) = (Xa(1)) "1 X3 (i) if not on a circle and X, (i) = (X4 (1)) " hi X3 (i) if on, we get

Xap(D)gap = (Xa(1) 1Dy X (i) = exp (Ogp (ngp. L) (2.3.18)

where we have used (2.3.17).
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It is now straightforward to evaluate the matrix elements in the amplitude. Now consider
the matrix elements (—ngp| Xqp [0p,) appearing in the action. Using the gluing condition
this becomes (—ngp| Xopgap |—1nap). Finally, by (2.3.18) this is just ¢29s. Thus we have
overall that:

(—Dap| Xap [1pq) = €29 (2.3.19)

Finally, we obtain that the action evaluated at the critical points is (i times) the Regge
action for the immersed surface i.
S=1iY kaOl (2.3.20)
abe€
For the flexible immersions, the action is the same for all points on the critical manifold

so we evaluate it on an arbitrary immersion in the flexifold.

Parity Note that for every cut immersion i, the parity related immersion Pi will also
appear in the asymptotic formula. Parity is an element of O(3) such that P : n — —n.
Acting with an element of SO(3) on all of the edges does not change anything, in fact
this is the continuous symmetry that we fixed earlier, but parity will change the sign of
the dihedral angle. The two equations defining D, are invariant under parity, and the
dihedral rotation is unchanged. Thus by the definition of the dihedral angle we have

Vab (Pa)).L>

D b:eXp< o (==
‘ ¢ [Vab|
AP ‘
and so O, = —0O,,.
Thus after fixing the continuous symmetry we will obtain two solutions who’s actions are

the complex conjugate of each other.

2.3.4 Hessian

The stationary phase formula requires us to calculate the Hessian of the action S to
determine the weights with which the stationary points contribute to the action. This will
be a 3(|V| + |C]) x 3(|V| + |C]) matrix defined by

H H
H= < X ) . (2.3.21)
Hyx  Hpy
Where
. o528 . 828
H Zj — _ , H Z‘] g _— B
(Hxx)e <axgaxgl> (Hhx)pa (a@ax;)
. 928 g 928
Hxp)d = [ —2 ], Hyp )4 = 2 . 2.3.29
(Hxn)eq <axgahz,> (Hun ) <ah;,ah{1> (2:3.22)
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The global SU(2) symmetry of the action implies that there is a redundant integration in
I. This will cause the determinant of the Hessian to be zero unless it is gauge fixed. To
solve this, we make the change of variables X, — X, X, for some b € {1,...,|V|}. This has
the effect of removing the X variables and the integral gives a volume of SU(2) which can
be normalised to one as it is compact. The remaining Hessian is now a 3(|V| + |C| — 1) x

3(|V| 4+ |C] — 1) matrix. The submatrix Hxx at the critical points, is given by

928
0XioX?

for the diagonal terms. The off diagonal part is
08

0X10X) ) | gs-

ReS=

So one can see that only the off-diagonal elements that represent two neighbouring triangles

Z kep (6” —n'in cb) (2.3.23)
65=0,ReS=0 b;éc bceFE

1
= =5 20 smdi 1) + i s(5)0e u(p))
E

are non zero. The (Hpy) submatrix will be diagonal since each term in the action only

contains one hy, term (ie, each dual edge only crosses one cut.)

i o)

The mixed terms Hxyp, Hxp will be non zero only for triangles with an edge on the cut

0?8 1 y N o
<3Xiahj> D) Z Fab <52J — e g, — n’ébn’ib) (2.3.26)
TR/ 10555 abe&q
- c=a,b

1
=3 > ke <5ﬂ /gbncb) (2.3.25)
§5=0,ReS=0 bc,beeC,

Note that

1

(Xa(0)) "' Dap Xa (i) = exp (—Ok, (ap(1).L) " = ((Xa(P) ' DepXa(P1) ™

(2.3.27)

where we used that D, = exp (0}, (— gz‘;ggl ).L) on the second equality. By (2.3.18) we

then have (Xab(i)gab) = (Xab(Pi)gab)_l, so if we replace the Xab(i) n < nab| Xab( ) |nba>

with the parity related one we now obtain the complex conjugate:

<_nab| Xab(i)gab |_nab> = <_nab| (Xab(Pi)gab)_l |_nab>

= <_nab‘ Xab(Pi)gab ’_nab>
= <_nab| Xab(Pi) |nba> (2328)

Thus we can see that the action of parity on the Hessian matrix will also result in complex

conjugation when evaluated at the critical points.
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2.3.5 Proof of the formula

We can now evaluate the stationary phase approximation to the amplitude Zpg(¥y, ¥?)
defined in (2.1.14). First we fix the symmetries of the action. This is done by dropping the
group integration at an arbitrary vertex. We have seen that the critical point equations
describe cut immersions of the boundary data in R3 and if the cut immersion is rigid, i.e.

in J,, then the critical points are isolated.

For the isolated critical points we can explicitly evaluate the stationary phase approxima-
tion. Having fixed one group integration we are left with a 3(|V| + |C| — 1) dimensional

integration. The overall scaling of these points is thus (2%)3“])'“0'71)/2.

Further we
obtain a set of 23(VI+ICI=1) critical points for each immersion from the spin lift of each
SU(2). Finally the derivatives in the Hessian as defined above are taken with respect to a
parametrization of SU(2) with volume (47)2, so we need to rescale by this factor. Using
equation (2.3.19) and lemma 3 we have seen that the amplitude itself evaluates to the

Regge action of the cut immersion:

k . i
In <_nab| Xab |nba>2 o= Zkab@}zb

Taking all these factors together we can approximate the contributions of the isolated
critical points to the partition function as:

3(v+|C|=1) 3(\V\+2\C\*1)

2o, 5) = <—1>X(2§) " ()

. 1 4
exp [ i\ kay©y | + ———=-exp | —iA kap®,,
5 w9 D )+ 5 kbl

€T, abel abe &

X

3(V|+|C]=1)
B

Lo (%) (2.3.29)

Since parity complex conjugates the action and since the Hessian matrix changes to its
complex conjugate with parity, we can absorb the phase of the determinant into the
exponentials and combine the terms from the immersion i and the parity related immersion

P1i into a cosine.

3(VI+IC|=1)
2

Zpr(¥y, Y% = 2(-1) <$>

. 1
X Z A Z kay©Oyp — = Arg(det H1)>
ic3, V ’detH < abe€ 2
| AO=D 4y
+ O (X) , (2.3.30)
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where @jzb is the dihedral angle of the edge ab in the cut immersion i € J,.

If there are any flexible immersions of the boundary data then there will be a manifold of
critical points. By definition the action must have the same value on every point of the
critical manifold. The Hessian therefore has zero modes along the directions of the flexifold
and we must treat the integral as having further symmetries in the neighbourhood of the
flexifold. The generalised stationary phase formula in the appendix takes care of this and
changes the scaling of the contribution of these critical points by A®ax/2 where d,,.. is

the dimension of the flexifold. Therefore these immersions dominate the rigid immersions

(@)

< | 37 Lfexp <M > kab@;b> + Liexp (-M > kab@;b>
fESmax abe& abe&

3(IVI+|Cl—1)—dmax
2 +1

+0 <§> (2.3.31)

if they exist, their contribution is given by:

3(IV|+IC|=1)—dmax 3(IVI+[Cl=1)—dmax
2 2

Zen(0, ) = (0 ()

G)Lb is the dihedral angle of the edge ab of a particular cut immersion i in the flexifold f.
As the action is constant along the flexifold it does not matter where we evaluate it. Lf is
given by
Lf = / doe, (y)% (2.3.32)
Gy det H fT (y)
where H, fT is the Hessian matrix for the transverse directions which we can not give a
general formula for. Combining the exponentials into cosines as above we obtain part one

of the main theorem.

Finally, if no immersions of the boundary data exist then there are no solutions to the
critical point equations and the stationary phase formula gives that the amplitude is

suppressed. [

2.4 Example: The Tetrahedron

Here we apply the above results to the well known case of the asymptotics of the amplitude
for a single tetrahedron which, with an appropriate choice of normalisation for the bound-
ary intertwiners, will correspond to the 6j symbol. This is a special case of theorem 2.2 so
the proof is the same as above. In particular, the critical and stationary point equations
are the same and the action evaluated at these points reduces to the Regge action for a

tetrahedron. Since the asymptotic formula for the tetrahedron is already known, we must
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verify that our formula agrees with this result. This also provides further evidence that
the asymptotic formula for the 4d case derived using the same methods in [29] is correct.
We begin by noting that, up to parity, the boundary data of a tetrahedron has only one

immersion so the sum in the asymptotic formula disappears.

2.4.1 Normalisation and scaling behaviour

We can now compare our theorem with the Ponzano-Regge asymptotic formula for the 6j

symbol. The Ponzano-Regge formula is

Ak1a Akiz Akig 1 1 7r
— ————CO0S Megp + =)Oup + — 2.4.1
{Akzg Akas ks } V127 Vol (Z( o+ )9 4) (24.1)

a<b

where Vol is the volume of a geometric tetrahedron with edge lengths Ak, + % and O, are
the dihedral angles. Note that the formula scales as A™%/2 due to the volume term. Cur-
rently, our formula for the tetrahedron contains the Regge action but the amplitude, phase
term and scaling do not obviously agree with (2.4.1). We will first consider the intertwiner
normalisation, which will be necessary to obtain the correct scaling behaviour and some
numerical factors, and then evaluate the Hessian numerically to check the agreement of
the remaining terms. The main drawback of the coherent state approach occurs here as it

is very difficult to obtain an analytic formula for the determinant of the Hessian matrix.

Intertwiner normalisation

For the 6j symbol, the three valent intertwiners are normalised by dividing by the square
root of the theta spin network. The coherent intertwiners that we replaced these with,

however, are not normalised.

The normalisation of the coherent intertwiner is given in terms of the three edge vectors

of the triangle nj, ny, n3 by the Hermitian inner product

3
fatuik) = [ X [ kil X k)
SU(2) im1

= / dX exp Sa (2.4.2)
SU(2)
where
3
Sa = 2kIn(n;|X|n;). (2.4.3)
=1

This integral can be calculated exactly using [9, 28], the result being

f o (1—n1.n2)p(1 —n1.n2)q(1 —nl.ng)r(p+q)!(q+r)!(p+r)! (244)
AT 204t (p 4+ g+ r + 1)!plg!r! ’ o
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Where p=k1 + ko — kg, ¢ = ko + ks — k1 and 7 = k1 + k3 — ko.

The asymptotics of this intertwiner normalisation can also be found using stationary phase
[27]. The stationarity of the action Sa gives the closure condition and the action evaluated

on the critical points +1 gives zero.

or\*? 2 1
iy Aki) o~ | — ——
fa(ng, M) ( A) (47)2 \/det Ha

_ ! (2.4.5)

\/237\3 det Ha

The additional factor 2 comes from the fact that both I and —I are critical points that

give the same contribution to the action. Ha is the Hessian matrix of the action which is

given by
. 925
g
Hy = Fxiaxi
1 y .
— §Zkl(5ﬁ—nlnﬂ) (2.4.6)
!

We can now normalise our formula such that it agrees with the standard normalisation by

dividing by a factor (fa,)'/? for each triangle a.

Numerical calculations

With the intertwiner normalisations included in the asymptotic formula, we obtain

{)\km Aki3 )\k14} _ Zpr(¥y,0)
Akog  Akas Ak3a H§:1 Via,

o 9/2 24 1
N (T) ((4w)2)3,/|detH|H§:1\/E

X COS <Z Mooy Oup — %Arg(det H)) (2.4.7)

a<b

Note that we have the correct scaling behaviour once the additional scaling factors from
the intertwiners are included. The normalisation terms are real so do not contribute any

additional phase.

The formula for the equilateral tetrahedron with both the exact and approximate inter-
twiner normalisation was compared to the 6j symbol and the Ponzano-Regge asymptotic
formula using Mathematica in Figure 2.2. We see that our formula differs from the Pon-
zano Regge formula for low spins. The only point where our formula differs from Ponzano
Regge is in the fact that the Ponzano Regge asymptotics are given in terms of the dihedral
angles and volume of the tetrahedron with edge lengths A&y, + % Therefore the dihedral
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Figure 2.2: Comparison of the 6j symbol (dots), the PR formula (red line) and equation
(2.4.7) (blue dashed line) against the scaling A\. The scaling factor \~3/2

has been removed to make the comparison easier at low spins.

angles and volume change nontrivially with A. A stationary phase approximation extracts
only the scaling behaviour with respect to lambda in the asymptotic regime and cannot
register this type of low spin behaviour. This agrees as well as the PR formula for larger

spins, however the agreement for very low values is not as good - Figure 2.2.

2.5 Example: Steffen’s flexible polyhedron

Here we discuss an example for which the second part of theorem 2.2 is relevant, that
is we describe a set of boundary data that admits a flexible immersion. This particular
example is taken from a flexible polyhedron with half integer edge lengths consisting of
fourteen boundary triangles which was found by K. Steffen [31]. A net for constructing
this polyhedron is given in Figure 2.3 and the corresponding spin network in Figure 2.4.

Since Steffen’s polyhedron admits a flex in one direction, we know that the flexifold is at
least one dimensional. As a polyhedron, it is not allowed to self intersect but there may be
other immersions with flexibility in more than one dimension. Applying the asymptotic
formula with the same intertwiner normalisation as the tetrahedron in section 2.4, we

would expect the scaling to be A~17/2,
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Figure 2.3: A net showing a set of boundary data that reconstructs Steffen’s flexible

polyhedron.
6 6
5/2 ‘ D 5/2
n H §

Figure 2.4: The spin network corresponding to Steffen’s flexible polyhedron.
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2.6 Discussion and Conclusions

2.6.1 Rigidity of cut immersions

We have seen that if the boundary data allows for a flexible immersion then this immersion
will dominate in the large A\ limit. Ideally, we would like to know if flexible immersions
exist just by looking at the boundary data. Unfortunately, knowing whether or not a
polyhedron is rigid or flexible is a difficult and still unsolved problem. It is known that
convex polyhedra are rigid but this does not cover the immersions that are obtained here.

In particular, Steffen’s polyhedron is non-convex.

If the boundary data is topologically S? then a theorem by Steinitz [32] applies that states
that any simplicial complex with underlying space homeomorphic to a 2-sphere admits a
simplexwise linear embedding into R?® whose image is strictly convex. This embedding will

indeed be rigid and we can conclude that for the ball J, will always be non-empty.

There are other results on the rigidity of bar frameworks, a graph embedded in Euclidean

space with fixed linear edges, but these results do not help here.

2.6.2 Surface immersions vs interior immersions

With the asymptotic analysis performed above, we explicitly obtain a sum over immersions
of the boundary data weighted by the cosine of the Regge action for the immersed surface.
Previously, asymptotics of the Ponzano-Regge model for larger triangulations could only
be considered by taking the product of the asymptotic formula for each 6j symbol. We
now illustrate schematically that, in a simple example, that this is in fact equivalent to

the asymptotic formula above.

We will consider the case of two tetrahedra o1, 09 glued along a common triangle A and
use the boundary normalisation that agrees with the 6j symbol. The partition function

then reads

(2.6.1)

Ae1 Aks Ak Ak Aks Ak
Zpr(¥y, 01 Up 02) = { ! ? ’ } { ! ? ’ }

Aky  Aks  Akg Ak7 Akg Akg

We write the asymptotic formula for the 6j in terms of the Regge action S, for a tetrahedron

o
{)\kl Moo Mks

= N (exp(i\S,) + exp(—iAS, 2.6.2
e e e } (exp(iASs) ( ) (2.6.2)

Where several of the factors have been absorbed into the amplitude N. Asymptotically,
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01

09 A

Figure 2.5: Two different possible immersions of the boundary data for two tetrahedra

01,09 glued on a common triangle A.

this gives

ZPR(\I’)\, 01 UA 0-2) = NNy (exp(i)\(Sol + SUQ)) + eXp(_iA(SO'I + Soz))
+ N1 N (exp(iA(Sey — Soy)) + exp(—iA(Sy, — Soy))

= NiNyexp(D_ ker) (€08 (A(Soy0,05) + €08 (M(SoyUp Poy [2:6.3)
eCA

Where Po is the parity related tetrahedron and we have used the fact that the Regge

action for two tetrahedra becomes

S + Soy = Sorupos + Y Fer. (2.6.4)
eCA

Thus the formula gives a sum over the two different ways of immersing the boundary

triangles in R3, see Figure 2.5 .

2.6.3 Boundary states

We also note that it is possible to select a particular immersion in the sum by choosing a
boundary state peaked around a particular set of dihedral angles, see for example [33-35].
This boundary state also selects one overall orientation of the immersion which removes
the parity related term in the asymptotic formula. For non-rigid immersions, the boundary
state would also have the ability to select a particular configuration of the immersed surface

which would stop these immersions dominating the integral.

2.6.4 Conclusions

In this chapter we addressed the problem of asymptotics of larger triangulations for the
Ponzano-Regge model. We introduced coherent intertwiners and used the expression of
the partition function as a spin network dual to the boundary triangulation. We applied

the stationary phase approximation and found that the dominant contribution to the
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asymptotics came from immersions of the boundary data in R3. This gives a concrete
realisation of the suggestion of Ponzano and Regge that more than one geometry should

contribute to the asymptotics of 3n-j symbols for larger values of n.

Interestingly, and unexpectedly, we found that spin networks contain some information
about the rigidity properties of surfaces. The scaling properties of a spin network depend
on how many directions the associated immersions can flex in. This aspect warrants further

investigation.

The analysis presented here covered a large class of three manifolds but not all possible
examples. In fact all closed orientable three manifolds may be decomposed into handle-
bodies using a Heegard splitting. It would be interesting to investigate whether this fact
can be used to determine the asymptotic contribution to the Ponzano-Regge model for

this larger class of manifolds.

Finally, it would also be interesting to extend this analysis to the Turaev-Viro model where

one would expect immersions in the space of constant positive curvature to be dominant.
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CHAPTER 3

Fermions in 3d spin foam models

Previous chapters have focussed on spin foam models for pure gravity. However, if we are
to make any useful predictions from a quantum theory of gravity, we will likely have to
consider gravity coupled to matter. The work in this chapter involves the continued study
and computation of observables in a model for 3d gravity coupled to fermions [36]. This
approach extends the lattice BF theory derivation to include fermion fields at the dual
vertices as in standard lattice gauge theory. The usual spin foam techniques can then be

applied. The research in this chapter is contained in [D].

Other proposals for coupling matter in 3d spin foam models are the following. In [37],
spinning particles are inserted on to the edges of the spin foam. This creates a non-
zero deficit angle in the holonomy around the edge and in an appropriate limit this can
be related to Feynman diagrams on non-commutative spacetime. Yang-Mills theory was
coupled to 3d quantum gravity in [38], but due to the nature of the coupling the model
contained an inverse volume operator which was difficult to implement in the spin foam
formalism. Omne might expect the scalar field to be the natural starting point for the
coupling of matter, however the relevant action contains an inverse frame field and, since
the non-degeneracy condition is not imposed, it is not clear if it is well defined. An attempt

based on a conformally equivalent action is given in [39].

In four dimensions there has been less success. The coupling of fermions is difficult to
extend to this case as current 4d spin foam models are constructed using 2-forms and
fermions couple to an odd power of the frame field (see discussion.) The natural extension

of the particle coupling is to use extended matter, or strings [40].

In this chapter, we will discuss the classical and discrete coupling of fermions to gravity,
we will then write a path integral and perform each of the integrals in order to obtain a
spin foam model for various observables, such as the two point function. We then compute

some examples.
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3.1 Classical theory

We begin with a brief summary of the relevant continuum theory. The first order formalism
described in chapter 1 must be used in order to couple fermions to 3d gravity. Our
spacetime will be a connected, oriented, compact, three dimensional differential manifold
M endowed with a Euclidean metric. In 340 dimensions, fermions are described by two

component spinors 1) and the Hermitian conjugate spinor . The action is given by [36, 41]

Srle,w, 1,1 = Sle,w] +/ eryel Nel AotV — ergel Aed A Ve
M
+ mersrel Aed A eBPy (3.1.1)

With the covariant derivative given by Vi = (9,9 + wy)dz” and m the bare mass
parameter. Note that, unlike the Dirac action in flat space, we must include the Hermitian
conjugate term in the action. In flat space, the Hermitian conjugate term can be removed

by integrating by parts and dropping a boundary term. The first equation of motion is
dye = —%el g€’ N el por (3.1.2)

which means that the frame field is no longer compatible with the connection and the

fermion field has introduced torsion into the spacetime. The second is
F(w) = g { el A (po? VY — Vipa'p) —me! Aelyp Yoros (3.1.3)

which states that the curvature is no longer zero. The classical theory can no longer
be considered topological since there are additional degrees of freedom coming from the
fermion field. This action still admits the rotational symmetry of pure 3d gravity but the

translation symmetry

e — e+dyo
wo o= w (3.1.4)

is no longer present.

We now will set m = 0 and consider massless fermions. As in the pure gravity case, we
will proceed to write a discretised version of this action from which we can construct a

spin foam model.

3.1.1 Simplicial theory

In order to write a simplicial theory for fermions coupled to gravity, we will need to use
a more refined discretisation. We begin with some fixed triangulation A but we will
subdivide it into the so-called wedges. To construct the wedges, take a dual face f around

an edge F and connect the centre of each dual edge e to a point on E
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This splits the dual edge into wedges. The purpose of this is that there are six wedges
within each tetrahedron, and each wedge is associated to an edge in the frame of a tetra-
hedron. So there are in fact several wedges associated to the same edge which makes it

possible to measure a variable associated to this edge in different frames.

E

Simplicial fields. The frame field is discretised slightly differently on the derived com-
plex AT. A Lie algebra element is assigned to each wedge w, e, = €%, € su(2). So the
different e,, around an edge measure the length of the edge in different tetrahedra. e,, is

sometimes called the discretised frame field.

The holonomy variables are also constructed slightly differently on the wedges. We assign
an SU(2) element gz to each edge € of A*T. So we will have the holonomies along the
half-edges of the original triangulation A but we will also have additional holonomies on

the new edges in A™

As before, reversing the orientation of an edge maps the associated group element into
its inverse : g,-1 = gl. The holonomy around a wedge w is written G, = [[.cg,, ge- An
obvious starting point for each wedge holonomy is the dual vertex at the centre of the

relevant tetrahedron.

We discretise the fermionic fields in a way that is natural from the point of view of lattice
gauge theory [42]. Since the holonomies are associated to the dual edges, we must place
the fermion fields at the dual vertices. So on each vertex v, there is a spinor v, and its

dual 1,

Simplicial action. We can now define the discretised action in terms of these wedge

variables. To define the Dirac part of the action, we write a matrix D, associated to the
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dual edges of the triangulation
D= U —U,X -1, (3.1.5)

Ue := U(ge) is the holonomy along the edge e in the fundamental representation, this will
actually be a product of two of the group elements gz. 3. is the discretised version of the

e A e term that appears in the continuum action. It is given by

1
Y, = 3 Z €, €, SN (We, W), (3.1.6)

’
We,We

where the sum runs over all possible pairs of wedges that are in the tetrahedron dual to
the vertex s(e) and that meet at the edge e. The factor sgn(w,,w)) equals +1 depending
on the sign of the associated (coordinate) area bivector. D, will be referred to as the
Dirac operator. It is not a Dirac operator in the usual sense as it does not contain a lattice

derivative, this appears in the action below with a sum over orientations of the dual edges.

We can now write the Dirac action
— 1
Solew ge: Yyt = 5 D Y Se, (3.1.7)
or(e) e

where the sum is taken over all orientations or(e) of all edges e of A*, and

Se = (Vs(e)> De Vi), (3.1.8)

with s(e) and t(e) respectively denoting label the source and target vertices of the edge e
in the corresponding orientation, and the inner product (,) being the standard Hermitian

inner product on C2., i.e., introducing a basis of C2, (¢, x) = EAXBég.

The gravitational action is almost the same as that in chapter 1 but defined on the wedges
1
Sarlew, ge] = 75—~ Ew: tr (ewGu) (3.1.9)

where the trace is in the spinor representation.

It was shown in [36] that Sqrp = Sgr + Sp converges to the continuum action for 3d

general relativity coupled to fermions.

Symmetries. The symmetries of the coupled action will be different to the pure gravity
case. In particular, since the theory is no longer topological, we only have the SU(2)

symmetry at each vertex of A

e, — k:;lewk:v

Guw +— ki'Gyky, (3.1.10)
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for Sgr, and

Ge +— k_(l)gekt()

1
Ye ks()z k‘s(e)

1/}1) = 1)11/}1)

Yy = Py, (3.1.11)

for Sp. In the first two lines, (3.1.10), the transformation acts on the variables assigned
to all wedges w containing the vertex v, while the transformation (3.1.11) takes place on

all edges e of A*.

We also note a useful property of the Dirac matrix that will be used extensively later [36]
DAB = —pB4 (3.1.12)

where the indices have been raised and lowered with the standard symplectic metric eap

on C2. Our conventions are the following. The two-dimensional totally antisymmetric

tensor is normalised such that ey; = €’ = +1, which implies that e ApePC = —52. The

raising and lowering of indices occurs according to

XA = eABXB, and &4 = £BEBA = —EAB§B. (3.1.13)

Simplicial observables. The observables Ofp := Oy that we will calculate are poly-
nomials of the fermion fields.
e O fAB (z,y) =2 ﬁyB : the gauge-variant two-point function of the fermionic field.

e Of(e) = (Ys(e), Vethye)), with e = zy some path linking 2 to y and V; the corre-

sponding holonomy; the gauge-invariant Polyakov line.
o Of(e,e’) = (Ys(e)s Vetie)) (Ws(erys Ver Yery), with the two-point function of the Polyakov

line.

We can now define the expectation value of a fermionic observable Oy

1 e W i1SQR-D
Zanp <1w—[ /su(2) dew> (1:[ /SU(Q) dge) </gD Ay, %)) O e .

(3.1.14)

Here de,, is the Lebesgue measure on su(2), dg. is the normalised Haar measure on SU(2),

<Of>GR,7D =

and the measure for the Grassmann variables du(1),, 1) is given by
(P, ) = H dip, H dipy,
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where n is the number of vertices of A* and
1

dp, =[] 0 dipy, = f[ 9
! 8@1}147 : A=2 37/1{14

A=2

Finally, the normalisation factor

Zonp = (1;[ / w dew> (H /S b dge> ( /g ) dp (), %)) e!Sann (3.1.15)

is just the partition function without any field insertions.

Gauge fixing. According to a theorem in lattice gauge theory by Elitzur [43], the ex-
pectation value of a locally gauge dependent observable, such as the fermion two-point
function, is zero without gauge fixing. This result is reproduced in the spinfoam formal-
ism as the expectation value of a non-gauge fixed, locally gauge-dependent observable will
result in spin network vertex amplitudes with a single open end which vanishes by Schur’s
Lemma. It is therefore crucial to appropriately fix the above gauge freedom in the naive
expression (3.1.14). This is done in the same way as for the Ponzano-Regge model as
described in chapter 1 [2]. In particular, we denote by Ap the triangulation with a choice

of tree T" and set g = 1 for all e € T.

If the observables are gauge-invariant, one simply follows the standard Faddeev-Popov
procedure associated to the above gauge-fixing prescription. If the observables are not
gauge-invariant, there is no canonical path. One procedure to compute a gauge-variant
observables in lattice gauge theory involves averaging over the gauge group to define a
gauge invariant function which can then be computed [44]. Alternatively, following Fad-
deev and Popov, one can take the definition of a gauge dependent operator to include the

necessary gauge fixing [45]

Using this gauge fixing, we take the following as the proper definition of the expectation

value of an observable

1 — .
©sono= i (I [ deu ) (TL [ doe) ([ aut@u ) T] ota) 05 ei5onr,
Z&T, lw—[ su(2) 1:[ SU(2) Gp eell
(3.1.16)
where the normalisation factor is the path integral (3.1.15) gauge fixed by the insertion

of the simplicial gauge fixing function [ . d(ge). For a gauge invariant observable, this

reduces to equation (3.1.14) and for a gauge variant observable this will depend on T'.

We will now proceed to evaluate equation (3.1.16) by computing each of the integrals.
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3.2 Quantum theory

In the evaluation of (3.1.16), we will perform the fermionic integration first. The advantage
of doing it in this order is that we will be left with the expectation value of some bosonic

observable O, inserted in the Ponzano-Regge model, i.e.

= 1 e _ eSGR
(Op)ann = Zarp <1;I /5u(2) ! w) (E[ /SU(2) dge> H olae) O . (321

ecT

Where
Op = (/ du(,, %)) Of o, (3.2.2)
gp

Also note that performing the fermionic integration without any field insertions gives just

the determinant of the Dirac operator

(/ du(i,, ¢U)> "0 = det D.
Gp

<Ob>GR
(det D)gr’

So we can write

(Of)erp = (3.2.3)

The next step is to expand the bosonic observables Oy in fermionic paths. In standard
lattice gauge theory this is much simpler due to the fact that one normally considers a
(hyper)cubic lattice. The result is a sum over all possible paths on the lattice between
vertices with a field insertion. For a triangulation, a much wider class of paths between
two vertices is possible but the fermionic integration restricts these to be of a certain type

which complicates the Feynman rules.

3.2.1 Feynman diagram expansion

Here we deal with the Berezin integrals and arrive at a set of Feynman rules for each of the
different observables. We begin by Taylor expanding the exponential of the Dirac action.
The Taylor expansion for Grassmann variables terminates at the second order term so we
get
2 2
Op = </ dp(i,, %)) or I1 <1 +ia S, — %(Se)2> (1 +iaS,o1 — %(Se_l)2> ’
9o e

(3.2.4)

where a = 8(27G)? (we have rescaled the triad such that e — e/167G).

We can now use the definition of the Berezin integral.

/dwl =0
/d¢¢ = 1
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So the only terms that survive are those for which there is a spinor and its conjugate at

every vertex v of A*, i.e.

/ dp(, ¥) paP do P = —Peyo. (3.2.5)

The results of the integration at each vertex falls into two cases. The first if there is no field

insertion at the vertex and the second if there is. We will consider each case separately.

A vertex with no field insertion: The amplitude for the oriented edge Se = (Vg(e), De Vy(e))
has a conjugate spinor Es(e) at the source s(e) of the edge and a spinor Pi(e) atb the target
t(e) of the edge e. Thus for the vertex to be completely saturated with two spinors and
conjugate spinors, it must be the target of two edge amplitudes and the source of two
others. Applying equation (3.2.5) to this situation, we see that the e tensors will give a
contraction for the Dirac matrices D, of the two ingoing S, terms. In order to properly
contract the indices on the Dirac matrices we must use the antisymmetry property, for

example consider just two ingoing edge amplitudes Se,, Se, at a vertex

ce X Es(el)ADelA B¢tBEel) Es(eg)EDegEFqﬁtF(‘eQ) X (326)

Then assume we have performed the integration and this will result in an €?% then we

use the antisymmetry to flip the Dirac matrix for edge e

o X Es(el)ADelAB ES(SQ)EEBFD@EF X ... = ..X Es(el)AEs(eg)EDelAB EBF(—DeglFE) X ...

= ... X ws(el)AEs(eg)EDelAB (—DeB;_Elv) X (327)

The same will occur for the two outgoing terms.

This process can be repeated for each of the vertices that do not have a field insertion
and we will obtain products of Dirac matrices around closed loops that depend on the
configurations of the S, terms at each vertex. We can also note that each loop must have
an even number of edges in as it is not possible to make a loop of odd length and still

saturate all of the vertices in the loop.

A vertex with a field insertion: The situation is slightly different if the vertex has a
field insertion, and differs again depending on whether the insertion is a 1 or 1. Assume
the vertex has a spinor, then we will require three S, terms from the Taylor expansion
to saturate the vertex. One must be ingoing, to give the other spinor, and two must be
outgoing to give the two conjugate spinors. Applying formula (3.2.5) will connect the two
ingoing lines as before, but the Dirac matrix for the ingoing S, term is left with a free

index that will be contracted with one of the epsilon tensors in (3.2.5). If the vertex has a
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co-spinor, then there must be one outgoing line and two ingoing. The two outgoing lines
will be contracted by the integration and the Dirac matrix from the ingoing edge will be

left un-contracted.

Note, that the result of the integration will only be non-vanishing if for every v, there is
also a 1 field insertion. This is the case in all of the observables we consider. In this case,
the fermionic integration gives a product of Dirac matrices along an open path between
the vertex of the 1 insertion and the v insertion. This path will have an odd number of

edges.

Admissible “Feynman graphs” The result of the Berezin integral with p spinor and

p co-spinor insertions on the vertices x1, ..., 29, of A* can be stated as follows.

The only terms that remain after the integration correspond to a graph I' := I'(xy, ..., z2;)
with oriented edges which contains a number of oriented loops £ and p paths P connecting

each of the spinors to each of the co-spinors. The graph must have the following properties

1. The length Er of the graph is 2n — p, where the length is the number of edges in the

graph and n is the number of vertices in A*.

2. The length E, of each connected loop component L is even, while the length Ep of
each path components P is odd

3. Each vertex v € A* has four edges of I' meeting at it if there is no field insertion -
i.e. two ingoing and two outgoing lines. If there is a field insertion then there is only

one ingoing and one outgoing edge.

4. Each path P has the correct orientation. Every source s(P) is at a vertex with a

spinor and every target t(P) is at a vertex with a co-spinor

5. Consecutive edges of the graph I' cannot go back and forth along the same dual edge

e € A* unless that particular connected component of I" is of length two.

A graph satisfying all these properties will be called admissible.

A graphical method for admissible graphs: The admissible graphs for an observable
can be obtained by a simple graphical method. Draw all possible sets of 2n arrows on A*
such that:1. each vertex without a field insertion has two ingoing and two outgoing arrows;
2. each vertex with a spinor has two outgoing and one ingoing arrow; 3. each vertex with
a co-spinor has two ingoing and one outgoing arrow. Then at each vertex, connect the
two ingoing arrows and/or the two outgoing arrows. When the lines are connected, flip

the orientation of one of the arrows so that there is a consistent orientation along each
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It does not matter which edges on the path are flipped as the orientation antisymmetry

(3.1.12) means that the contribution from the graph is the same in either case.

For example, on a simple four point lattice with a field insertion 1115, the connecting of

the arrows occurs as follows

1 4 1 4
e —— > o o o

We are now ready to establish a set of ‘Feynman rules’ to obtain bosonic observables Oy

in terms of the fermionic ones Oy. These rules are as follows.

Feynman rules The Feynman rules for an observable Oy are the following

e Work out all of the possible admissible graphs for Oy

e To each admissible graph I'(zy, ..., £9,) assign an amplitude It (zy,....05,)- This ampli-

tude is constructed by assigning the ordered product of Dirac matrices

Dp = (ia) " [ ] De
ecP

to each open path P, and

Dy = (ia)P% tr H D,
ecl

to each loop £ in I'. The orientation of the Dirac matrices should be consistent with

the orientation of I'.

e Assign a global sign ep,, y = £1 to each graph I'(z1, ..., 72;,) which controls the

oo 2p
overall sign appearing as a result of raising and lowering some of the indices with
the symplectic metric (see equation (3.1.13)), using the orientation antisymmetry
(3.1.12), the ‘see saw’ property, and rearranging the fermionic fields to compute the
full Berezin integral. In particular there will be a minus sign associated to each

closed loop L

e Sum over all such contributions:

Ob = Z 6F($1,...,xgp)IF($1,...,:L‘2p)? (328)

I(z1,...,x2p)
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Conveniently, the factors of 1/2 that appear in front of the (S.)? terms in the Taylor expan-
sion are cancelled by the fact that the (S.-1)? term gives the same contribution. We absorb

this factor and do not distinguish between these two supposedly different contributions.

Admissible graphs corresponding to observables We can now describe the ad-

missible graphs for each different observable O.

The partition function: The partition function Zg., corresponds to the observable
Oy =1, i.e. the number of field insertions p is zero. Here, there are no paths and
I" consists entirely of even length closed loops that touch each vertex twice. Two
examples that are possible on any triangulation are a graph with a single loop that
goes through each vertex twice and a graph with many components of length £, = 2

that has loops going back and forth between pairs of vertices.

The amplitude It for this I' is thus given by
Ir =[] De, (3.2.9)
L

where the product is over all the loops £ C I'. Hence, the corresponding bosonic

observable Oy = det D is given by
det D =Y er [[De- (3.2.10)
r L

Fermion two point function: The admissible graphs I'(z1,z2) corresponding to the

gauge-variant two-point function of the fermionic field

OfAB(HUl,xQ) = wfl E@B-

have a single path P(x1,x2) going from z7 to zo along with an admissible configu-

ration of loops £. The amplitude associated to I'(x1, x2) is

4 4
It(era0) B = Dp(arem) B <H Dc) . (3.2.11)
L

Gauge invariant 2-point function: The bosonic observable corresponding to the gauge-

invariant Polyakov line
Or(e) = (Ys(e), Vetue)),

has the same type of admissible graphs as the two-point function. The amplitudes

have an additional V., holonomy that closes up the path to make a trace
I @n) =t VeDp(aya) <H DL) (3.2.12)
L
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where P(z2,21) is a path connecting the endpoints zo = t(e) to 1 = s(e) of the

Polyakov line.

Gauge invariant 4-point function: The graphs for the 4-point function

Op(e,€') = (Vg(e)> Ve tute)) (Ws(ery, Ver Yuer))

are more complicated; there are two different types of admissible graph I'(z1, ..., z4).
If z1, x5 and x3, 74 respectively label the source and target vertices of e and ¢’ ,
then one of the admissible graphs has two paths that link z9 to 1 and x4 to x3.

The amplitude for this type of graph is

Ir(ml,...,:m) =tr VQDp(xQ’ml) tr Ve/Dp(M¢3) (H DL> . (3.2.13)
L

The second type of admissible graph also has two open paths but this time from o

to x3 and x4 to x1. This type of graph has the amplitude
Ir(ey,...ws) = 1 VeDp(ay 25) Ve DP(2g,21) (H DL> : (3.2.14)
L

At this stage, we have left all of the amplitudes in terms of the Dirac matrix D.. This
method of coupling fermions has the unfortunate feature that, since the Dirac matrix
contains two terms

D,=%.U,—U,S, 1, (3.2.15)

each admissible graph actually contributes a sum of 25T terms to the expectation value.

This can obviously result in a very large number of terms.

We distinguish between these terms by labelling each one with a number ¢ = 0, ..., 257 —1
that refers to the configuration associated to the graph. An example of a such term, which
we denote cr = 0, can be obtained for each observable given above by replacing the Dirac
matrix D, with the quantity ¥X.U.. In the term corresponding to, for example, cp = 1,
one of the edges has the factor U.X.-1 instead of ¥ .U, etc. Hence, for each graph I' the

amplitude It is split into a sum of contributions

Ir=) "I,
cr

and the bosonic observables are given by

Op=> erly. (3.2.16)

F,Cr‘

This completes the fermionic integration, we will now address the gravitational sector of

the model.
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3.2.2 Gravitational integrals

The integration over the discretised frame field and connection will proceed as in sections
1.4 and 1.5 but with several additional complications. Namely, the partition function now
contains an observable O, that is a function of both e, and U., and we have used the

wedge variables in AT rather than just A.

We will first consider the gauge invariant observables and generalise the graphical methods
to include the more complicated case covered here, then, with a few minor modifications,

apply these to the gauge variant observables.

First, some more notation. We will write the expectation value of Oy as a sum over spin
foams, each one associated to a different admissible graph
(O5) ! > erd (3.2.17)
p=——— € . 2.
f/GR-D <det D>GR 4 I'Aep

)

The amplitude A, associated to the graph I' and to the configuration cr is given by

Ay = <H/ dew> (H/ dge> H(S(ge) I (ew,Ue) exp Ztr (ewGuy) -
w Y su(2) z JSU(2) ecT w
(3.2.18)
So to calculate the observable we must evaluate each A.. in the sum. In fact all this
process really does is transfer the calculations into the language of representation theory.
In order to actually compute the whole sum it may be better to perform the gravitational
integrals using numerical methods as in lattice gauge theory. This is one of the difficulties

of non-perturbative approaches.

Gauge invariant observables

For the gauge invariant observables, we will ignore the gauge fixing tree to simplify matters.
In fact the expression is unchanged with the insertion of the gauge fixing since the Fadeev-
Popov determinant is one and the Haar measures are normalised. We also consider just
the cp = 0 terms in /.., these are the terms consisting only of the .U, terms in the Dirac
operator. The other terms are obtained in the same way but we would have to keep track

of much more information. The configuration is given by

I(ew, Ue) = (i)™ | [T tr T] [] BeUeVer) <H [ ] 26U6> . (3.2.19)
L

Y PevyecP ecl

Integration over simplicial triads. Here we discuss the integration over the e,,. Since

the Dirac matrices in the observable Oy contain polynomials of the discretised frame
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fields, we will use the generating functional techniques to evaluate these terms [46]. Here
the generating functional is given by inserting the exponentials of Lie algebra sources
Juw = J$7a associated to the wedges into the amplitude A... The frame field then becomes
a derivative with respect to these sources
i 9
ey — 357
The particular functions that we are interested in are the area operators ¥, = X7,
Replacing the frame fields with derivatives these become
5= —% / eabe 6;55 6;56 sgn(we, wl), (3.2.20)

We , W

The amplitude is now

Ao = (i)™ | TTTT TI & (H I1 2*)) <A()(“’b)(J)> , (3.2.21)

Y PeyecP L eeLl J=0

with the generating functional, after integration over the simplicial triad as in chapter 1,

given by

0= (T, o) (T T T etetin ) (TEo Tt Tse'ce)

Y PevyeeP ecl
(3.2.22)

(a,b) represent the indices on the Lie algebra generators, a runs over all of the indices

associated to the path P and b over the indices associated to the loop L.

We now expand the delta function in terms of characters and we can compute the group

integrals.

Group integrals. The group integrals are performed graphically in the same way as
the Ponzano-Regge model but with a few important differences. First, consider the group
variables that are on the interior of the dual faces f, i.e. in A™ — A*. Each one of these
group variables appears in the amplitude twice. We use the orthogonality of characters to
remove these group variables

Ojk
dim j

/ dg x;(919)xk(g ™" g2) = X;j(9192), (3.2.23)
SU(2)

diagrammatically this is

J k J

1
@ ] @ = Tmj i @ ' (3:2.24)
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If we use this on each of the interior group elements then we see that it forces all of the
spins j,, on the wedges belonging to the same face f to be equal j,, = j; for all w in f.

The generating functional now reads
a,b . . a,b) /.
A7) = 3 T dimgpAs™ g, J), (8.2.25)
s f

with

ASD G T) = <H /S o) dge> [Tt IT 11 v UeVerr) (H“H%eU@>
. L

Y PevyecP ecl
Jt 1 JT m
XHXjf (e fgef ..e’f gef).
!

The remaining edges € of A* have been recombined into edges e of A* but the Lie algebra
sources are still associated to the m := my wedges in the face f. So we have that g., =

Gewr ggwlg if wl, w2 are the two wedges that meet edge e in face f.

Next, we must generalise the integration over the tensor product of three representations
to cases that include additional j = 1/2 holonomy matrices U(ge), i.e. if the dual edge
contains an edge of I'. The first case is if there is a single edge of '
| v erigere oo =Y u i (3:2.26)
SU(2) s
ts and ¢ are 4-valent intertwiners, the label s corresponds to the internal spin label that

comes from decomposing them into the unique 3-valent intertwiners. Graphically this is

L oig ok AL k S 2\ ¢ Jj ok
¥ X A
| | e A \+ S 4
>, 2 D _di
: S /x. . S /)é/ s .
I /% 7 VN k 4 % ) Nk

Note that we are now representing the spin half lines by dashed lines to make the path of

the fermion clearer. The second case is if there are two spin half lines on a dual edge, this

gives

11 11
EIR KNI NeIRV IR AEA
vt e \:
L s+t + s+1 +

:Zdimsdimt s -1 :Zdimsdimt ;S—t—

1 st L st 4y
b s / |

71/ . / . .
Lo % % i gl % % 1 g1

(3.2.28)

Depending on the path of the V. holonomy in the definition of the observable, there may
be more than two spin half holonomies on each dual edge. The formula generalises to

these cases but this is the maximum that can occur just from I'.

75



CHAPTER 3: FERMIONS IN 3D SPIN FOAM MODELS

If we assume that we have performed all of these group integrals then the generating

functional can be written as a state sum model as it will factorise into vertex amplitudes
A g, T HA @0 (g, g (3.2.29)

Each of the vertex amplitudes is a 6j symbol modified by the extra lines coming from I’
and with Lie algebra sources on each of the six edges. The modified generating functional
amplitudes also have free indices given by the (a,b), we will now show how these are

contracted with the source derivatives.

Grasping operators. The action of the source derivatives on the generating functional
will produce what are called grasping operators in the literature. The derivative of the
exponentiated current in the spin-j representation, at J = 0, gives the su(2) Lie algebra

generator in that representation

s .
J(ed — ) 2
570" (e”) - T (Va)- (3.2.30)

We can represent these generators as three valent intertwiners between two spin-j repre-

sentations and the vector representation
7/ € Hom(V,V; ® V). (3.2.31)
This is proportional to the standard 3-valent vertex

. 1 J
™(Va)% = OJ) * (3.2.32)

with the normalisation factor given by ©(5)? := O(1,4,5)? = j(j+1)(2j +1). So whenever
there is a source derivative, we must insert a three valent vertex at the appropriate point
in the spin network diagram. This is the “grasping” operation and results in a free index

in the vector representation.

Now, recall the form of the i:g

N 1 abc 0 0
Ee:_ﬁ € 5Jb 5Jc sgn(we, W), (3.2.33)

We, W,
this will act with a source derivative at pairs of wedges associated to a given triangle.
In the spin network language, it will act by grasping two of the three lines (that are not

part of I') meeting at a three-valent vertex. The two free indices created by the graspings

are then contracted with the € appearing in ig Since we have seen that €®¢ is an

a b c
11,1
=6 \l/ : (3.2.34)
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The final remaining index on the € is then contracted with the generator appearing in

the relevant edge of I'.

Performing this step for each ig, we arrive at a spin foam model for the observable
Ag = (i) TTD d, T Aol s0)- (3.2.35)
foJr v Sy

The sum over s,, refers to the spin labels in the decomposition of the higher valence vertices.
All of the possible vertex amplitudes, including those for ¢ # 0, are given in Figure 3.1.
The graphical method for deriving these amplitudes will be summarised after we have
dealt with the gauge variant amplitudes. For a particular triangulation and a particular

graph/configuration, the obtained vertex amplitudes are recoupled in the following section.

Gauge dependent observables

For the gauge variant observables, the two point function, we must include the gauge fixing
tree T in order to obtain a non-vanishing expectation value. As suggested by the name,

these observables will depend on the choice of tree.

The amplitude associated to the admissible graphs for the two point function is

To(ew, Ue) = (i) T] [ ] ZeUe <H tr ] 26U6> . (3.2.36)
L

P ecP ecl
The derivation is the same as for the gauge invariant case, however the inclusion of the
gauge fixing tree means that the expectation value will be given by a spin network diagram
for the whole triangulation. The amplitude can not be factorised into vertex amplitudes

to give a state sum.

We write the generating functional schematically as

AS (g, D) = (R (e7), R ), (3.2.37)

l n
where the inner product denotes the contraction of the indices according to the pattern of

lines [ and nodes n of the diagram. Acting with the grasping operators then gives
A = (i) [Ty, TT D Aliss s0), (3.2.38)
I jf v Sy

A(jf,5,) is a spin network diagram that depends on A, T and I'. It is actually a sum over

diagrams because of the sum over graspings in each 2.

A summary of the graphical method is given by the following steps [14, 47]

e Draw the characters for each wedge as closed loops, labelled by the spin j,,, and the

integrals over the group variables as cables in the appropriate places.
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Js

Js

Js

NJ6 A NTs 4 NI 004 | \Us
J5 1/ J1 J5 1/ J1 J5 /// J1 J5
] J2 J2 J2
J4 D J4 D J4 D J4
J6 J6 J6 , J6

.
ut

J4

\
<

J4

J4

N
N

J4

Je U6 , U6 , U6
J5 /5 |J5 2L
] ' ' g3 J2 iy g3 J2 ‘ f
J4 J4 / J
Ve
e e

Figure 3.1: Spin network diagrams for the different possible vertex amplitudes A, (up
to symmetry) of the gauge invariant observables. The dashed lines are in the
spin half representation and the curved lines denote the grasping operators in
the spin one representation. To each diagram with a grasping, one must add
the additional diagrams obtained by summing over the possible grapsings.
Note that due to the V. terms there can be additional spin half lines that

have not been included in these diagrams.
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e Draw a spin half line (a dashed line in our conventions) for every edge e of T'.

e On each edge of I', add an open spin-1 line. This will be before the cables for the
cr = 0 but for cp # 0, this can be after the cable. This is the generator appearing
n D,.

e For each edge e of I, pick two of the three j, lines that meet at s(e) and add an

open spin-1 line. Sum over these pairs. This is the action of the grasping operators.

e On each edge of I', connect the spin-1 line from the generator to the two spin-1 lines

from the graspings using a three valent vertex with three spin-1 lines, i.e. e®ece,

e For the gauge variant observable remove the cables on the edge e € T'.
e Perform the integrals by replacing the boxes by the corresponding intertwiners.

e Put in all the numerical and normalisation factors and sum over the spins with a

dimension factor dim j; on each dual face.

Applying this at a single vertex, with just one fermion line for simplicity, will give diagrams

of the following form

Jwe

from which the vertex amplitudes or the relevant spin network diagram can be obtained.

We will now apply the methods described above to a simple example.
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3.3 Explicit calculations: observables on S3

In this section, we give examples of the calculations described above for a space-time
manifold homeomorphic to the three-sphere, i.e., M = S3. We consider the triangulation,
denoted A, of §* with the boundary of a 4-simplex! and label each vertex v of A* (the
pentachoron graph) by the labels I, J = 1,...,5 which implies that the edges e of A* are
labelled by couples I.J, with I # J, and the faces f of D* are labelled by triples IJK,
with I # J # K corresponding to the three vertices belonging to the face. The Dirac part
of the action (3.1.7) for A, with rescaled triad, is

Sp=a> S (3.3.1)

The examples we will consider are the gauge invariant 2-point function Oy (e) = (Vs(e), Ve y(e)),
and the propagator O fAB (r1,22) = 7/)%41 Vz,5. We will now calculate the Berezin integrals

explicitly to illustrate the Feynman rules for both observables.

3.3.1 Gauge invariant observable: 2-point function

For this observable we consider O(23) = (1, Vas3 ¥3), with Vaos3 = VasVs3. The bosonic

observable O, formed by integrating the Grassmann variables is
Oy = ( /g du(yy, z/u)) (2, Vasz ¥3) €™P, (3.3.2)
D

We will consider one relevant non-vanishing term in the Feynman expansion (3.2.4) in

order to compute the amplitude It of a single admissible graph in equation (3.2.8).

Op = .+ (i) ( /g dp(Py, zm) V24Voss BT
D
x1D15Y5 YopDos ot WagDas s ¥srDag i Yux DLt
xYunr Das s E5PD54IZQT/)22 VsrDs 5y YipDisyby + ..., (3.3.3)

including the factor of 2 coming from the identical contribution of the 57, and S%, terms.
This corresponds to a particular Feynman graph which we denote I'(2,3). Taking into
account the order of the Grassmann variables, performing the integrals and contracting
the indices leaves us with a global sign of er(p3) = —1. This agrees with the usual QFT

Feynman rules where one associates a minus sign to each closed loop.

!The (pseudo-)triangulation constructed from only two tetrahedra can not be used as it is not possible
to properly define the action. This is because there is more than one edge connecting two vertices. While
this is not problematic when working with theories of flat connections, it becomes highly ambiguous when

dealing with non-trivial curvature.
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Hence

er2,3)Ir(2,3) = — (i)’ tr (DsaVass) tr (D21 Di5Dsg Dy D15 D5y Daz Dss) - (3.3.4)

Applying the graphical method described above gives us a number of admissible graphs,
the graph I'(2,3) corresponding to the term in the Feynman expansion above is given by

the following

N
>

The path P(3,2) runs from vertex 3 to vertex 2 and has length Fp = 1, and the loop term
L has E, = 8 and passes through the following chain of vertices: 154154321. The overall

length is therefore Ep(; 3 = 2n —p = 9. The Feynman rules in section 3.2 now associate

a product of Dirac matrices D, to the edges of I'(2,3) which gives equation (3.3.4).

This completes the fermionic integration, we can now consider the gravitational integra-

tion. As above, we will consider the ¢ = 0 configuration 119(2 3) which is given by

Rog = (ia)” tr (832U Vess)
X tr (X21U21X15U15554U54 241 Us1 215U15 554 U4 2 43U3) . (3.3.5)

Using this, one can apply the graphical methods of section 3.2 to obtain the generating
functional and then the amplitude A%(Q’g) of the graph I'(2, 3).

9 . . . . .
Ag(2,3) — (%) H Z dim jrrx (_1)2(]145+]123+j245+]234+j135) (3.3.6)

I<J<Kj]JK

DD DI D

$15,t15 S23,t23 S45,t45 S14 S12 S25 S34 S35

x dim S5 dim ¢;5 dim s, dim s;5 dim $,3 dim ¢,5 dim s,5 dim s;, dim s;5 dim s,5 dim ¢,5
X0 (123)0° (J124)0 (J125) % (J134) % (135) O (145) © (a4 ) O (fz35) © (Jzas ) © (Jsas)
X A1(J1.., 81.)A2(Ja.., 52.) A3 (Js.., 55.) Aa(Ja.., 54.) A5 (Js.., 85.)

Here, the global factor is due to the multiplication of the ia factors coming from the

Feynman rules with the factor —i/4 coming from the global contribution attached to each

grasping (i1/6/2 arising from the 7%, v/6 from the ¢ tensor and —1/12 from the i]g)

The signs are due to the Haar integrals, and the ©(j;sx) terms come from the normal-
isation of the source derivatives. The vertex amplitudes Ay, I = 1,...,5, are given by

evaluating the following spin networks.
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(3.3.7)

(3.3.8)

(3.3.9)

(3.3.10)
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(3.3.11)

In order to write A9 explicitly, we will now recouple the vertex amplitudes appearing

(2,3
in the state sum in (orc)ler to express them in terms of sums and products 65 symbols.
We start by decomposing the vertices of valence four and five into three-valent vertices.
Then, we repeatedly use the recoupling identities (1.5.46), (1.5.48), (1.5.50) displayed in
the Appendix. As a result, we obtain the following decomposition of the vertex amplitudes

Ar(jrsr,sry) appearing in equation (3.3.6).

> pngdimn dimp dimg
% (_1)3n+q+j135+814+2j123+j134+j124+812+t15+t15

SUS R PSS
Jiss S12 Juos Jizs o1 Jras % %
SRR I PR L
Jras % % Jiss p 1 1 Jus ¢
SR |
1 ti5 515 S15 S12 P 1 jus n
X{ 133 }
Ji2s S12 S1s

S (dim spg) "t dimm dimr Gy, gy, (—1) 3523+ 302a5+230)

)

% ( m+2r+2312 +2j123+j235+3t23+3j125+J124+1)

{ Ji2s Ji2a tos }{ Ji2a Jras tos } { 11 1 }
Josa S23 Joas 1 T Jizs m r oty
{ Jizs M Jiza }{ 1 tyym }{ % Jr2s Stz }
1 Jraa 7 Jr2s % % Ji2a Ji2s M
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an o dimn dimp dimg dimwv (_1)(j135+j345+834)

x(—1) (3n-+q+vtji2s+2j234+2t23+s23+5123 +535+2j134+523)

SRR P e
Josa Sz U J123 Ssa Ji3a Jizs 1
x{ 1 35 n}{ 1 535 q}{534j123 n}
s 3 3 ) Udws 3 5 ) Ui p 1
SEAS I EA P
1 Jass ¢ 1 sy W UV Sz P
DL
1 Joss m Josa Ssq U

Yabedima dimb dimce
x(—1) (3a+3b+3c+3s34 47234 +7145 7345+ 5 +3545+35134)

}{ Ji34 Jiza Sas
b 1 Jisa
A Jiza Josa }

j134 j234 t45

}{ ¢ 1 Jis
Hooo N
S b Sus 1 Josu ¢
Ho T H
s 33

Yabedefghidimadimb dime dimd dime

Jiza Jasza tus
. Joas S5 Ji2a
1 1 1

X
a t;; ¢
Si4 Jiza Jioa

Jiza 1D

}

: 1
J23a 5 Ssa

J345 Jiza G

x dim f dimg dimh dimi 0sy, s,; (dim ss5) 7
« (_ 1)(30+2d+2f+29+3h+3i+12j125 +3j245+3s25)

X (— 1)(3j145 +37135+37345+3515+3j45+j235+535)

+ - 4
P PRI P
Jaas Jiss 1 Jass 9 1 Jus b d
s d c}{ h g j145}{1 1 1}
Juas Jass @ Jus 1 e e d h
a e 1 1 1 1 e 1 a
et o T
d 1 e}{jl%% 315}{j135 S1s t15}
% % % % c d %jms c
CTTHTIET)
b % a %jmb

This completes the evaluation of A%(

2,3)"
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3.3.2 Gauge variant observable: Fermion propagator

For the propagator we calculate one term of the expectation value of O fAB(Q, 3) = ¢é4 3B
in a particular gauge. For this observable, the term in the Feynman expansion (3.2.4) that

we consider is

Op = ..+ (i)’ </g dp iy, ¢I)> ¥5' 3
D
X 16Dy VS PopDo'Etbf ElGDwGHl/’é{ E51D51[J1/Ji] EQKD%IET/}:%
XUgprDagNipy E4PD43]ZQTJZ)§2 VupDyses VsrDs ] + ..., (3.3.12)
including the factor of 2 coming from the identical contribution of the S% 7 and S?I ; terms.

Applying the graphical method gives the admissible graph I7(2,3) corresponding to the

above term in the Feynman expansion

5 7y

This gives a single path P’(2,3) of length Erv(a3) = Epr(23) = 9 passing through the
vertices 2154321543. Performing the integration and contracting the indices as before
gives the sign factor ep(y3) = 1 since there is no closed loop. The amplitude It (5 3) of the

graph IV(2,3) is given by

IF/(2735AB = (ia)g (DglD15D54D43D32D21D15D54D43)AB . (3313)

This completes the fermionic integration, we can now consider the gravitational integra-
tion. As above, we will consider the ¢ = 0 configuration I, 0,(2 3) which is obtained from

the above expression by replacing the Dirac matrices Dy; with the quantities > ;U7 ;.

We then choose the maximal gauge fixing tree T on A* given by the set of edges T =
{21,15,54, 43}.

We can now apply the graphical methods of section 3.2 to obtain the generating functional
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and then the amplitude AIQ,(273) of the graph I"(2,3) for the tree T. We obtain

9 . . . . .
Ag'(273) — <%> H ZdimJ'IJK(_1)2(3145+]125+3235+]234+]134)+1 (3‘3‘14)

I<J<K jrik

X Z dim s,
$23
X63(j123)@4(j125)@2(j134)®4(j145)63(j234)®2(j345)
X A(jrir, 823),
where the amplitude A(jrsx, s23) € C is obtained by evaluating the spin network diagram

displayed below.

A(jriK, s23) =

By Schur’s Lemma, this will be proportional to the identity map 5§ in the fundamental
representation multiplied by half the value of the closed spin network evaluation obtained
by connecting the two open lines in the j = 1/2 representation. The closed diagram can

then be recoupled and given as a combination of 65 symbols.

3.4 Conclusions

In this chapter, we have constructed spin foam models for various fermionic observables in

3d quantum gravity. The expectation values of the observables are given by a (potentially
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large) sum over spin foams with either complex vertex amplitudes or several individual
spin network diagrams. This illustrates the difficulties of computing things in theories

with local degrees of freedom and is a problem that the 4d models will also face.

One may wonder if it is possible to extend the model to four dimensions. Unfortunately,
coupling fermions in even dimensions requires an odd power of the frame field. The
current 4d models are constructed by constraining the B field in BF theory to be of the
form B = e A e so it is not possible to construct a similar model in 4d without using a

constrained formalism [48].

A final remaining issue is the dependence on the triangulation. Unlike the Ponzano-
Regge model, the fermionic coupled model is not invariant under Pachner moves. The
introduction of local degrees of freedom means the model is no longer topological and
something must be done in order to sum over the triangulations in a meaningful way. This
which will be discussed for the pure partition function in the next chapter using group

field theory.
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CHAPTER 4

Wilson loops, geometric operators
and fermions in 3d group field

theory

4.1 Introduction

Group field theories (GFTs) provide a method for performing a perturbative sum over
2-complexes with weights that give a particular spin foam partition function evaluated on
that 2-complex. In this way, GFTs are a proposal for solving the problem of triangulation
dependence in spin foam models and simultaneously provide a method for topology change

[4, 20, 49].

The first group field theory was written by Boulatov [50] and was a field theory whose
Feynman diagrams were the Ponzano-Regge model evaluated on a 2-complex described
by the Feynman graph. This was then extended to 4d BF theory by Ooguri [51]. In this
chapter we will be concerned with the construction of a GFT for the spin foam model for
3d gravity coupled to fermions discussed in the last chapter. Other attempts to couple
matter to GFTs include the point particles [52] (see also [53]). In an appropriate limit,
these amplitudes give a non-commutative field theory [37] which can be cast in the form

of a group field theory [54] by perturbing the Boulatov model.

We begin by introducing the Boulatov model and giving a brief overview of the main
features of group field theories. To arrive at the fermionic GF'T, we first consider Wilson
loops and volume operators since these are the building blocks of the model. The Wilson
loops require an extra argument in the fields to control the propagation of the loops and the
volume operators will require the use of higher spin fields due to the nature of the operators

involved. For illustrative purposes, we also include the “quenched” fermion model, which
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neglects half of the loop configurations, as this contains all of the main features of the
theory without having to include more complicated configurations of loops. We then
describe the full GFT for the fermion model and briefly comment on its similarities and

differences to the GF'T for particles coupled to the Ponzano-Regge model.

4.2 The Boulatov model

A group field theory is constructed by specifying a field on some group manifold and some
invariance properties. The pure gravity field [50] is defined as a map from three copies of

SU(2) to the complex numbers
?(g1,92,93) : SU(2) x SU(2) x SU(2) — C (4.2.1)
We require that this is invariant under permutations o of the group variables

¢(gla.92’g3) = gb(go(l)’gU(Q)ago(?))) (422)

and we make the field SU(2) invariant

?(991,992,993) = ¢(91,92,93) ; g € SU(2) (4.2.3)
with the projector P,
Pog(g1, 92, 93) =/ da p(agr, ags, ags) (4.2.4)
SU(2)

With the field defined as above, we can write the action Sqy for the GF'T whose Feynman

diagrams produce Ponzano-Regge spin foams.

3
1
Sarld, Aar] = 5 /Hdgipa1¢(91,92,93)Pa2¢(91,92,93)
i=1

A

6
+ ZR/Hdgipoq(b(ghg%93)Pa2¢(91795796)Pa3¢(92794796)P044¢(g37g4795)
=1

The first term is called the propagator and the second the interaction term as it resembles
and behaves like a ¢* scalar field theory. Note that the combinatorics of the group variables
in the interaction vertex is the same as for the spins in the 6j symbol. The idea is to
construct a path integral weighted by this action and then consider its Feynman diagram
expansion. To make the link to the Ponzano-Regge model clearer, we must first Fourier

transform the field using the Peter-Weyl theorem.

— E J172J3 7.
Pa¢(gl7927g3) - /SU ) dOé m1k1m2k2m3k3 d] dj dj
Jiymiymi ki @)
<3<3

XDﬁlnl (gl)DgrQLgng (gQ)Dﬁgng (93)

x Djnllkl (a)DjnZkQ(a)D@kg(a)
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With my, k;,n; = —j, ..., j. Performing the group integrals reduces this to

Pad(g1,02,93) = > whBE \/d;dj,d;
Jiymi ni ki
1<:<3
XD%lnl (gl)D%’QLQTLQ (gQ)Dggg,ng (93)0%11%22]%3 (425)

Where Cﬁﬁfs is a three-valent SU(2) intertwiner and we have redefined the coefficients
as
Jij2js ., J192J3 715273 (4.2.6)

mimams3 mikimakaomsks ~ kikaks®
This can be performed for each of the fields in Sgr the results of which are most easily

seen graphically.

4.2.1 Feynman amplitudes

We can now consider the partition function for the theory and express it in terms of the
Feynman diagram expansion. The expansion will implement a sum over 2-complexes.

)\UGR[F]

Z- / Do~ SwioAanl — EF: el (4.2.7)

Here I' denotes a particular Feynman diagram in this sum. The number of vertices in I is
denoted vgr[I'] and the symmetry factor of the diagram is written as sym(I"). Each term
Z[I'] in the sum gives the Ponzano-Regge partition function Zpp (as given in chapter 1)

evaluated on the 2-complex defined by I'.

The Feynman rules for the GFT are as follows. The propagator terms gives the following

g —-29a
92 —— 02
93 —— §3

and the interaction vertex

919293

A INE
s
91 g

3
95 95 :> T

g6 94
RN

969294

So we see that the Feynman diagram expansion gives a perturbative sum over 2-complexes,
there will be some diagrams that give degenerate triangulations. Since the interaction
vertex has a 6j symbols associated to it the weight assigned to the whole Feynman diagram
is the Ponzano-Regge partition function. As in standard perturbative quantum field theory,

the individual Feynman diagrams may require regularisation.
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Degenerate contributions

An important consideration is the type of complexes obtained in the Feynman expansion
of a GFT. One might wish that the sum would only contain non-degenerate simplicial
manifolds (i.e. each tetrahedron can only meet another tetrahedron on a single face) but
the GFT obviously includes degenerate contributions. For example the vacuum diagram
with two vertices joined together corresponds to the pseudo-triangulation of the 3-sphere
with two tetrahedra. The Ponzano-Regge model may still be well defined for all of these

diagrams (after regularisation/gauge fixing.)

One way to remove some of these diagrams is to include a colouring of the field [55, 56]
which restricts the type of diagrams allowed or to impose that the field is Grassmann
valued [55]. This remains an important current issue as for the semiclassical limit of the

theory to be correct we should obtain smooth manifolds in some limit.

4.2.2 Current issues in group field theory

Now that we have given a brief overview of the construction of a simple group field theory,
there are some other issues and developments in the literature that are worth mentioning.

We will not address any of these issues here.

Firstly, it was pointed out in [57] that any local spin foam model, i.e. one whose amplitudes
depend only on the simplex it is associated to and any subsimplices, can be expressed as
a GFT with an appropriate choice of field and invariance properties. In particular, the

Barrett-Crane spin foam model was expressed as a GFT in [58, 59].

The Boulatov model, and most other GFTs, have been considered as functions of a group
variable, i.e. the connection. There have been some suggestions on how to include the
frame field in the formalism [60, 61](and references therein) or to make the field a function

of just the frame field with a suitable transformation.

Recently GFTs have been considered from the point of view of constructive field theory.
The scaling properties of the amplitudes with a cutoff were examined in [56, 62]. An
earlier attempt to control the convergence of the Boulatov model was the insertion of an

additional term in the action [63].

4.3 Wilson loops

We now define a GFT for 3d Euclidean gravity with Wilson loops. The Feynman diagrams

of this field theory will give Ponzano-Regge spin foam models with Wilson loop observables
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[64]. In fact, the GFT will give all possible Wilson loops in the spin foam so in itself is
unlikely to be physically interesting. However, it will be useful for defining the matter
coupling. For the Ponzano-Regge model defined on a triangulation A, the Wilson loop
observable 01{\/ is defined as the trace in the representation J of the holonomy around a

closed loop W in the dual triangulation Ax

Oy =t/ (] ge). (4.3.1)
eeW

The expectation value of 01{\/ is then given by

(OPy)er (D) :/ [T ds. 03 T]6(Gy). (4.3.2)
SU(2) e I

Recall that the group variables g. represent SU(2) holonomies along dual edges e of A,

Gy =12 f Ye 1s the ordered product of holonomies around a dual face f of A. Instead

of the usual 6j symbol, the spin network vertex amplitudes for the model will contain an

extra edge in the spin J representation at any vertex that is traversed by the Wilson loop.

7
;]’4 AN
, /I s
J2
j3 j4

We can now define the GFT for a Wilson loop observable. Since the GFT sums over
2-complexes, we will in fact create all possible Wilson loops at each value of the GFT
expansion parameter. This will include disjoint loops so from now on we use W to denote
a configuration of any number of Wilson loops. Unless the loop configuration W completely
saturates the spin foam, we will also require vertex amplitudes for those vertices that are

not part of the loop.

To include the Wilson loops, we define an additional field ¢ with an extra argument
¥(91,92,93;9) : SU(2) x SU(2) x SU(2) x SU(2) — C (4.3.3)

This extra variable g will control the way the Wilson loop propagates throughout the
2-complex. We project the additional argument of the field onto the representation J
specified by the Wilson loop with the following projector

(91,92, 933.9) = (P7Y) (g1, 92, 93:.9) = /SU(Q) dh dyx”(gh™ " )¢(g1, 92, 93:h)  (4.3.4)
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where d; = 2J + 1 is the dimension of the irreducible representation J and x” is the

character. We also demand that the field is SU(2) invariant by projecting

Pob(91,92,93;9) = /SU( )da Y(g1c, g2, g3av; gav), (4.3.5)
2

this will create the four-valent intertwiners in the Wilson loop vertex amplitudes. Finally,

we demand permutation symmetry on the first three arguments.

V(915 92,93 9) = V(9o(1) 9o(2)> 9o(3)5 9) (4.3.6)

We can use the Peter-Weyl theorem to perform a Fourier decomposition of the fields

Pan(gl,g2’ g3; g) = Z /SU(Q) da /SU(Q) dh w%fz{%ﬁkgmgkgmzlkzl V d.]l dJQdJSd.M

Jismi,ni,ki,a,b
1<i<4

XD%”M (gl)Dgggng (92)D%3n3 (93)D%4n4 (h)

X Dibllkl (()c)DZfQ/,C2 (()c)DZ;‘;/,C3 (a)Df;i,m(a)

x Dy, (9) Dy (k™) (4.3.7)
Performing the group integrals reduces this to

P’ (g1, 92,9339) = Y BT \/djdi,dj,d;

Jiymmi ks,

1<i<4
X D#le (gl)DgrQLGz (gQ)Dﬁgns (93)D#L4n4 (9)07]111]7?2]%;];;4 (4'3'8)

Where C,Qﬁj,f’i; is a four valent SU(2) intertwiner labelled by s and we have redefined

the coeflicients as

J1j2j3J s _ J1j253J J1jegads
rlzz)m1m2m3m4 - Z wmlk1m2k2m3k3m4k4ck1k2k3k4 (439)
k1,k2,ks,ka

We define the action as a functional of the two fields to be
1 3
Sw[6, 97, Aans Aw] = Senl@, Aen] + 5 / 1 dgi Patt” (91, 92, 93: 9) Patb” (91, 2. 933 9)
i=1

6
A
+ —ZV /Hdgi dgPa, ¥ (91, 92,935 9) Py’ (91, 95, 963 9) Pas (92, 94+ 96) Pas (93, 9 95)
=1

With this action we can now compute the propagators and vertex amplitudes of the theory.

4.3.1 Feynman amplitudes

We can now consider the partition function for the theory and express it in terms of the

Feynman diagram expansion. The expansion will implement a sum over 2-complexes and
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Wilson loop configurations on each 2-complex.

J AUGR[F} AUW [F}
Z = / Dy DeeSWov  AarAwl = § " 26T 7). (4.3.10)

sym(I")
Here I' denotes a particular Feynman diagram in this sum. The number of pure gravity
vertices in I' is denoted vgg[I'], the number of Wilson loop vertices is vw|[I'] and the
symmetry factor of the diagram is written as sym(I"). Each term Z[I'] in the sum gives

the spin foam partition function evaluated on the 2-complex defined by I'.

The Feynman rules for the GFT are as follows. There are two propagators, the pure
gravity propagator and one with an extra delta function that determines the path of the

Wilson loop.

N—2a g—=-==-= g
7 7o g —0
93— g3’ p—9R

g3 g3

Similarly, there are two vertex amplitudes corresponding to a vertex that is not intersected

by a loop and one that is.

19293
T AN
; \J6
z —_ 7 / jl ,75
7= 7 —
5 g
g6 g4 J2
TNV
969294
919293
A INE
g J1 |Js
1 93
g5 g5 :> -
[ g4 J2
RN
969294

Note that for a fixed vgy, vw is the number of dual vertices traversed by the Wilson loops.
Special cases include vy, = 0 which corresponds to a pure partition function without
observables and vqr = 0 which contains all possible Wilson loops that completely saturate

the spin foam.

4.4 (Geometric operators

The geometric operators we consider here are constructed from polynomials of the discrete

frame field used in the construction of 3d spin foams. Expectation values of these operators
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can be computed using the technique of generating functionals [46] and result in so called
grasping operators acting on the spin network vertex amplitudes. In particular, we will
consider the volume operator although others can be constructed in a similar fashion.
There are different ways in which to construct a quantum mechanical volume operator
in terms of the frame fields which are equivalent classically. These have been studied in

detail in [65]. For a tetrahedron, ¢, we define the volume operator V; to be

V= Z €IJK€{UI iQefg (4.4.1)

wi,w2,ws3

The el are the discrete frame fields associated to each wedge w of A* and carry an SU(2)
Lie algebra index. The summation is over all triples of edges wy,ws, w3 in ¢t that give a
non-zero volume. To compute expectation values of this type of observable, one introduces
su(2) valued sources J,, on each wedge w and defines the generating functional Z[.J,,] to
be

Zlul = 1;[ /SU(2) e lw_[ /5u(2> e <Z % frew(Gut Jw)) ' 42

The (unnormalised) expectation value of the volume operator can then be computed using

M)er(Ad) = H/ dge H/( EIJKG,{UI €1y Cay exp< ZTrew w)
SU(2 su(2

w17w27w3

)
! < > ek 5JL 6.7 5J53> ol

w1, w2,w3

(4.4.3)

Juw=0

The source derivations insert Lie algebra generators into the appropriate edges of the 6j
symbol which are then contracted with e¢7;x. Remembering that €7 5 is an intertwiner
between three vector representations, then, up to some normalisation factors, the resulting

spin network vertex amplitudes will be of the form

, AN
Ji. |75
J2

J3 Ja

The GFT: We begin by observing that the grasping operation cannot be implemented
simply as a projector on the standard Boulatov GFT as the grasping would be non-local
in the fields. We resolve this problem by considering vector fields on SU(2). With an

appropriate invariance property, this will allow us to construct the graspings by contracting
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with the index of the field. We begin by defining a vector field on three copies of SU(2)
(ba(gl,gg,gg) : SU(Q) X SU(Q) X SU(Q) — Vl (4.4.4)

Where V; is the j = 1 SU(2) representation space and a is an index with values 1,2, 3. In

order to create the necessary intertwiners, we use the following projector on the field

Pa,ﬁ(ba(ghg%g?)) = /SU(Q) do dﬁ D;b(ﬂ)(bb(glaa92aag3/3a_1ﬁ)' (445)

Note that with this projection, the field satisfies the following SU(2) invariance property

D2y (R) Py sbu(g1h, g2l gsh) = Pa sba(g1, 92, 93)- (4.4.6)

We also require the invariance under permutations o of the group variables by summing

over permutations of the field arguments
$a(91,92:93) = Y ba(Go(1): 9o (2)> Io(3))- (4.4.7)
ag

The mode expansion of this field is then

7 _ j1J273 / j j j
Pa,ﬁ¢a(gla 92,93) = Z mikimakomaksb djldJ'dengrlle (gl)D]WQLQWQ (92)D¥33n3 (93)
Jimi,ni,ki,ps,q3,b
1<i<3

X /SU(Q) da D))y ()D2) () D33 (™) /SU(Q) dB D, (B)DP, (3)DL(B).

Which reduces to

- ~ L i1
Pa,ﬁgba(gl’ 92, 93) = Z qs#é%?jm?g)m:x djl d]QdJS Cgllljﬁggiicgl?q?éa
JisMiyni,q3,b
1<:<3
XDﬁlnl (gl)D%%znz (gz)D%’gng(gfﬂ)? (448)

where the modes have been redefined as

191723 _ J1j2J3 J1J2J3 33531

mimams "~ Z mlk1m2k2mSk3bCk1k2p3Cp3k3b (449)
kivp?nb
1<i<3

With this new field, we define the action for the GFT that has a volume grasping on every

vertex amplitude.

3
1
Svor[®, Avor] = 5 /Hdgipm¢(917g2a93)Pa2¢(917g2793)
i=1

3
1 - _
+ 5 /H dgiPa1,51¢a(91,92, 93)Poz2,62¢b(91,92,g3)6ab
i=1

)‘VOL

6
/ 11 d9: Pa. 5, 6a(91, 92, 98) P 3205 (91: 5> G6) Pocs 35 b (92, 915 96) Pras (93, 9, 95) €abe

i=1
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Feynman rules: The partition function and its Feynman diagram expansion is

7 = /nga’l)qbe—SVOL[(b,(ba,)\voL] _ Z

T

VoL ]

oy 2 (4.4.10)

With vy [I'] giving the number of vertices of I'. There are two propagators for the theory,
one for the pure gravity field and one between the grasped fields.

g ——-24g1 g1l e————— (J1
92— 92 Jre——— 392
93— 93’ g3e—— 33

There is a single vertex that is formed by the interaction of three grasping fields with one
pure gravity. The dotted lines connect with the vector field propagator while the gravity
fields use the usual propagator, note that this means the vector field cannot propagate to

the gravity field.

glgzgs .
\JJ6
Ji. |Js
g1 g3 J2
g5 e 95
4 ; /
96 g 73 s
)
96 9294

Note that due to the form of the vertex, the Feynman diagram expansion will not produce
all 2-complexes but a subset of them. We ignore this issue as we are only considering Syor,
as a stepping stone to construction of the fermionic model. However, were we to consider
a coloured group field theory, this would not be an issue as the complexes would be the
same as the coloured Boulatov model. Since we have imposed the permutation symmetry
on the field, we will obtain all possible graspings on the tetrahedral spin network. These

different graspings are described in [65].

4.5 Fermions

Using the techniques above, it will now be possible to write the GFT whose Feynman
diagrams give fermion fields coupled to 3d spin foam gravity. When one is considering
just the partition function, there is an easier way to perform the Berezin integrals that

will make constructing the GFT easier. [36]

4.5.1 Massless Fermions in 3d gravity

We will perform the integration over the simplicial fermion fields as in [36], by changing

the variables to symplectic Majorana fermions.
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We define the new variables as

ot = (APPp+ipt), da = (—yPepa—ithy) (45.1)
A _  _i(ABy oA Py _ i(_,,B e o
¢2 = 2(6 g — ), o = 2( P EBA‘F“;Z)A)
these satisfy the relations
¢fl = _GAB$2B
¢y = Php.

The useful property of these variables is that the action splits into two independent com-
ponents that depend only on one family of Majorana spinors

— 1 —
SD[eungmwmwv] = g Z Zws(e)ADe Ange)

or(e) e

- _i(SM[ew7967¢1U] + SM[eungey(ﬁQv]) (452)

where Sy is the action for a single family of Majorana fermions and is given by
1 A B
Su=3 2 Do De a3 (4.5.3)
or(e) e
This allows the two families to be treated separately and results in two independent loop

configurations. The partition function is then given by

Zer 4p(A) = Z H/ dgz H/ dw,, H Dy, H DZJ- exp(Scr)
1.0, e 7SUR) w Vsu(2) GieLs £ELs
In fact, the spin foam model in [36] considered massive fermions and the integration
over the Grassmann valued fermion fields was performed by using a hopping parameter
expansion in the inverse fermion mass to calculate the Pfaffian of the Dirac matrix defining
the action (equation (43) of [36]). The massless case can be obtained directly from the
Grassmann integration, i.e. by repeated use of equation (46) of [36] without the volume
term, and one obtains the sum over loop configurations given above. Alternatively, using
the hopping parameter expansion, if one considers the limit in which the mass parameter
is small then the highest order term in the expansion dominates. This is the term I'), in
equation (50) of [36] which again gives the sum over loop configurations described above.
There are two different configurations of loops in the spin foam since it is actually the

Pfaffian squared which appears in the path integral.

We will make a simplification to the model before constructing the GFT and neglect
the second the second term in D., i.e. we will consider only the ¢ = 0 configuration.
Including the other configurations is not any more difficult but will require many more
vertex amplitudes. Up to symmetry, the different vertex amplitudes that we will consider

are shown in figure 4.1.
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J6

J4

U6
J5

I

Figure 4.1: Spin network diagrams for the different possible vertex amplitudes for the
fermion spin foam model. The dashed lines are in the spin half represen-
tation and the curved lines denote the grasping operators in the spin one

representation.

The “quenched” model

In the calculation of a fermionic observable, an approximation can be made that neglects
one of the fermionic loops, say L£s. This would correspond to considering a single symplectic

majorana fermion in [36]. There is then only one type of vertex amplitude

(4.5.4)

We can understand this as describing a fermion (the spin half line) entering a tetrahedron
through one triangle, which is acted on by a grasping operator, then leaving through a dif-
ferent triangle. For clarity we first describe the GFT for this model before moving onto the
more complicated configurations possible when there are two fermionic loop configurations

involved. We will require three different fields to construct the vertex amplitude:

e The pure gravity field ¢ defined in Section 4.3 and obeying the same symmetries.

(91, 92,93) : SU(2) x SU(2) x SU(2) — C (4.5.5)
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e A Wilson loop field that has been projected to the spin half representation.
1 1
¥2(91,92,93: 9) = (P29) (91,92, 935 9) : SU(2)x SU(2)xSU(2)xSU(2) — C (4.5.6)
This corresponds to the fermion leaving the tetrahedron.

e A final field that contains the grasping operator between the fermion line and the

vertex at its source. The field has three free spin one indices
Sabe(915 92,937 9) : SU(2) x SU(2) x SU(2) x SU(2) = V1@V, @V, (4.5.7)

the fourth argument of the field is projected to the spin half representation

1

1 1
Eanel915 92,935 9) = (P2&awe) (91,92, 935 9) (4.5.8)

and the following projection will provide the necessary graspings

3
~ 1
(P31 pap308ape) (91, 92, 93:9) = 11 dBidaD}y(81) D (82) Diy (8s)
SU(2) i—1

1
XEge (G101, 928107 B, g3Baa Ba; gB3a ™t Bs)

We also allow the field to be unchanged under permutations o of the first three

arguments

Eabe(91, 92, 935 9) = Eave(9o(1)s 9o(2)5 9o(3)3 9) (4.5.9)

This field describes the fermion entering the tetrahedron and grasping the appropri-

ate triangle.

We can see that the action must now be constructed so that the fields appear in the
correct configuration to describe a fermion entering and leaving the tetrahedron. The
mode expansions for ¢, ¢% are given above and the expansion for the quenched fermionic

1 A |
5 . J1j2J35 .
field £, into modes <§m1k1m2k2m3k3m4k4>d , gives
€

A 1 J1j2j lg
(P515253Oé£;bc)(91?92a g3; g) = Z 77%157127271377141 /dj1 dedjgd%

J1,J2,73,M08,14,q2,43,q4,S
1<i<4

1

L - 119 siogalge : , 1
x CJ22L C333L 02 | Cona DI (g1) D2, (92) D3 (93) Diana (9)-

n2q2a-~"n3qsb mini mong m3ns

with the following redefinition of the modes

J1jejass _ 5j1j2j3% j2j21 sl 131 Cj1j2j3%8
mi1mamsna 2 : mikimakomsksmaky J p2kad™~p3kse™ pakaf ™~ kipapspa’
€

ki,p2,p3,p4,d,e, f
1<i<4
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The action for the theory is given by
3
1 1 i
Sald, 1, € Ao = 5 /Hdgidg Poi2 (91, 92, 935 9) Pas€ (91,92, 933 9) €ave

i=1

1 3

+ §/HdgiPm¢(gl,92,gs) Po,d(91, 92, 93)
i=1

6
A ~ 1 1
+ZQ /Hdgz‘dg (P318:8501 8 ape) (915 92, 933 9) Pas V2 (91, 95, 963 9) Pas (92 94, g6) Pay #(93, 94, 95) €abe
=1

Feynman rules: The partition function for the theory is

) 3 1 S % % \ )\UQ[F]
7 = / Dy2Dg [[ D e lov? faetal =37 SyrQn (F)Z[r]. (4.5.10)

a,b,c=1 r

As before, vy[I'] denotes the number of vertices in the diagram. In this case, the Feynman
rules are more specific about the direction of propagation of the fermions throughout the
2-complex. To represent this, we orient the fermion (dashed) lines and demand that the

orientation is consistent within each diagram. The propagators are given by

pp—r A Sl
e O 9
R ——

The single vertex and corresponding amplitude of the quenched model is

9919293 )
! J6
:8 _ 2
1 g3
95 95
Jge g4
73 Ja
969294

The unquenched model

We now construct the full GFT for massless fermions coupled to 3d gravity. All of the
important features of the model are contained in the quenched case, all that remains are the
additional complications caused by the inclusion of two independent loop configurations
instead of one. As one can see from the fermionic vertex amplitudes illustrated above, we
must provide a different interaction vertex for each possible configuration and orientation.
We will omit some of the detail as it is essentially the same as the quenched case and the

complications involved are unenlightening. We begin by defining the fields
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e The pure gravity field ¢ defined in Section 4.3 and obeying the same symmetries.
d(g1,92,93) : SU(2)* — C (4.5.11)

e A Wilson loop field that has been projected to the spin half representation and

corresponding to a fermion leaving the tetrahedron through a triangle

(91,92,93:9) = (P%¢)(91,92,93;9) :SU(2)* — C (4.5.12)

NI

(8

e A field containing two Wilson loops corresponding to the ends of two fermion lines

at a triangle

1/}2(91792793;97 f) = SU(2)5 —C (4513)

Both Wilson lines are projected to the spin half representation

11
V3 (91, 92,939, f) = / dhy le%(ghll)/ dhs le%(fhgl)
SU(2) 2 SU(2) 2

XP2(91, 92, 93; M, ha), (4.5.14)

and the field has the usual invariance property by projection

Potp(91,92,93:9, f) = / o) do Y(g10, g20v, g3v; 9o, far) (4.5.15)
SU(2
e The fermion field &44.(g1, g2, g3; g) described above which relates to a fermion entering

a tetrahedron.

e A tensor field that corresponds to two fermions passing through a triangle, one

entering the tetrahedron and one leaving

Xabc(gla.92793§g7 f): SU(2)5 - V?sy (4-5-16)

The fourth and final arguments are projected to the spin half representation in the

11
same way as 15 2. There will be a single grasping operation from the fermion

entering the tetrahedron that will be provided by

11 3
(PpaX22)(91,.92,93: 9, f) = /SU(Q) HdﬁidaDéd(ﬁl)Dée(@)Dif(ﬂ?»)

i=1

11
XXaot (10, g2 By, g3Boa ™ Ba; 9B Bs, fa)

e A tensor field that describes two fermions entering the tetrahedron through the same

triangle.

Xabc,def(glagmgs;ga f) : SU(2)5 - V?G (4-5-17)
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Again, the fourth and final arguments are projected to the spin half representation

and we create the two grasping operators with

1

(Pﬁi’yiaigl;zdef)(gla92’93;95 f) =

[un

3
/SU(2) H dBidyidaD, (81) Dy, (B2) Dy (83) Dy (v1) DYy (72) Dy (73)
i=1

X Xl stulg1ma 1, g2Bi07  BL, g32 85 oy Bas gBsa ! Bs, frsa )

This projection gives the field the following invariance property

~ 11
D;p(h)ng(h)Dir(h)Dalls(h)D;t(h)D}u(h)(Pﬁz%aX;q’%stu)(glha gzha g3h; gh7 fh)

11

= (Pﬁi%‘aigl;c%def)(gl » 92,9359, f)
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All of the new fields defined above are also invariant under permutations of the first three

indices. We can now write the action

11

11
SF - SF[¢7¢ 7w2727§abc7xabc7X2I;52def7)‘]

1 1 1
= §/Hd9id9 P, %291, 92,933 9) Paol (91,92, 9359) €abe
=1
1 3
+§/Hdgi P, d(91,92,93) Pay®(91,92,93)
=1
1 3 . 11 . 11
+5 / 11 dgidgdh Pa,a,x22 (91,92, 95: 9, h) ParaaXio} (91,92, 935 95 h)€abceaes
i=1
1 2 ~ 11 11
+§/Hdg,~dgdh Psiyion Xapede (915925933 9, 1) Pasths ™ (91, 92, 933 9, h)€ac€der
=1

6
A - 11
+= dgidgdh Pg,a, Xape ge (915 925933 9, 1) az% (91,95,96,9, h)
4 Jdef
-1
X Py d(92: 945 96) Poy®(93: 94+ 95)€abeEdes
Ar 6 A 11 . 11
+I/Hd9inimX§b§ (91,92,93:9, 1) Pra,Xcf (91595963 95 h)
-1
X Py d(92: 945 96) Poy®(93: 94+ g5)€abeEdes
)‘F 0 7 L1 1
+ / 11 dgidgdh Psna, %22 4e (915 92, 93 9. 1) Poytb2 (91,5, 96 9)
-1
1
X Poy02(g3, 94, 953 1) Pay (92, 94, g6)€abcEde f
A [ R 11 !
+ / 11 dgidgdn Ps,a,x22 (91,92, 93 9, 1) Pan €2, (91, 955 965 9)
=1
1
X Po32 (93, 94, 955 1) Py (925 94, 96) €abede f
Ap 6 11 .1
+Z/Hd9id9dh P, 0372 (91,92, 933 9, ) Pas € 3y (91, 95, 963 9)
=1
!
X Pos& i (925 945 965 9) Py #(935 945 95 ) €abcde f
Ap 6 L1 .1
o / [1 dgidgdn Pu,€2,.(g1. 92, 931 9) Par 6291, 95, 965 P)
=1

1 1
X Po3 2 (92, 94, 965 9) Pay V2 (93, 94, 955 M) €abe€der (4.5.18)

Feynman rules: The partition function for the theory is

, 11 8 11 11 - Py
z= [Dopvtpuit [ DA e = 3 So I (4519
a,...,m=1 r

The four types of propagator are (in the order given in the action)
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h— —> — —h h— — ¢« — =h
g—=3—=9 g—=>—=g g——=>——g
Jg — 1 ] ————— 91 1 g1 g1 g1
92 —_G0G2 P02 g2 92 g2 g2
93— 093 93— g3 g3 93 93 93

The vertices, listed in the order given in the action, and their corresponding vertex am-

plitudes are
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The Feynman diagrams for this GF'T reproduce the spin foam model for fermions coupled
to 3d gravity defined in [36] with the simplification mentioned previously and the relevant
numerical factors absorbed into the coupling coefficient. Note that the fermion spin foam
model is only defined on a proper triangulation, not any 2-complex. Some of the Feynman
diagrams of the GFT will therefore produce spin foams that do not relate to the original
definition of the model. For example, those in which two adjacent tetrahedra are glued on
more than one face and the fermions propagate though both of these faces. However, in

this particular degenerate example, one can show that the amplitude is zero.

We can also now see that at each value of vy [I'] we obtain all possible loop configurations
that completely saturate the spin foam. Thus the GFT naturally includes the matter
diagrams as well as the sum over 2-complexes. This will of course include all matter

diagrams on all topologies available for a given value of vg[I'].

4.6 Conclusions

We have altered the standard GFT for 3d gravity to include observables in the form of
Wilson loops, volume operators and fermions. While the physical significance of summing
over Wilson loops and volume operators is unclear, they are both essential for constructing

the fermionic GFT.

The fermionic GFT gives a way to deal with the triangulation dependence in the spin
foam model for fermions, one of the issues mentioned in [36] and, as one would expect,
implements the sum over fermionic loops at the same time. We now briefly point out
the differences between the fermionic GFT and the GFT for point particles. Firstly,
the corresponding spin foam models have very different vertex amplitudes, even for the

spinning particle. The particles live on the edges of the spin foam since they have an
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associated deficit angle but the fermions propagate along the dual edges as they make
use of the SU(2) variables to parallel transport the spinors. Secondly, the particle model
allows 3 and 4-valent interaction vertices whereas these are not allowed in the fermionic
spin foam due to the Grassmann integration. In the fermionic model, there are two
separate configurations of fermionic loops and the loops must necessarily be closed and
saturate all of the vertices (again due to the Grassmann variables) whereas there is only a
single arbitrary graph in the particle model. Modifications could of course be made to the
interaction terms in the particle model to remove some of these differences and considering

fermionic observables would change the allowed amplitudes of the fermion model.

It would be desirable to give an alternative GFT for the fermion model which takes several
Grassmann variables as its arguments. In this way it may be possible to recreate the model
with fewer interaction vertices, however, it would also need to include a dependence on
the frame fields in a similar way to [66]. Note that this suggestion is not the same as that

in [55] where the fields themselves are Grassmann valued.
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Conclusions

This thesis has discussed various aspects of three dimensional spin foam models for quan-
tum geometry. In the first chapter, we saw how spin networks arise from considering a
lattice BF theory path integral and how, with appropriate gauge fixing, they can be used
to actually compute transition amplitudes analytically without having to resort to Monte
Carlo simulations etc. We arrived at the well known Ponzano-Regge model and discussed

some of its properties.

In Chapter 2 we considered the extension of the 6j asymptotic formula, i.e. the Ponzano-
Regge amplitude for a single tetrahedron, to a much wider class of triangulations. As
expected, we found that the asymptotics were dominated by immersions of the boundary
triangulation in Euclidean space weighted by the cosine of the Regge action. It would be
interesting to give a better physical interpretation of the determinant of the Hessian that
appears in the asymptotic formula. For a single tetrahedron this is proportional to the
volume of the tetrahedron cubed as can be seen numerically, however it was not possible

to show this analytically.

Chapter 3 and 4 discussed the coupling of fermions to the Ponzano-Regge model and
we saw the complications involved in actually computing the relevant amplitudes. Since
the number of possible vertex amplitudes of the spin foam model is huge, in this case a
numerical method would likely be preferable should one wish to actually perform concrete
calculations as there is not a simple formula for the amplitude as for the 6j symbol. The
expression in terms of spin networks may prove to be more useful when considering a sum

over triangulations such as in the group field theory.

All of this has shown that, although it is only a toy model, 3d gravity still has many
interesting problems to consider and will continue to provide insight into constructing
theories of quantum geometry in four dimensions. Current four dimensional spin foam

models are based on a formulation of GR which can be written as 4d BF theory with
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a constraint term. The strategy is then to quantise 4d BF theory as in the 3d case
but then attempt to apply this constraint on the quantum theory. The first attempt of
this kind was by Barrett and Crane who constructed finite vertex amplitudes for 4d and
3+1d. An analogue of the Ponzano-Regge asymptotic formula was found for these vertex
amplitudes (called 10j symbols) which showed that they recovered the Regge action in
the semiclassical limit. However, the geometries of adjacent 4-simplices was inconsistent
in the Barrett-Crane model and an asymptotic formula for triangulations larger than a
single 4-simplex has not been found. This led to some new spin foam models with a better
understanding of how the constraints are imposed [16, 67]. The geometry of adjacent
4-simplices do not suffer from the same problems as the Barrett-Crane models and it is

possible to include an Immirzi paramater.

The semiclassical limit of the vertex amplitudes of these models was also studied as part of
my PhD, see refs [A,B], but this analysis has not been included in this thesis. An alternative
version can also be found in [30, 68|, in both cases the vertex amplitude was found to
contain some function of the Regge action for a flat 4-simplex. While this is a promising
result, a study of the semiclassical limit that fully analyses the dynamics of the models is
still required before one can conclude that these models have the correct semiclassical limit.
For example, non-degenerate, non-flat geometries are certainly included in the quantum
theory, but it has not been conclusively shown that the degenerate or flat geometries are
not dominant in the semiclassical limit. In the 3d case, the Ponzano-Regge model is an
integral over flat SU(2) connections (see [17]) so this is not an issue. We can certainly
conclude that geometry emerges from representation theoretic objects in a certain limit
for both three and four dimensions. However in 4d, the above issues must be resolved

before we can say for certain that general relativity is also present in this limit.
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APPENDIX A

The Peter-Weyl theorem and the
Fourier transform of the SU(2)

delta function

In this section, we recall the Peter-Weyl theorem and use it to Fourier transform the delta

function used in the derivation of the Ponzano-Regge model.

The Peter-Weyl theorem specialised to SU(2) states that the functions

V2 +1D7,(g), (A.0.1)

with g € SU(2) and j € N/2 are the unitary irreducible representations, form an orthonor-
mal basis of L2(SU(2)). A corollary of this is that any function u : SU(2) — C can be

decomposed as
J

ulg) =>_ > D), (A.0.2)
=0 a,b=—j
with the Fourier coefficients given by
chy = d; / dgu(g) D7, (9). (A.0.3)
SU(2)
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If we project this formula down to class functions, i.e. u(hgh™') = u(g), then we get

[ dnathghhy = 3N [ dnel, Dl (hgh ™)
SU(2) — L

j . . . 3
DD R A AOLADIAD
> J 1 A
= > D CuOawbeDg(9)
; ; J

= 2 Z'%adijxj(g), (A.0.4)

Now we can write the coefficients for the delta function 6(g)

ad, = d / dgd(9) D7, (g)
SU(2)

;D7 (1). (A.0.5)

Using equation A.0.4 and using tr D(1) = d;, we obtain

ig) = D> def;a(l)%xj(g)
j=0 a=—j !
_ Zdej(g) (A.0.6)
j=0
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The stationary phase

approximation

To find the asymptotic form of the amplitude, we will use the complex stationary phase
formula [26], as in [29]. However we will also require the stationary phase formula for
non-isolated critical points. We briefly describe the stationary phase approximation and

its generalisation below.

Let D be a closed manifold of dimension n, and let S and a be smooth, complex valued

functions on D such that the real part ReS < 0. Consider the function

f()\):/Ddxa(x) M), (B.0.1)

The Hessian of S is the n x n matrix of second derivatives of S denoted H. For now
let us assume that the stationary points are isolated, which, by the Morse lemma is a
condition equivalent to the statement that the Hessian is non-degenerate at the critical

points; det H # 0. Such functions are called Morse functions.

In the extended stationary phase, the key role is played by critical points, that is, points
xo, which are not only stationary: 65(z¢) = 0 but for which ReS(zp) = 0 as well. So
to compute the dominant terms in the asymptotics for large spins, we need to find the
stationary points of the action S and restrict to those with zero real part. If S has no
critical points then for large parameter A the function f decreases faster that any power

of A~1. In other words, for all N > 1:

fO) =o(A™), (B.0.2)

If there are isolated critical points, then each critical point contributes to the asymptotics

of f by a term of order A~"/2. For large \ the asymptotic expansion of the integral yields
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for each critical point

a(o) <2—”>n/2 L s oa/m). (B.0.3)
A det(—H)

At a critical point, the matrix —H has a positive definite real part, and the square root of

the determinant of this matrix is the unique square root which is continuous on matrices

with positive definite real part, and positive on real ones. If S admits several isolated

critical points with non-degenerate Hessian, we obtain a sum of contributions of the form
(B.0.3) from each of them.

B.1 Stationary phase for a manifold of critical points

If the action has degenerate critical points, i.e. the Hessian matrix has zero determinant,
care is needed to compute the asymptotics (see eg [69]). Let C := {y € D | §S(y) =
0, ReS(y) = 0} denote the set of critical points. Note that we cannot a priori assume C
to be a disjoint union of manifolds, however here we have restricted ourselves to this case

so that the following generalized stationary phase theorem applies.

For a smooth function S whose critical set C is a disjoint union of closed manifolds,
each critical manifold C,, of dimension p, labelled by some zy on the critical manifold,

contributes the following to the asymptotic formula [69]:

2\ P2 e a(y)
<T> e /C 0., (1) s 11400/ (B.1.1)

where H " (y) is the restriction of the matrix to the directions normal to C,, with respect
to some Riemannian metric on the domain , and doc, is the canonical measure induced
on the critical submanifold by the same Riemannian measure on the domain space. This

extends to the case where C is a manifold-with-boundary.
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Integrals over four and five group

elements

Using the angular momentum diagrams, the result for the integration over the tensor

m K T J
L m| B 6
d m L n 1
¢ 77>/SU(2) gm"™(9)" k7" (9)"
m) (eﬂ m)(f@ ij) ()\ kl)
e e
L kE Ll | u m| B 6 m| ¢ n

a v € 0 i g k1
:E C.0.1
m<ijkl>m<ﬁ6<n>m’ o

where the obtained 4; symbol is defined as follows

(i Jok l) :Z\/dimm<i J K><m g l). (C.0.2)

product of four group elements is

/S oo dg'(9)%5 7 (9) 57" (9) 7' (9)0 = D > < (j !

N A NTION J
e 0| n A
X
kL | p n

1 oy
:dimmz<"

mom A N LT

kol

a [ v 0 a [ m kK v 0

Using the conjugation (1.5.54), we can also calculate the following integral

4 . «a e 1 i 7 k 0
/SU@)dg?fz(g)o‘gWj(g)waﬂk(g)egﬂl(g1)977:(—1)212<, ! >m< ’ )m

m \t J k7 B 6 ¢ 1
and also
[ damersmitaynta™y gy = copwn o (07 R L (e
sU() e ‘ ! \ijicn) \Bok 1)

This covers all possible four-valent orientations configurations.
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Finally, we compute the five-valent integration as follows.

/SU<2> dg ' (9)%5 7 (0)"5m ()" ¢ (9) " (9) o = /SU(2) dg Y > ( o

X ( :z b )ﬂ"(g)xﬂk(g)ec < .

36
-xyy (0]

n, A\ 0,1,€ P,P,0
(0 nk)(HL
X
Pl p ¢ L m
_Z a v e 0 i 7 k I m
n,oijklmnoﬁégnr@

where the 55 symbol is given by the following expression

<i ikl m> :Zm<i j ,u)(nk:a)(o l m)

BoCmn k) s B o n po¢ oo oon K

, (C.0.3)

(C.0.4)

Again, from the above, it is immediate to obtain that

/ dg ' (9)%s 7 () s7*(9) 7' (9)? 7™ (97"
SU(2)

_(DQMZa'yeHm i j k1 o
moijklﬁnoﬁégnmnO’

and that

/ dg'(9)s 7 (9)" 57" (9) 7 (g7 )7 ™ (g7 ")" &
SU(2)

:(—1)2(l+m)z a v € I m i ] k 0 .
moz’jknnnoﬁéglmno

This covers all possible group integrals that can appear in the fermionic model.
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