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Abstract

We construct a 4d Lorentzian spin foam model capable of describing both spacelike and
timelike surfaces. To do so we use a coherent state approach inspired by the Riemannian
FK model. Using the coherent state method we reproduce the results of the EPRL model
for Euclidean tetrahedra and extend the model to include Lorentzian tetrahedra. The
coherent states of spacelike/timelike triangles are found to correspond to elements of the
discrete/continuous series of SU(1, 1). It is found that the area spectrum of both spacelike
and timelike surfaces is quantized. A path integral for the quantum theory is defined
as a product of vertex amplitudes. The states corresponding to timelike triangles are
constructed in a basis diagonalised with respect to a noncompact generator. A derivation
of the matrix elements of the generators of SL(2,C) in this basis is provided.
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Chapter 1

Introduction

The General Theory of Relativity describes the dynamical relationship between matter
and geometry. Spacetime is the field which dictates the kinematics of matter while the
presence of matter causes the geometry of spacetime to curve. As best as can be observed,
the spacetime field of our universe has four dimensions: three spatial and one temporal. It
is therefore reasonable to represent spacetime as a smooth four dimensional manifold; the
geometry is completely described by a metric while the dynamics is dictated by Einstein’s
equations. Since spacetime is a dynamical field there is no static background for which one
can make reference to and thus only relational quantities have physical meaning. This is
referred to as background independence and is a cornerstone of the classical theory.

How should one go about quantizing such a theory? Why should one want to quantize it
in the first place? The answer to the latter is that the theory of General Relativity predicts
singularities in the geometry of spacetime. Singularities are points in the manifold at which
the curvature or other physical quantities diverge. For example such singularities exist at
the center of black holes in which all the matter of a body is crushed to a single point.
Another example of a singularity is the big bang from which it is believed that the universe
itself expanded. Due to general theoretical arguments such as the singularity theorems [I]
as well as a large amount of indirect observational evidence it is widely believed that black
holes do exist in our universe and that the big bang did indeed happen. Therefore as the
paradigm of General Relativity is pushed to its limits a complete physical description of
these phenomena is needed more than ever.

Since these singularities are highly localized, it is believed that it is our negligence of
Quantum Mechanics that is causing these divergences. As of yet, a satisfactory theory
of quantum gravity has yet to be discovered. Some have even gone so far as to claim
that General Relativity and Quantum Mechanics are fundamentally incompatible. One
observation that might lead to such a claim is that Schrodinger’s equation is formulated in
terms of an external time whereas General Relativity is background independent. This is



by no means a dead end, however, since there are other formulations of Quantum Mechanics
which are generally covariant such as Feynman’s path integral formulation.

Spin foam models attempt to define a quantum theory of gravity in this way as a
sum over geometries. A naive attempt to construct such a theory might be to define the
following path integral

Z = /eis[guy}dﬂ[guu]a (1'1)

where S is the Einstein-Hilbert action. In this way one might be able to calculate the
transition amplitude between two 3d metrics. The main problem with this formulation
is that a consistent definition of the measure du[g,,] has not been found (except for the
case of a perturbative expansion on a flat background [2]). This is due to the fact that
if spacetime is truly continuous then there should be no restriction on the complexity of
its geometry or topology. In this way one could imagine holes, handles, and ripples in
spacetime ad infinitum. One solution to this problem is to treat spacetime as a discrete
structure. In this way the number of possible geometries becomes much more manageable
mathematically.

The assumption that space and time are quantized is motivated by a canonical approach
to quantum gravity known as Loop Quantum Gravity [3]. Loop Quantum Gravity is a
theory of quantized geometry based on holonomies and hence loops. These loop states
form an algebra analogous to a Yang-Mills gauge theory and remarkably they provide a
basis for a separable Hilbert space of a Quantum Field theory. Moreover, this Hilbert space
is also spanned by a basis of states known as spin networks which admit the compelling
physical interpretation as quantized spatial geometries.

These spin networks are simply graphs with links labeled by spins j; and nodes labeled
by intertwiners. Spin network states are eigenstates of the SU(2) gauge invariant area
operator A having the discrete spectrum [4]

A= 8thZ ViiGi + 1), (1.2)

where 7 is a free dimensionless parameter of the theory called the Immirzi parameter. Each
eigenvalue of A is interpreted as the area of a surface which intersects I' across n of its links
labeled by the spins j; for ¢ = 1,...,n. Notice that since the fundamental representation
of SU(2) is given by j = 1/2 this formula implies that there exists a minimal quantum of
area.



The transition amplitude (s'|s) from one spin network s to another spin network s’ can
then be calculated as a sum over paths. The paths in this case are referred to as spin foams
and consist of sequences of spin networks which are bounded by s and s’. A spin foam can
be represented as a 2-complex which consists of vertices, edges, and faces where now the
faces are labeled by spins and the edges are labeled by intertwiners.

The interpretation just described of a spin foam as a spin network history is derived
from the canonical theory. One can also arrive at a similar interpretation of spin foams
from a covariant starting point, that is, directly from a path integral. In the canonical
approach a spin network is an arbitrary embedded graph which can have any valence or
even knots. In the covariant approach however, for simplicity one restricts to the case of
triangulations which are taken to be 4-valent. In this thesis we will work from the covariant
direction by first constructing a classical theory of gravity on a discretized space and then
quantizing the theory by specifying a path integral.

We construct a path integral of General Relativity indirectly by first quantizing a
simpler theory known as BF theory and then imposing constraints on the quantum BF
theory so that it agrees with General Relativity in the classical limit['] The main difference
between most spin foam models is simply the way in which these simplicity constraints are
imposed on the quantum BF theory.

One of the first models for imposing the simplicity constraints was proposed by Barrett
and Crane [5]. The simplicity constraints were imposed as strong operator equations in the
quantum theory and resulted in a simple and elegant theory. However, it was shown that
in the semiclassical limit the graviton propagator lacked the correct degrees of freedom to
describe gravity [6]. This is because the simplicity constraints form a set of second class
constraints and it is known that imposing second class constraints strongly can result in
the loss of physical degrees of freedom [7].

New spin foam models were later proposed in which the simplicity constraints were
imposed weakly after quantization. First, models of 4d Euclidean gravity were proposed by
Engle, Pereira, Rovelli, and Livine (EPRL) [§] as well as by Freidel and Krasnov (FK) [9].
The EPRL model imposes the simplicity constraints directly on the quantum operators
using what is called the Master constraint while the FK model employs a semiclassical
method using coherent states to impose the simplicity constraints on expectation values
of the constraint equations. Although the two models were constructed by very different
approaches, they were nevertheless shown to be closely related [10]. A Lorentzian version
of the EPRL model was also defined in [§], however a Lorentzian version of the FK model
was not.

A serious weakness of the EPRL model in Lorentzian signature is that it is only defined

!The name BF theory comes from the form of the Lagrangian of the theory which is composed of the
wedge product of a two form B and a curvature two form F'.



for spacelike surfaces. That is, the EPRL model is restricted to Lorentzian triangulations
consisting of only spacelike triangles. Thus, in particular, one can only consider spacelike
boundary hypersurfaces consisting of Euclidean tetrahedra. This is troublesome because,
as argued by Oeckl [I1], if one treats spacetime quantum mechanically then any quantum
measurement will require the specification of not only the initial and final states on spacelike
boundary hypersurfaces, but also the specification of the state on the timelike boundary
surface connecting them| A final motivation for the generalisation to timelike surfaces is
the coupling of other fields in the spin foam model. For example, if one were to couple an
electromagnetic field to a model with only spacelike surfaces then such a field would only
have a description in terms of magnetic fields. Thus the generalisation of spin foam models
to include timelike surfaces is imperative.

The reason the EPRL model is restricted to only spacelike surfaces is due to ambiguities
in the Master Constraint method of imposing the simplicity constraints in Lorentzian
signature. We will overcome this weakness by using a different method of imposing the
simplicity constraints. We begin by defining a Lorentzian spin foam model in the spirit
of the FK model by constructing a new set of coherent states for the the gauge group
SL(2,C). We then find that the coherent state method does not share the ambiguities of
the Master Constraint method in Lorentzian signature and can thus be used to quantize
timelike surfaces. Hence, we extend the EPRL model to general triangulations and general
boundary states. This work has resulted in the following publications [12] and [I3].

The thesis is organised as follows. In Chapter [2| a formulation of classical General
Relativity is given in terms of the Hilbert-Palatini action. In Chapter [3]we give a derivation
of the BF theory path integral and the EPRL method of imposing the simplicity constraints.
The original work of this thesis is contained in Chapters [d and 5] In Chapter {4 the EPRL
model is rederived using the coherent state method and the EPRL model is then extended
to the case of timelike surfaces. In Chapter |5| we propose a spin foam model which is
applicable for both spacelike and timelike surfaces.

The construction of the coherent states for SL(2, C) required considerable mathematical
machinery, some of which was not contained in the literature. For instance, in order to
derive the coherent states corresponding to timelike surfaces the action of the generators
of SL(2,C) decomposed into unitary irreducible representations (irreps) of SU(1,1) and
diagonalized with respect to a noncompact generator was needed and had to be derived.
This had not been done before to our knowledge and is part of further work in the process
of publication [I4]. This original work and other information about SL(2,C) is contained
in the Appendices.

The Appendices are organised as follows. Appendix [A] contains standard information
about the unitary irreducible representations of SL(2,C) as can be found in [I5]. In

2While it can be argued that a connected boundary hypersurface can also be constructed using only
spacelike hypersurfaces, such a construction is impractical in general.
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Appendix [B| we derive the matrix elements of SL(2,C) in the continuous series of SU(1, 1)
in a basis diagonalized with respect to the generator K'. In Appendix [C|we list the matrix
elements of generators of SL(2,C) in the various bases used in the thesis. Finally, in
Appendix [D] we give the explicit parameterization of various quotient spaces which are

used to relate the coherent states in the spin foam model to the normal vectors of classical
triangles.



Chapter 2

Classical GGeneral Relativity

The mathematical formalism of General Relativity is that of differential geometry which in
its standard formulation is described by a metric and a connection. In the absence of torsion
the connection is determined by the metric. We will assume the knowledge of this standard
formulation of General Relativity in terms of a Lorentzian metric and the corresponding
Levi-Civita connection and we will use the following notations and conventions.

2.1 Notations and Conventions

Let M be a smooth oriented Lorentzian manifold equipped with a metric g of the signature
convention (4, —, —, —). We will denote 4d Minkowski space by M* which has the metric
n* = diag(1,—1,—1,—1) and 3d Minkowski space by M? which has the metric n** =
diag(1,—1,—1). Here spacetime indices will be denoted by Greek indices with the range
i =0,1,2,3. The metric is used to raise and lower indices and thus gives an isomorphism
between vectors in the tangent space and one forms in the cotangent space.

Differential forms are antisymmetric tensor products of one forms. The wedge product
of a p form and a ¢ form is given by the antisymmetrized tensor product

(VAU =V o

where we have denoted the antisymmetrization of indices by square brackets. The anti-
symmetrization of indices is given by

(2.1)

1 Hptq p1epp Y pipt1 - ptals

Alab] — pab _ Aba’ (2.2)
A[abc} = A[ab]c_i_A[ca}b_'_A[bC]a’ (23)



and so on. The Hodge dual of a p form V.., is defined by
1 v1-Up
*xV = ﬁﬁ Ml"‘Mn—pVVl'"VP’ (24)

where %V is an n — p form. Here €79 is the totally antisymmetric symbol such that
€923 — 1. Furthermore, we have that

*xV = (=1)P-p-ly, (2.5)

Integration of a scalar function ¢ over M is given by

/M b(x) = /}R ke Tgl o), (2.6)

where +/|gld'r = €,..45d2" @ - - - ® da# is the volume form on M and g = det g,,. The
integration over R* is taken to be the Lebesgue measure on each of the coordinate charts
of an oriented atlas. We choose units in which h = G = ¢ = 1 and for simplicity we will
ignore dimensionless constants in the classical actions.

2.2 Tetrad Formalism

Let g be a metric on a manifold M. On a chart of M with coordinates z* the metric can
be given in the coordinate basis by

g = gﬂl’ 8u ® 0, = Guv dxt @ dx”. (27)

Unless the metric is flat, the coordinate basis is not orthonormal. We can construct an
orthonormal basis for a general nondegenerate metric by defining a set of basis vectors e
for I =0,1,2,3 called tetrads which satisfy

g = erelmi, (2.8)

and



enely =07, (2.9)

The one forms efb compose the inverted tetrad matrix and are referred to as the cotetrad.
We note that the definition of a tetrad (or cotetrad) is equivalent to the definition of a
metric. The capital Latin indices are referred to as internal indices and are raised /lowered
by the n;; while the usual Greek letter spacetime indices are raised/lowered by g,,. In
terms of the metric the volume form is given by e d*z where

1
e = det(eqr) = Eeo‘mée”KLeajemeer(;L. (2.10)
We can define a metric compatible covariant derivation by requiring that it annihilate eli
as in

Vaesr = dnepr — Ll geqr +wo'eps =0, (2.11)

where I' ; and w, ;7 are referred to as the affine and spin connections respectively.

2.3 Einstein-Hilbert Action

In this section we review the derivation of Einstein’s equations from variations of the
Einstein-Hilbert action using the tetrad notation [16]. The Einstein-Hilbert Lagrangian
consists of simply the Ricci scalar which can be expressed as a function of the affine
connection or the spin connection. If one assumes vanishing torsion then both the spin
connection and the affine connection can be written in terms of the tetrad which is thus
taken to be the only independent variable. The torsion tensor is given by the antisymmetric
part of the affine connection therefore if we take

I"Y

L =0, (2.12)

then from Eq. (2.11]) one obtains the unique solution

€ 1 €
o8 = 597 (Oaes + Opgea — OeGap) - (2.13)



We have written I 5 in terms of the metric for familiarity but this can expressed in terms
of the tetrad by a simple substitution. Putting Eq. (2.13)) into Eq. (2.11)) one can also solve

for the spin connection in terms of the tetrad as

1
Wl = Eee[l (8[ae§] + eK]ﬁe£8565L> . (2.14)

We define the Riemann tensor in terms of the covariant derivative as follows

V[QVB]’UG = Raﬁeuvm (2.15)
ViaVaur = Ropr'vs, (2.16)

for all vectors v, = elv;. Geometrically the commutator of covariant derivatives represents
the parallel transport of a vector around an infinitesimal rectangle and the Riemann tensor
is the corresponding transformation tensor. Note that from these definitions it follows that

R,sr” = Rl e5ey. (2.17)

Using Egs. (2.15]) or (2.16) the Riemann tensor can be given in terms of the affine or spin
connection respectively by

Rop®y = Ol + Ff@éﬁrglu’ (2.18)
Raﬁ” — 8[awéf + u)[iKu)mKJ. (2.19)

Finally we can use the tetrads to construct the Ricci scalar by contracting the first and
third indices of the Riemann tensor with the second and fourth indices respectively. Thus
the Einstein-Hilbert Lagrangian in the tetrad formalism is given by

Lpg=e e?egRyﬁ”(e}(), (2.20)

Note that e d*z is the volume form in the tetrad formalism. Varying the action with respect
to the tetrad one gets the following equation of motion

1
e‘}(e}engK‘] - 56?6}6§R7ﬁ[(‘] =0, (2.21)

which when multiplied by eﬁ gives the familiar Einstein equations for pure gravity

1
Ry = 59 R = 0. (2.22)



2.4 Hilbert Palatini Action

The difference between the Hilbert Palatini action and the Einstein Hilbert action is that
torsion is not assumed to vanish a priori. The spin connection is therefore not determined
uniquely by the tetrad and is instead taken to be an independent variable. Moreover, we
can formulate everything in terms of the spin connection using the language of differential
forms. Indeed, one can define the spin connection by an exterior covariant derivation by

Dv! = dv’ + W' Ay, (2.23)

for all vectors v!. Defining the curvature tensor in analogy with Eq. (2.16))

D*v; = F;7 Nwy, (2.24)
we obtain Eq. (2.19) in differential forms]
FY = dw" + o™ ANwpd (2.25)

The Hilbert Palatini Lagrangian has the same form as the Einstein Hilbert Lagrangian

except the curvature scalar is now a function of the spin connection independently. It is
thus given byf|

Lyp = ee?e?Faﬁl‘](wa). (2.26)

Varying with respect to the tetrad and the spin connection gives the following two equations
of motion respectively

1
e%e}eﬁFvﬁK‘] - §e}<e§e?me =0, (2.27)
Da(eaﬂ“";qJKLefeg) = 0. (228)

The first equation of motion is precisely Eq. (2.21) with R replaced by F. The second
equation of motion can be written as

"'We use the letter F' to denote the curvature tensor instead of R since it is not equivalent to the
Riemann tensor in the presence of torsion.

2 One can also include a cosmological constant to the action but we have omitted it since it will not be
implemented into the spin foam models.
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D(e® Net) =0, (2.29)

and can be shown to be equivalent to the zero torsion condition as follows. First expand
in a basis of three forms

D(e' ne?) = De! Ne! —e! A De’, (2.30)
=Th e neb ne! =Tl ef nef nek, (2.31)
= (Th 0%, + Tip01) e Nem ne, (2.32)

for some coefficients T'7.. Then setting J = M we have

2T, 1 + Tike 05 — Tt 0k = 0. (2.33)

Finally, setting I = L we obtain T[g g =0 which when put back into Eq. 1} implies
T[IL Kk =0 and thus

De! =T} e Nl =0, (2.34)

which is the zero torsion condition. Together the two equations of motion are equivalent
to Einstein’s equations.

We can generalise the Lagrangian in Eq. (2.26) by adding what is called a Holst term
without changing the classical equations of motion. To see this more clearly we will first
write the Lagrangian in the language of forms. Using the identity

o 1
ee[I eg} = éeo‘ﬁvéeUKLefeg, (2.35)

we can write Eq. (2.26)) as

EHP = GIJKLeK N €L N FIJ((,U). (236)

Further, we will use the Hodge x notation where

11



1
*(el Nel) = §€IJKL€K A ek, (2.37)

in which case the Hilbert-Palatini Lagrangian takes the formE|

Lyp=x(e; Ney) NF. (2.38)

We will now add the Holst term which has the form e A e A F' to this Lagrangian to get

1
EHolst :*(61/\6J)/\FIJ——(GIAGJ)/\FIJ, (239)
Y

where v > 0 is a free parameter referred to as the Immirzi parameter. Adding the Holst
term does not change the classical equations of motion of the Hilbert-Palatini action. This
is because varying with respect to w!” still produces the equation of motion ([2.28) while
varying the Holst term with respect to e/ gives

Fine’ =0, (2.40)

which is the first Bianchi identity when combined with Eq. (2.2§)), i.e. zero torsion.
Therefore, the action in Eq. (2.39) produces the same equations of motion as the Hilbert
Palatini action, namely the Einstein equations.

The action in Eq. will be our starting point for constructing a spin foam model
of quantum gravity. We will find that the inclusion of the Holst term, and hence the
Immirzi parameter, will be essential to this construction. Interestingly, this action is also
the starting point of Loop Quantum gravity for which the Holst term is also required [17].

3We will omit the brackets for  when it is clear from the context. In this case there is no ambiguity
since the Lagrangian must be a 4-form.

12



Chapter 3

Spin Foam Models

It is not known how to quantize the Hilbert Palatini action directly. However the quanti-
zation of a simpler model called BF theory is much more well understood. We first review
the quantization of BF theory and then we review the EPRL method of imposing the
simplicity constraints on the quantum BF theory. The resulting spin foam model should
then agree with the Hilbert Palatini action in Eq. in the classical limit.

3.1 BF theory

The classical BF action is defined in analogy to Eq. (2.39) as

1
5= / {B,J AFY 4 L («B)y A FY (3.1)
M Y

where F' is the curvature and B is an arbitrary 2-form. For simplicity we consider an
oriented manifold M without boundary but we note that the generalisation to manifolds
with boundary is straightforward [I8]. If B is constrained to b

B = «(E' N E7), (3.2)

then one recovers the Hilbert-Palatini action with a Holst term. P| Equation (3.2 is
referred to as the simplicity constraint because the two form B is constrained to be a

'We will use a capital E to denote the tetrad since lower case e will be used later to denote edges of a
triangulation.

2Notice that we could equivalently constrain B = E'A E and recover Eq. with Immirzi parameter
—1/~. Thus there are two equivalent sectors of BF theory which are both equivalent to Eq. but
have different values for the Immirzi parameter.

13



simple bivector. The reason for considering this constrained BF theory rather than the
Hilbert-Palatini action directly is that the two form B can be integrated out in a path
integral providing a tremendous simplification.

We will approximate this continuous theory by a discrete lattice theory. Any Lorentzian
manifold can be approximated sufficiently well by a piecewise flat manifold, i.e. flat 4-
simplicies glued together in such a way as to approximate the continuous geometry. Sim-
plicies are the building blocks of polyhedra, i.e. points, lines, triangles, etc and a simplicial
complex is a set of simplicies glued together in an appropriate mannelﬂ Finally, a trian-
gulation of a manifold is a simplicial complex for which the union of all the simplicies in
the complex is homeomorphic to the manifold, i.e. one which respects the topology. Note
that the orientation of M defines an orientation of the simplicies in a triangulation.

Let A be such a triangulation of M consisting of 4-simplicies o, tetrahedra ¢, triangles,
edges and verticies. The dual complex A* is composed of verticies v, edges e, and faces f
where each 4-simplex o € A is dual to a vertex v € A*, each tetrahedron t € A is dual to
an edge e € A*, and each triangle in A is dual to a face f € A*. Note that the 2-simplicies
in the dual complex are in general not triangles but polygons hence we refer to them as
faces. A summary of these labels is contained in table

n-simplex A label A* label name
0 v vertex
1 e edge
2 f face
3 t tetrahedron
4 o 4-simplex

Table 3.1: Labels of n-simplicies in a 4d triangulation. We will not require names for the
0,1,2-simplicies in A therefore we have left these fields blank. On the other hand, the
3,4-simplicies are, in general, not defined in A*.

The curvature of the simplicial geometry is concentrated on the faces in the following
sense. The metric inside each 4-simplex is flat and although it may be possible to con-
struct a flat coordinate system covering adjacent 4-simplicies, in general it is impossible to
construct a flat coordinate system covering all of the 4-simplicies surrounding a face. This
formulation of curvature on a discretized space is referred to as Regge calculus [20].

With this in mind, we wish to formulate the holonomy around a face in A*. Let z#
be a chart covering the tetrahedron ¢ of a 4-simplex o and let E[L(t) be the associated
orthonormal basis given by

3For more details see [19].
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E'(t) = El(t)da". (3.3)

Since the metric is flat inside ¢ we can construct a common coordinate system y* covering

all five tetrahedra inside o. Let E(v) be the orthonormal basis corresponding to y* given
by

E'(v) = E/{L(v)dy“. (3.4)

It follows that the cotetrad fields EJ(t) for the five tetrahedra in ¢ must be related to
El(v) by matricesﬁ (gue)’; € SO(3,1) defined by

(90e)' B (v); = E(t),- (3.5)

Note that e € A* is the edge dual to the tetrahedron ¢t and one can view the variables g,.
as a discretized connection on A*. Further, we denote the gauge transformation from one
tetrahedron t to an adjacent tetrahedron t' (or equivalently the parallel transport in A*
from edges e to €’) by

Gee’ = GevGue’s (36)

where ge, = (gue)™'. The holonomy around a face f € A* with n verticies is therefore
given by

Gf = G€1€2 G€2€3 tee Gen€1 = H JevGve' - (37)

vCf

The second equality is condensed notation as a product over the verticies in f of the

connection variables ¢., and g, where it is understood that €’ follows e around the oriented
face f. See Fig. |3.1

We can relate the discrete variables G; and By to the continuous variables w!’ and e/,
as follows. The holonomy variables are related to the continuous connection w(t)!’ defined
on t by

“Here we take the gauge group to be SO(3, 1) which is the homogeneous Lorentz group. In the quantum
theory we will use SL(2, C) which is the double cover of SO(3,1).
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Figure 3.1: An arbitrary face f € A* is composed of verticies v, v/,... and edges e, ¢,...
The connection is defined on half edges g., € SL(2,C) and the holonomy around the face
is given by the product G5 = geyGue'Gerv - -+ -

Gl = Pexp?{cw”(t), (3.8)

which is the path ordered exponential around the face f. Also, the discrete analog of Eq.
(3.2)) can be defined by the following surface integral

B = /* (E(t)" ANE®)). (3.9)

f
The classical discrete analog of the action in Eq. (3.1]) is given by

1
S: Ztr |:Bfo+—*Bfo . (310)
fEA* v

To see this recall that in the continuum limit

Gr=1+Fy, (3.11)

where F is the curvature around the face f and thus
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[ 1
S=> tr BfoJr;*Bfo] :

fEA* L

[ 1 1
:Ztr Bf~]l+—*Bf-Il}—i—tr[BfFf—F—*BfFf ,
v v

fEA* L
[ 1
= Ztr BfFf—F—*BfFf},
fEA* L ’Y
1
z/ tr{B/\F%——*B/\F}. (3.12)
M Y

where we used the fact that the trace of By (and hence xBy) vanishes since it is antisym-
metric.

So far we have constructed a classical theory of gravity on a discretized space given
by the action in Eq. and subject to the simplicity constraints in Eq. (3.2]). The
quantization of this theory consists of promoting the classical variables By and Gy to
operators and then specifying the dynamics by amplitudes from a path integral. The
variables By are promoted to right invariant vector fields on the gauge group SL(2,C)
which are isomorphic to elements of the Lie algebra s[(2, C) while the holonomies Gy

are promoted to operators on the Hilbert space of unitary irreducible representations of
SL(2,C) [18].

SL(2,C) is the group of all unimodular, two by two, complex matrices. Its Lie algebra
sl(2,C) is spanned by the six generators J¢, K for ¢ = 1,2, 3 which satisfy the following
commutation relations

[, J7) = ie? J*, (3.13)
[J', K9] = ie¥ K", (3.14)
(K, K9] = —ie? J*. (3.15)

In the fundamental representation these generators are given by the Pauli matrices as

L 0y
Ji== K'=—, 3.16
X, : (3.16)

The generators of the Lorentz group also satisfy these commutation relations and so
SL(2,C) is locally isomorphic to the Lorentz group. In fact, SL(2,C) is the double cover of
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the Lorentz group, which is what we will use in the quantum theory. To construct unitary
operators in the quantum theory we will need to work with the unitary irreducible repre-
sentations (irreps) of SL(2, C). The irreps of SL(2,C) are labeled by a positive integer n
and a real number p. For a derivation of these irreps of SL(2,C) see Appendix .

The classical action in Eq. (3.10)) is then used to formulate the following path integral

Z:/ 1T 2B; 1] dgesc™. (3.17)

feax evEA*

where dB; is taken to be the Lebesgue measure and dg., is a measure of SL(2,C) for
the connection variables g., on the half edges which compose the holonomies G¢. The
integration of the By’s can be done explicitly giving [21]

Z = / IT doeo TT 0(Gy). (3.18)

SL(2,C) evEA* fEA™

where 0(g) is the delta distribution on SL(2,C). As such, d(¢g) admits a character decom-
position of the form [22]

3(9) = / dp(n® + p*)tr [D¥™(g)], (3.19)

where DP™)(g) is the operator corresponding to g in the (p, n) representation of SL(2,C).
Therefore the partition function can be written as

7 = Z /dpf / H dGgey H (nf + p})tr [D(p’")(Gf)] , (3.20)
np=0_"_ SL(2,C) evEA* feAx

=2 /d/)f LI (% + 2} Ar((ps.mp); Gy), (3.21)

TLfZO_OO fEA*

where we used Eq. (3.7)) to define the face amplitude
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Af((pf, nf); Gf) = / H dgevdgve/ tr [D(mef)(gevgve/ﬂ . (3.22)
sL(2,c) v<f

Notice that the sum over ny and the integral over p; have been moved to the left. This is
because we first colour the faces of A* with representation labels (py, ns) and then compute
the product of all the face amplitudes Ay for each face f € A*. In the end we sum over all
possible colourings (py, ny).

Expressing the partition function as a product of face amplitudes is most natural but
one can organize it in other ways. One could instead consider each of the faces containing
a vertex v and then express the partition function as a product of vertex amplitudes A,.
The use of vertex amplitudes is more conventional and this is how we will express the final
partition function once we specify how the trace in Eq. is to be calculated.

In order for the partition function in Eq. to describe gravity the simplicity con-
straints need to be enforced so that the discretized BF action in Eq. agrees with
the Hilbert Palatini action in the classical limit. We will find that the simplicity
constraints will manifest themselves in the quantum theory as constraints on the represen-
tations (p,n).

3.2 Simplicity Constraints

The simplicity constraints can be formulated in a concise way by the following argument
[9]. The constraint that xB is a simple bivector is equivalent to the requirement that there
exists a 4-vector U which is orthogonal to it. This is because if *B is not simple then it
must be the sum of two bivectors which are composed of four 4-vectors which span M?*.
Hence xB cannot be orthogonal to any other 4-vector which proves the contrapositive.
Conversely, if B is simple then it is a bivector which spans a two dimensional subspace and
thus there must exist a 4-vector U which is orthogonal to it.

Hence, the simplicity constraints in full generality are equivalent to the existence of a
a unit norm 4-vector U such that

U- (+xB) = 0. (3.23)

Moreover this form of the simplicity constraints is advantageous because it selects the
sector of BF theory for which the Immirzi parameter is equal to 7 (as opposed to —1/7)
and *B will be a simple bivector of the form
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If we further enforce the closure constraint?]

> Bi(t) =0, (3.25)

fet

the bivectors B(t) form a closed tetrahedron in a 3d subspace. Furthermore, the bivectors
*xBy also form a closed tetrahedron and U can be taken to be the normal vector to this
tetrahedron (in 4 dimensions). See Fig. 3.2

Since U is orthogonal to By for each f € ¢ this implies that B is parallel to U so

B=AUAN, (3.26)

where N is a unit 4-vector such that U - N = 0. The constant A corresponds to the area
of parallelogram spanned by F; and F, as

A= \/|B2E} — (B, B, (3.27)

Furthermore, since N - (*xB) = 0 we can interpret N as the unit normal vector to the
triangle Ey A Es.

Since B is parallel to U it must also be orthogonal to xB, therefore we also get the
weaker constraint

*B- B =0. (3.28)

In accord with the discretized action in Eq. (3.10) we add a Holst term by defining

1
J=B+-«B. (3.29)
Y

5Note that the closure constraint is imposed dynamically as an equation of motion of the discretized
action Eq. in (3.10). For a derivation see [18].
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Figure 3.2: Classical variables for a tetrahedron ¢t € A. Each bivector E; A Ey represents
a triangle having a unit normal N. The unit normal to the tetrahedron is U.

We have labeled this bivector with the letter J as it will be closely related to the generators
of SL(2,C) in the quantum theory. Inverting this equation for B in terms of J gives

2
_ 1
B= - <J 7u). (3.30)

Thus in terms of J Eq. (3.23) becomes

U <*J + %J) —0. (3.31)

Also, in terms of J Eq. (3.28) becomes

:ﬁ((l_%)*J.JjL%J.J) (3.32)

which implies

1 2
(1——2)*J-J+—J~J:O. (3.33)
gl g}



Recall that Eq. (3.33) is implied by Eq. (3.31)). The reason for writing the two constraints
separately is that the EPRL model imposed them in different ways as will be demonstrated
in the next section.

3.3 The EPRL Model

If one imposes the simplicity constraints directly into the quantum theory, that is as strong
operator equations, then one arrives at the Barret Crane model [5]. This model has been
shown to lack the correct dynamics for the free graviton propagator in the semi-classical
limit [23]. This is due to the fact that the simplicity constraints are imposed too strongly,
i.e. on individual 4-simplicies, and neglects the fact that neighboring 4-simplicies share
tetrahedra and are thus not independent. The EPRL model remedies this oversight by
imposing Eq. in a weaker manner by using what is called the Master Constraint.
On the contrary Eq. will be shown to be of first class in the quantum theory and
can thus be imposed strongly.

3.3.1 Simplicity Constraints

In the quantum theory the classical bivectors J!’ are promoted to elements of the Lie
algebra sl(2, C). Therefore xJ - J and J - J become the two Casimirs of s((2, C) which are

denoted by

Ci=J-J and Cy=%J-J (3.34)
Defining the usual rotation and boost operators by

) 1 .. . . )
leiemjkﬂk and K'=J% (3.35)

the Casimirs can be expressed as

Cy =20,5(J' ) — K'K’) and  Cy= —46;;J' K. (3.36)

This implies that the constraint given in Eq. (3.33) commutes with all other constraints
since the Casimirs are by definition invariant operators. Hence Eq. (3.33)) can be imposed
directly in the quantum theory as a strong operator equation
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1 2

(1 — —2) Cy+—-Cy =0. (3.37)
Y Y

Equation (3.31)) however should not be imposed strongly. To impose Eq. (3.31)) we will

assume that U is timelike and gauge fix it to U = (1,0,0,0). The result for a general

timelike vector U will then hold by gauge invariancdﬂ As we will see, the EPRL method

of solving the constraints is only applicable to this choice of gauge in which U is timelike.
Proceeding, Eq. (3.31]) with this gauge choice becomes

*B% = 0. (3.38)
Using Eq. (3.30]) this reads
) 72 . 1 ..
*B" = —— <*JOZ + —JO’) =0, (3.39)
L+7 gl

which in terms of J* and K* becomes

Ji+ K =0. (3.40)
Y

The imposition of Eq. (3.40) is done so weakly by the so called Master constraint. The
Master Constraint is simply the sum of the squares of the constraints in Eq. (3.40) and is
given by

> (Ji + lKi>2 = 0. (3.41)

; Y

An important point to note is that the Master constraint is equivalent to the original set
of constraints (classically) because the squares of the constraints in Eq. are positive
definite which forces each constraint to vanish separately. The reason that each constraint
is positive definite is because the isotropy subgroup for U is SU(2) when U is timelike and

6An overall transformation of all the triangles in a tetrahedron can be absorbed into the connection
variables which are integrated over in the path integral
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therefore J and K always have positive norm since they transform as Euclidean 3-vectors.

[

For spacelike U this is no longer the case. The isotropy subgroup for spacelike U is
SU(1,1) and so the analogous constraints involve vectors which transform as 3d Minkowski
vectors which do not have positive norm. Hence for spacelike U it is unclear how to interpret
the Master constraint since the simplicity constraints in Eq. are no longer required
to vanish individually.

Proceeding, Eq. (3.41]) can be written in terms of the Casimirs of SL(2,C) using Eq.
(3-36) as

T+ -K) =T+ S K + 5 K'K;,
gl g v

i

:p(Hi)_ﬂ_Q (3.42)

Using the relation for the Casimirs in Eq. (3.37) we have

2
Z<J1+1K@') :ﬁ<1+i2>—i(1— )02—9
, Y Y 4y

R

Cy = 4y.J%. (3.44)

Now we have Eqgs. (3.37) and (3.44]) as constraints on the Casimirs of SL(2,C) and hence
the representation labels (n, p). Substituting the eigenvalues of the Casimirs as given in

Appendix as

\QN)| —_

which implies

1
C) = 5(n2 —p*—4), (3.45)
Cy = np, (3.46)

7 An isotropy subgroup (or little group) is the subgroup for which a vector is invariant. In this case the
vector U = (1,0,0,0) is invariant under all 3d spatial rotations so the isotropy subgroup of SL(2,C) is
SU(2).
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the two constraint equations become

1
np (7 - ;) = p* —n?, (3.47)

and

np =4vj(j + 1). (3.48)

Equation (3.47) has the two solutions p = yn or p = —n/~ which reflect the two sectors of
BF theory mentioned earlier. Substituting p = yn into Eq. (3.48) gives

n? =450 + 1), (3.49)

while substituting p = —n/v gives

n? =2+ 1) (3.50)

Eq. (3.50) has no solution while Eq. (3.49) cannot be solved in general for integer n and
half-integer j. However, notice that in Eq. (3.49)) we have approximately j = n/2 which
holds for large j which is the classical limit.

Moreover, this value of j is not completely arbitrary, in fact it happens to be the lowest
weight representation in the decomposition of SL(2, C) into irreps of SU(2) (see Appendix
A.3) and is thus the only “special” value of j. Therefore the EPRL model proposes the
constraints p = yn on the representation of SL(2,C) and j = n/2 on the representation
of the subgroup SU(2).

3.3.2 Area Spectrum

The area spectrum of the theory can be calculated as follows. From Eq. (3.26))

B” = A(U°N' - U'N"), (3.51)
= AN, (3.52)
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while Eq. (3.30)) gives

BY — 7 Joi 1 Joi 3.53)
1 - * , (3.
2
g i Lo
R (K _7])’ 320
2
g i1
2 2
- ALY
:1+72< - >J, (3.56)
= —J" (3.57)
Therefore
AN' = —~J", (3.58)

and N = (0, N) where N is a point on S2. The interpretation of N is the normal vector of
the triangle E° A EV embedded in a Euclidean subspace. Squaring both sides of Eq. (3.58))

we have

A2 =22 (3.59)

Taking expectation values and the square root

A=7vi(+1), (3.60)

which is exactly the area spectrum of Loop Quantum Gravity quoted in Eq. (1.2)).

26



Chapter 4

The Coherent State Formulation

Instead of imposing the simplicity constraints directly onto the operators J!7 as is done
in the EPRL model one can instead impose the simplicity constraints on the expectation
values of these operators using semiclassical states. This was the approach of the Freidel-
Krasnov (FK) model for 4d Euclidean spin foam models [9]. The semiclassical states were
taken to be coherent states which were first introduced by Livine and Speziale to rewrite
the BF theory amplitudes as in Eq. into a form with a more intuitive geometrical
interpretation as a superposition of semiclassical wavepackets [24]. The FK model took the
coherent state approach one step further and imposed the condition that these coherent
states should also satisfy the simplicity constraints as expectation values[] However, an
analogous Lorentzian spin foam model was not fully constructed using coherent states of
SL(2,C).

In this chapter we derive a new set of coherent states for the Lorentzian theory and we
will impose the simplicity constraints on expectation values in the spirit of the FK model.
For timelike U we arrive at the same constraints on representation labels as the EPRL
model. We then use the coherent state method to derive constraints for spacelike U which
has not been done before.

4.1 Coherent state derivation of the EPRL constraints

As in the EPRL model we assume that U is timelike and gauge fix U = (1,0,0,0). Recall
that the isotropy subgroup for U = (1,0,0,0) is SU(2). Since triangles in a tetrahedron
with U = (1,0,0,0) are in a 3d Euclidean subspace it follows that SU(2) transformations

!The FK model was shown to be similar but distinct from the EPRL model with Euclidean signature.
[10]
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do not take these triangles outside of this subspace. Similarly, we want to choose quantum
states which are closed under SU(2) transformations. As shown in Appendix one can
decompose each irrep of SL(2,C) labeled by (p,n) into a direct sum of irreps of SU(2).
Thus we have the following isomorphism

H(p:”) = @ D]’ 9 (4].)

j=n/2

where D; is the spin j unitary irreducible representation of SU(2) spanned by the states
|ym) for m = —j,....,j. We will digress here for a moment to review some facts about

SU(2).

The subgroup SU(2) is generated by the subset of generators J', J? and J? which
satisfy the commutation relations in Eq. (A.1)) and possess the Casimir operator

Jr=6,J 00, (4.2)

for ¢ = 1,2,3. The action of these generators on the standard irreps is given by

J2im) = j(j + 1)|jm), (4.3)
J?|jm) =m|jm), (4.4)
Gm'|Fm) = s m-

We will denote the corresponding states in H, ) by |¥;,,) and take these states to be our
quantum states. Since these states are isomorphic to SU(2) irreps they are also eigenvectors

of the SU(2) operators J? and J? as i

T ) = 505 + 1) W), (4.6)
T = m|W ), (4.7)
(Wit [V m) = 05 jOmt - (4.8)

In what follows we will also require the matrix elements of the generator K which is given
by the following action on the states

2The matrix elements of the generators outside of the subgroup SU(2) (the boost operators) are cal-
culated in [25]. For a compilation of these matrix elements see Appendix
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K2\Wim) = (p/2+ (7 + 1))Cjs|Wis1m)

— mA;|V;.)
+(p/2 =1i7)Ci|¥ 1 m). (4.9)
where
on
A= 4.10
T4+ 1) (4.10)
2 _ 42 2 52
C; = VA= - (4.11)

JvV25— 125+ 1

From these quantum states we would now like to construct a set of coherent states
which are to be maximally classical states. By this we mean that the uncertainties in the
configuration variables, which in this case are the vectors J and K, should be minimal.

Thus, we will construct our coherent states by minimizing the variances of the vectors
J and K. To be precise, we will require our coherent states to satisfy the following set of
criterial]

AJ 1

— =0 , 4.12

7 7 412
() + %<K> —0(1), (4.13)
AR o). (4.14)

The first and third conditions assert that the coherent states should be peaked around the
classical values of J and K. The second condition implies that the expectation values of
the states should satisfy the simplicity constraints as was pioneered in the FK model. Note
that in general the variances will be nonzero but we can at least minimize them to the
orders given in the criteria above.

3For a detailed analysis of coherent states on SU(2) and SU(1,1) see [26].
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Coherent states on SU(2) were studied in detail by Perelomov [26] and are given by
states with minimal variance in J. This variance is calculated as

(AJ)? = (JA)? = (J)?,
= (jm|.2[jm)? — (jm|J*|jm)?,
=4 +1)—m? (4.15)

therefore one should take m = +j in which case

AS_vi_ L (4.16)

oV

which agrees with Eq. . Note that we only needed to consider the 3-component of J
since J! and J? are linear combinations of raising and lowering operators and thus have
vanishing expectation value. Also, since the states |j j) and |j — j) are related by a gauge
transformation we can take our coherent states to be given by m = j without any loss of
generality.

Moreover, we can use this gauge invariance to define a general set of coherent states by
acting on the state |j j) by the group action as

i 9) =D’ (9)lj 7). (4.17)

where g € SU(2). This has the effect of rotating the J* angular momentum axis to an
arbitrary direction. Here the state |jj) is a maximally classical state corresponding to
a triangle in the classical theory. The classical analog of Eq. is thus the rotation
of this triangle in a 3d Euclidean subspace. This analogy between the classical and the
quantum theory can be demonstrated more explicitly in the following way.

Each element g € SU(2) can be factored as goh where h € U(1) and gq is a represen-
tative of the coset SU(2)/U(1). In Appendix we show that

(j 3lgdTg0ls 7Y = 3N, (4.18)

where N € 52 Referring to Eq. 1’ we see that we can interpret N as the quantum
analog of the normal vector to the classical triangle. The reference state |j j) corresponds

to N = (0,0,1) which is the direction of the J* angular momentum axis as intuited above.
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Furthermore, Eq. (4.18) establishes the isomorphism SU(2)/U(1) = S?. Thus each
generalised coherent state |j g) is determined (up to a phase) by a vector N € S2. In a
completeness relation these phases will cancel and it will be sufficient to consider the states

i N) = |5 g(N)).

(4.19)

For simplicity, we will continue to use the reference state |jj) in calculations since the
results obtained will hold in general by gauge invariance. We will refer to the corresponding

generalised coherent states in H, ) by [¥;,).

Now imposing the simplicity constraint on expectation values as in Eq. (4.13)) we get

. 1 .
(W] J]W5) = —;<‘Ifjj|K|‘1’jj>,

which implies

Finally, the variance of K is given by

(AK) = (K% —(K)?,

HN1

= (UyJ° — = (n® = p* = 4)|¥;;)* —

—_ H~

(W5 K305 502,

=j+1) = 7 (" = p* —4) — (j4;),

4
and using Eq. (4.22))

= ——(n*—=p) =G+ 1)+ + 1,

(AKP = 82— 20— =)=
pn 1.,
4v 4
- % - ;1(7%2 -’
1

4

31

+ 7%+ 1,

:—<p—7n>(p+%> + 7% + 1.

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)



Therefore choosing either p = yn or p = —n/~ makes the first term vanish and thus

AK Na B! 1
Sl S (4.25)
| K| v /|f(’|

which satisfies Eq. (4.14]). Note that Eq. (4.22)) is precisely Eq. (3.48) from the EPRL
model and therefore p = —n/v gives a contradiction while p = yn implies that we should

use the lowest weight representation j = n/2. Thus we have arrived at precisely the same
constraints as the EPRL model.

The fact that such different methods of imposing the simplicity constraints led to the
same result is fascinating and lends credibility to the two quantization procedures. Notice
that both the EPRL model and the coherent state method used Eq. to arrive at
the same equations Eqs. and respectively but by different means. The EPRL
model used the Master constraint while the coherent state method imposed the simplicity
constraints on expectation values.

Likewise, it is even more interesting that the EPRL model and the coherent state
method both arrived at the same constraint p = yn. The EPRL model used Eq.
as a strong operator equation in the quantum theory while the coherent state method
minimized the variance in K. In [I3] it is shown how (AK)? is related to Eq. but it
is still remarkable that the two lines of reasoning converge.

4.2 Extension of the EPRL model

In Section [3.3| we saw that the master constraint provides a sensible means for imposing the
simplicity constraints assuming U is timelike. However, for spacelike U the validity of the
master constraint becomes unclear and a different technique is needed. Furthermore, we
showed that for timelike U the EPRL model agrees with the coherent state method. Thus
the coherent state method should also provide a sensible means of imposing the simplicity
constraints for the case of spacelike U.

In this chapter we will construct a set of coherent states corresponding to triangles in
a 3d Minkowskian tetrahedron, i.e. one with spacelike U. In this case the triangles can be
either spacelike or timelike. In doing so we will construct a new spin foam model which
will generalise the EPRL model to include timelike surfaces.
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4.2.1 Classical Variables

First we investigate the classical simplicity constraints and areas as was done in Section
except now for U = (0,0,0,1). In this case Eq. (3.33) becomes

*B3 =0,
for i = 0,1,2. Using Eq. (3.39)

, 2 A
*BBZ:%<*J&—|——J31):O7
g gl

and again using J¢ and K’ defined in Eq. (3.35) we have

- T (*JSO + lJ3°) -7 (—J3 -

L+92 v 1+ 2

2

2 1 1
*B = _11 - <*J31 + —J31) = 11 - (K2 — —J2) ,
g g g

2 1 2
+B32 — _11 . <*J32 + —J32) N (K1 _
o

¥ 1472
therefore
K'—=J'=0,
Y
K-lpo
/‘)/
3, Lo
J 4+ -K°=0.
Y
Defining
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(4.26)

(4.27)

(4.28)

(4.29)

(4.30)

(4.31)
(4.32)

(4.33)



FO J3 GO K3
F'] =|K! and Gt =1|-J" (4.34)
F2 K2 G2 . J2

we can write the constraints in Eqs. (4.31)), (4.32)), and (4.33)) in an form analogous to Eq.
(3.40) as

) 1 .
F'4 =G =0. (4.35)
v

for i = 0,1,2. Moreover F' and G transform as Minkowski 3-vectors under SU (1,1) trans-
formations just like J and K transform as Euclidean 3-vectors under SU(2) transforma-
tions. This can be seen by the following commutation relations

[F* FI) = ie” F*, (4.36)
[F',G7) = ie? G¥, (4.37)
G, G7] = —i€? F*. (4.38)

We can compute the area of the classical bivectors B as follows. From Eq. ({3.26])

B* = A(U°N' - U'N?), (4.39)
= AN’ (4.40)
and from Eq. (3.30)

2 1
Jzp— (J3° % J30> , 441
1 + 72 ¥ ( )

2
g 3, 13

= —K?+=J% ). 4.42
1+~ ( g ) 442

Using K3 = —v.J3
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2 1
B = (7J3+ —J3> , (4.43)
B! g

1+
2 2 1
- z . (7 i ) 7 (4.44)
Y v
=J°. (4.45)
Therefore
AN =~ (4.46)
and similarly
AN'=~K? and AN?= K" (4.47)
Therefore
NO FO°
AN =~ F2 |, (4.48)
N? e

and so N = (N,0) where N = (N°, N*, N2). Hence taking the square

AN =72 ((F') — (F') — (F*)?) = Q. (4.49)

The vector N is now a Minkowski 3-vector and can thus have norm +1. When /V is timelike
it corresponds to a point on the two-sheeted timelike hyperboloid (Fig. 4.1)

H,UH_, H.={N|N>=1,N°=0}. (4.50)

When N is spacelike it corresponds to a point on the one-sheeted spacelike hyperboloid
(Fig. 4.2)

H,, = {N|N? = —1}. (4.51)
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Figure 4.1: Points on the two-sheeted timelike hyperboloid Hy correspond to future/past
timelike normal vectors N of spacelike triangles respectively. Moreover H, UH _ is isomor-
phic to the quotient SU(1,1)/U(1) where U(1) is the one parameter subgroup generated
by J3.

—_— -

Zl

Figure 4.2: Points on the one-sheeted spacelike hyperboloid Hyg, correspond to spacelike
normal vectors N of timelike triangles respectively. Moreover Hg, is isomorphic to the
quotient SU(1,1)/(G, ® Z,) where G is the one parameter subgroup generated by K*.
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Since A and 7 are positive this suggests that the sign of ) will determine whether N
is timelike or spacelikd]

When F and G are promoted to operators in the quantum theory ) will correspond to
the Casimir on SU(1,1). Likewise, the sign of this Casimir acting on the quantum states
will also indicate whether the state is timelike or spacelike (except for a few exceptions).

4.2.2 Quantum States

As we saw in Sectionthe irreps of SL(2, C) are decomposable into a direct sum of irreps
of the compact subgroup SU(2). In an analogous way the irreps of SL(2,C) can also be
decomposed into a direct sum of irreps of the noncompact subgroup SU(1,1). However,
since SU(1,1) is noncompact the decomposition is more complicated than in the SU(2)
case as it admits a discrete series of irreps Dji labeled by half integers j and a continuous
series C¢ labeled by positive real numbers s. The decomposition is described in Appendix
and is given by the following direct sum

n/2 n/2
Hom = | P D) @ / dsCi | o | Dy @ / dsCe | . (4.52)
—j>1 0 —j21

The appearance of a discrete series and a continuous series is unfortunately complicated
but completely necessary in the following sense. As mentioned above for U spacelike the
triangles of a tetrahedron can be either spacelike or timelike. As we will see, the states
of the discrete series will represent spacelike triangles while states in the continuous series
will represent timelike triangles.

Both the discrete series and the continuous series can be constructed as eigenstates of
J3 and Q. For the discrete series D7

. " . . 3
Qlim) =j(j+1)[jm), J=—l=g (4.53)
T2|jm) = mljm), Tm=j,j+1,j+2,.. (4.54)
<j m/|] m> - 5mm’u (455)

where 7 = +1 corresponds to the positive/negative series. For the continuous series C¢

“Note that the definition of @) is consistent with the convention (4, —, —, —) for the spacetime metric
and (4, —, —) for the 3d Minkowski metric.
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1

T35 m) = m|jm), m = *+e, £(e+ 1), £(e +2), ... (4.57)
<j m/|j m> - 5mm’7 (458)
where € = 0, 1/2 depending on whether n/2 is integer or half integer.

Notice that for the discrete series @ = j(j+1) > 0 (for j < —1) while for the continuous
series () = —% — 52 < 0. Referring to Eq. l) this suggests that N should be timelike
for the discrete series and spacelike for the continuous series.

However, for the continuous series we cannot describe spacelike normal vectors using

eigenstates of J? since from Eq. (4.48)

B (F°) m
(Nyoc | (F* | =10], (4.59)
—(F1) 0

which is inconsistent as a spacelike vector. Therefore we should instead choose a basis of
SU(1,1) which diagonalizes one of the spacelike generators, either K or K2. We will use
eigenstates of K as derived in [27]

KYjAo) = Njo), (4.60)

where —oo < A < oo is a continuous eigenvalue since K! generates a noncompact subgroup.

The spectrum of K! in the continuous series is twofold degenerate and is labeled by an
additional label o = 0,1 (See Appendix [B).

Finally, we will define our coherent states by the following conditions in analogy with

Bos. (112, (13). and (L1 by

AF 1

SE o) (4.61)
A\ JA

(Fy + %@) —o0). (4.62)
G oL (4.63)
G| G|
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Notice that since the vectors F and G are Minkowski 3-vectors one should define the
uncertainties as Lorentz invariant quantities. Therefore we define

(AF)? = (F'F;) — (F')(F), (4.64)
(AG)2 - <GiGz’> - (Gl><Gz> (4.65)

where now AF = /[(AF)?| and |F| = /|[(F))(F};)| and similarly for G.

4.3 Describing Spacelike Surfaces: Coherent States
for the Discrete Series
The standard basis of irreps in Dji can be constructed as eigenvectors of J* and Q as

described in the previous section. The corresponding states in H,,) which we denote by
|W7,,) will also be eigenvectors of J* and @ as in

QIUF,.) =307 + DIVF,.), (4.66)
JPNT,,) = ml VT, (4.67)

Using these matrix elements the variance in F' is computed as

(AF)? = (F'F,)* — (F')(F}),
= (jm| i m)? — (jm|J%|j m)?,
=j(j+1) —m’ (4.69)

Hence taking m = =7 the states |\I/fij> satisfy

AF T 1

Fl il ]
which agrees with Eq. (4.61]). Note that unlike the SU(2) case we cannot relate the states
|77) and |7 — j) by a gauge transformation. This is because |j j) is a state in the positive
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discrete series and negative discrete series which are disconnected spaces (as will become
clear shortly).

We can again construct a general set of coherent states by acting on the reference states
|7 £ 7) with SU(1,1) transformations as

i 9)+ = D (9)lj 5), (4.71)
ig)- =D (g)li — ), (4.72)

for g € SU(1,1). As in the SU(2) case this has the effect of rotating the J* angular
momentum axis to an arbitrary direction, however in this case the axis is “rotated” in a
3d Minkowski subspace. To make this more precise we will consider the expectation value
of F to relate the state |7 g) to a normal vector as was done in Section

Each element g € SU(1,1) can be factored as goh where h € U(1) and g is a represen-
tative of the coset SU(1,1)/U(1). In Appendix we show that

(G +jlgiFaolj +4) = +jN, (4.73)

where N E ]Hi which is the one-sheeted timelike hyperboloid shown in Fig. 4.1} Referring
to Eq. we see that we can once again interpret N as the quantum analog of the
normal vector to the triangle. The reference states |j & j) corresponds to N = (£1,0,0)
which is the direction of the J3 angular momentum axis for the positive and negative
discrete series.

Furthermore, Eq. (4.73) establishes the isomorphism SU(1,1)/U(1) = H,UH_. There-
fore each generalised coherent state |j g) is determined (up to a phase) by a vector N € S2.
In a completeness relation these phases will cancel and it will be sufficient to consider the
states

V) =17 9(V)).. (4.74)
This also shows why the positive and negative discrete series are disconnected.

We label the corresponding generalised coherent states in H(, ) by [¥7,). Again for
simplicity we will continue to use the reference states ]\I/] ;) in calculatlons since the
general result will follow by gauge invariance.

In what follows we will also need the matrix element of K3 which is given by [28§]
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K27 ) =7(p/2+i(j +1))Cia |97, 1)
—mA;|V7,.)
+T(p/2+i(j—|— 1))Cj|\I/]T-_1m>. (4.75)

where A; and C; are given in Eqgs. (4.10) and (4.11). The simplicity constraint in Eq.
(4.62)) is thus

. 1 -
<\Ij;'t:i:j|F|\I[;'tij> = _§<\IJ;'E:I:j|G|\IJ;'t:I:j>7 (4-76)
. 1,
+j = —;(HFJAJ-), (4.77)
which implies
pn
A =— 4.78

Again we only needed to consider the 0 components of F and G since the other components
are linear combinations of raising/lowering operators and thus have vanishing expectation
values. Finally we compute the variance in GG using the reference states |\Ifj]> and we note
that one obtains the same result using the state [¥;_;). First note that we can write

. 1
G*=Q — 5(Jl, (4.79)

where ] is the SL(2,C) Casimir given in Eq. (A.9). Therefore

(AG)" = (G'Gi)* = {(G"){G),

1
= (U71Q - 30 = p* = )W) — (U5 | K|

= +1) = 107 = = ) = (A4, (1.80)

Using Eq. (L78)
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(AG)* = o Z(HQ —p* = 4) =57,
pn 1 . .
:E—;l(nz—pQ)—vzj(J+1)+v2J+1,
pn 1. 2 ypn 2
== (- p?) - = 1
1
= z_l(p — fm> (p—i— %) + 425 + 1. (4.81)

Choosing either p = yn or p = —n/~y makes the first term vanish and thus

24 1
AG vl (4.82)

G| k1 \/@ ’

which satisfies Eq. (4.63]). Once again, as was found for the SU(2) coherent states Eq.
is precisely Eq. from the EPRL model and therefore p = —n/~v gives a contradiction
while p = yn implies we should use the lowest weight irreps j = —n/2. Note that states in
the discrete series are not equivalent to states in the SU(2) basis but they belong to the
same total Hilbert space. In fact states in the SU(2) and SU(1, 1) discrete series even have
an inner product which is given in Eq. . We will next investigate the quantization of
timelike triangles for which we will find a qualitatively different set of constraints.

4.4 Describing Timelike Surfaces: Coherent States
for the Continuous Series

Now we will consider coherent states for the continuous series C. As mentioned previously,
states of the continuous series represent triangles having spacelike normal vectors. As such
we should not use a basis of eigenvectors of J3 which is the temporal component of the 3d
Minkowski vector F. Rather, we choose a basis of SU (1,1) consisting of eigenvectors of
the spatial component K as in

K'jAa) = MjAo), (4.83)
Qlire) =j(j+1)]jiAa), (4.84)
(GNO'|fAG) = 0pgd(N = N), (4.85)
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where —00 < A < 0o and o = 0, 1. The construction of these states is given in [29].

We label the corresponding basis states of H,,,) by |¥; ) for which the inner product
of two such states is given by

i —s)
\IJ‘/ ! 5! \Ij :—6 A/_A 5/ 4
< J'A U| ]/\0> Me(S) ( ) o'os ( 86)

where

o(s) = {—z’ tanh(ws), €= (4.87)

—icoth(ms), €=

Wi O

Note that e = 0,1/2 if n/2 is either an integer or half-integer respectively. To compute
expectation values we must therefore introduce a regularization scheme. Hence we define
the smearing function

(4.88)

NG, el <62,
fs(x) = {0’ 2| > 6/2,

and a set of smeared states

050 (8)) = / asf / AN/ 11 (8) f5(s' = 8) fs(N = )W), (4.89)

for which the inner product is normalized and we can then take 6 — O.E| For example the
expectation value of K! is calculated as

5This is merely a formalism which might seem more complicated than it is. The expectation values
after taking § — 0 are always what one would expect naively.
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[e.9]

(Ujr0 ()| K W500(0)) = 7613"655/ / AN AN \/ (") 11 () f5(s” = 8) f5(s' = s)
X J(;(X' - A_)jja(/\’ = MWy K [ Wjrxg), (4.90)
= 7 ds"ds’ 7 AN AN /(") (') f3(s" — 5) f5(s' = 9)
0 oo
< Fs (N — N (N — A)ue?sl)é(s” — §)5N = X), (4.91)
— )\ 7ds’ 7 AN f2(s' — ) f2(N = A), (4.92)

5+6/2 A\ 45/2

:/\/ /% (4.93)

$—0/2 A\—3/2
=\ (4.94)

With these formalities taken care of we compute the variance of F as

(AF)* = (F'F)* — (F')(F),
= (U0 (0)|QIW 1 (0))* + (Wi a0 (0) K [Wj00(0)),

=50+ 1) + A%,
1
=—1- s% 4+ 2 (4.95)

We can minimize AF by taking A = {/s% + i which is rather cumbersome. We instead
choose the simpler value A\ = s in which case

AF  /1/4 1
|| s ||
which satisfies Eq. (4.61)). We note that if one chooses either value for A one will arrive at

the same end result. Once again we can generalise these coherent states over SU(1,1) by
the group action as
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[UF45) = D" (g)|¥7,1), (4.97)
where g € SU(1, 1)|E| Once again this has the effect of rotating the K! axis to an arbitrary
direction and we can relate the generalised coherent states to a set of classical normal
vectors.

In this case, instead of factoring SU(1, 1) by U(1) which is the one parameter subgroup
generated by J? we will factor by the one parameter subgroup generated by K! which we
will call G;. In Appendix it is shown explicitly how each element g € SU(1, 1) can be
factored as goh where h € G; and gy is a representative of the coset SU(1,1)/(G1 ® Z )]
It is then shown that

(js1giFgoljs1) = +sN, (4.98)

where N € H,, which is the one-sheeted spacelike hyperboloid shown in Fig. . Referring
to Eq. 1} we see that we can interpret N as the quantum analog of the normal vector to

the triangle. The reference states |j s 1) corresponds to N = (0,1, 0) which is the direction
of the K axis.

Furthermore, Eq. (4.98)) establishes the isomorphism SU(1,1)/(G1®Zy) = Hg,. There-
fore each generalised coherent state W7 s is determined (up to a phase) by a vector N € S2.
In a completeness relation the phases will cancel and it will be sufficient to consider the
states

07, ) = [0

T =T o) (4.99)

T

We will use the reference state |7,

gauge invariance

To calculate the simplicity constraint and AG in Egs. and we need the
matrix elements of the generator J'. These matrix elements were not found anywhere in
the literature and were needed to be calculated. A derivation is contained in Appendix [B]
The result is

) in calculations since the general result will follow by

5We have chosen o = 1 as a convention since both values of o cover the space Hgp,.
"The factor of Zs is related to a redundancy in the parameterization.
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1 . ) A
Jl’q’jAa> = _§(P/2 +i(j+ D))+ 1)2 + )\2)Cj+1‘qjj+1)\a’>
- 2(p/2 - ij)éj’qjjfl /\a">7

where A; and éj are given by

np
Aj=———0t,
T4 +1)

\1/2
L1 (%—f)
VO B WO

Therefore the simplicity constraint in Eq. (4.62) gives

. 1 .
0 = (Vjso (0)|F| Vs (0)) — ;;(iﬂj&,(d)|(?\ﬂ?jsg(5)),
6—0 1
= s— —(sA,),
% i)
or
pn
=Aj=—.
T TG

(4.100)

(4.101)

(4.102)

(4.103)

(4.104)

We again note that only the F'! component has a nonvanishing expectation value since F°
and F? are linear combinations of raising/lowering operators. Finally, the variance in G is

given by

(AG)” = (G'Gy)? — (G')(Gy),



where we again used Eq. (4.79) to write G? in terms of  and C;. Using Eq. (4.104))

(AG)* = % - }I(RQ =P —4)+ 52
e R CEo ) B e
—%—}1( 2—92)+%—7£+1,
:i<p—7n> (,O—F%) —PYZQ+1. (4.106)
Once again choosing either p = yn or p = —n/+ makes the first term vanish and thus

AG:‘/|—V2/4+1|:O<L>, (4.107)

c] Vs c
which satisfies Eq. (4.63)). Substituting p = yn into Eq. (4.104) we get

n® = 4j(j + 1) :4(-%-3), (4.108)

which is a contradiction since n is a positive integer and s is a positive real number. Next

substituting n = —vp into Eq. (4.104) we get

P>y

RESLT (4.109)

T=

or

RN CES VI (4.110)

Therefore we have arrived at the constraints n = —vyp and p/2 = —y/s?> + 1/4 which
are qualitatively different from the constraints for spacelike triangles. Note that this also
implies p < —1 and thus n > 7. Finally the area spectrum is given by the expectation

value of Eq. (4.49) as

A=y/=(Q) =/ +1/a= L = 3. (4.111)

from which we conclude that the area spectrum of timelike surfaces is quantized.
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Chapter 5

A Spin Foam Model for General
Lorentzian 4-Geometries

We will construct a spin foam model of quantum gravity by imposing the simplicity con-
straints on the BF theory partition function in Eq. (3.22). A summary of the constraints

found in Sections [4.1] and [4.2]is given in Table

To impose the simplicity constraints we will restrict the representations (n, p) of SL(2, C)
and the representations j of the little groups to those summarized in Table 5.1} Further,
we will restrict the possible quantum states to those of the physical Hilbert space. States
in the physical Hilbert space are those which represent simple bivectors. If a state is simple
then it will be closed under the appropriate little groups which depends on whether the
normal vectors U, N are either spacelike or timelike.

Since the coherent states we constructed in Sections [4.1] and satisfy the simplicity
constraints as expectation values we will take these to be our physical states. Moreover,
these coherent states form an overcomplete basis. We will construct completeness relations
as integrals over these coherent states and use these completeness relations as projectors
onto the physical Hilbert space. These projectors will be functions of U and ¢ where
¢ = 41 will be used to specify whether NV is either timelike or spacelike respectively.

5.1 Projector onto the Physical Hilbert Space

The completeness relation in an irrep D; of SU(2) can be written as an integral over
coherent states as [26]
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U =(1,0,0,0) U =1(0,0,0,1) U =1(0,0,0,1)
Classical data N spacelike N timelike N spacelike
*B spacelike *B spacelike *B timelike
little group SU(2) SU(1,1) SU(1,1)
reference l79) € D; l7 £7) EDjF |7s1) € C¢
coherent states
quotient space N € 52 NeH. N € H,
constraints p=n p=n n=-—yp
on (p,n)
constraints j=n/2 j=-n/2 s2+1/4=p*/4
on j
area spectrum Wi+ 1) YVWi(G+1) v/ s2+1/4

Table 5.1: The constraints on representation labels obtained in Sections and {.21 U
is the normal to a tetrahedron which is either timelike or spacelike and gauge fixed to be
U = (1,0,0,0) or U = (0,0,0,1) respectively. For U timelike the normal vectors N of
triangles in the tetrahedron must be spacelike and correspond to irreps of SU(2). For U
spacelike N can be either timelike or spacelike and correspond to irreps of the discrete or
continuous series of SU(1,1) respectively.
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5,= 3 [im)Gm| = (2j+1) / dglj 9){i gl. (5.1)

m==J SU(2)

Therefore the projector onto the subspace of H, ) isomorphic to D; is given by the fol-
lowing integral over coherent states

P=(2j+1) / dgl 0, ) (5. (5.2)
SU(2)

where the generalised coherent states in the SU(2) basis are given by

[Ujg) = DM (g)|Vy5), g € SU2). (5.3)
Similarly, the completeness relations for the irrep DT of the discrete series can also be

written as an integral over coherent states as [20]

o0

1= > lim)m|l=(2+1) / dglj g)+(J g+, (5.4)

m=—j SU(1,1)

and thus the projector onto the subspace Dji of H,n) is given by

Py [ dgvi) ) (55)
SU(1,1)

where the generalised coherent states in the SU(1, 1) discrete series are given by

05,0 = D (9|¥5,,), g€ SULD). (5.6)

The completeness relation for the continuous series is more subtle due to the smearing of
the states. The derivation of the projector for the continuous series is given in [13] by
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PO =i+ 1) [ dglu,)(0 1)
SU(1,1)
where |7 ;) is defined in Eq. (4.97). Writing the little group subspaces as

SU<2)7 if C: ]-7 U= (1707070)7
H(,U)={ SU(1,1), if ¢==+1, U=(0,0,0,1), (5.8)
0, if ¢=-1, U=(1,0,0,0),

we can combine Eqs. (5.2), (5.5)), and (5.7) into

RGO =) / AR5 (U, (5.9)
H(,U)

where h € H((,U) and there is only one value of 7 for SU(2). Now setting j to the values
given in Table

n/2, if ¢=1, U=(1,0,0,0),
i=< -n/2, if ¢=1, U=(0,00,1), (5.10)
—lpi/m?/2—1, it (=-1, U=(0,0,0,1),

the projector in Eq. (5.9) projects onto the physical Hilbert space for all cases of ¢ and U.
Explicitly this is given by

phys (C U 5 - d C U Z / dh|\113h6 ]h6| (511)
where
(011, if (=1, U=(10,0,0),
O(n—2)(1—mn), if (=1, U =1(0,0,0,1),
d,(C,U) = e ( ) (5.12)
O(n —~y)iy/n?/y?—1, it (=-1, U=(0,0,0,1),
k07 if C: _17 U= (1707070)7
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Figure 5.1: A pictorial representation of the insertion of the projector in Eq. into
the BF theory face amplitudes in Eq. which computes the trace over the physical
Hilbert space. A projector is inserted on each edge of the face which sandwiches pairs of
connection variables g., and g, (attached to half edges) between coherent states (\If;; he sl

and |\I/;e:; b, s)- The result is the face amplitude given in Eq. (5.14)).

where 0(x) is the Heaviside function which vanishes for x < 0 and is unity for > 0. This
then takes into account the constraint that n > 2 for the discrete series and n > ~ for the
continuous series.

One can equivalently express these projectors as integrals over the spaces of normal
vectors S?, Hy, and Hgp,, which is done in [I3]. However because of subtleties in the
smearing of states in the continuous series the notation for this is more cumbersome.
Therefore we choose to express the projectors of coherent states as integrals over the little

groups H((,U) as in Eq. (5.11)).

5.2 Partition function

The strategy for imposing the simplicity constraints on the BF theory partition function
in Eq. is to restrict the SL(2,C) representation labels (p,n) and to compute the
trace in the BF theory face amplitudes in Eq. using the coherent states we have
constructed. To do this we will insert the projector in Eq. at each edge of a given
face, i.e. between the representation matrices of the two connection variables in Eq. .
This is shown pictorially in Fig. for two of the edges of a face but in actuality a
projector is inserted at all the edges around the face completing a loop.

In order to use the projector in Eq. ((5.11]) one needs geometrical data a priori, namely
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a value for U, for each edgd] and a value (y = £1 for each face in order to choose the
correct little group. Hence assuming this data is specified, the projectors are inserted at
each edge and the face amplitude in Eq. (3.22)) becomes

dnf (Cfa Ue) / H dgevdgve / H dhef Z ;:;h I (br nf)(gevgve )|\Ij; /l;he’f‘5>

sL(2,c) v<S H(Uecp) ¢
(5.13)

We must compute the product of all the face amplitudes before doing the sums over the
geometrical data. Therefore, we pull out the integral over H (U, (s), the sum over 7.y and
the factor d,,, (Cy, U.) into the partition function. Moreover, we express label the amplitudes
in terms of vertices by defining

T/f

Av((pfynf>;hef77—ef7 - / Hdgevdgve J h efd |D(pf7nf)(gevgve’>|\I[j:,fhe,f5>7 (514)
sL(2,c) VS

and the final partition function of the theory is given by

S0 dn (G U) / dhey [T (1+77)n] lim TT A€ np)s heg, ep, 6).

Uevcfv"—ef nyg H(Ueygf) fEA* vEA*
(5.15)

The partition function can be understood by the following recipe. We begin by assigning
the following geometrical data to A* in the following order:

1. A timelike/spacelike normal vector U, = (1,0,0,0) or U, = (0,0,0,1) for each edge
e.

2. A spacelike/timelike normal vector for each face f given by (; = £1 respectively.
3. An integer ns to each face f to specify an SL(2,C) representation (ny, Cfnfcf).

4. A coherent state |¥’*/ jerhe 5) to each edge e and adjacent face f.

Once this data is specified one can compute the vertex amplitudes in Eq. by in-
tegrating over the connection variables. One then multiplies all the vertex amplitudes
together with the other factors in the partition function. Finally one sums over all possible
values for Ue, (¢, T.r, all representations ny, and integrates over all the coherent states
parameterized by hy.

IRecall that an edge e € A* is dual to a tetrahedron t € A, for which U, is the normal vector.
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Chapter 6

Conclusion

We began with a review of classical General Relativity in the tetrad formalism. We first
derived the equations of motion for the Einstein-Hilbert action in which torsion was as-
sumed to vanish. We then reviewed the Hilbert-Palatini formulation of General Relativity
in which torsion was not assumed to vanish in the action but was obtained instead as an
equation of motion. Finally, it was shown that the Holst term could be added to the ac-
tion without changing the classical equations of motion while introducing a free parameter
known as the Immirzi parameter. The Hilbert-Palatini action with a Holst term was our
starting point for the quantization of General Relativity.

We then reviewed the quantization of a similar but simpler theory known as BF theory.
The classical BF action was seen to be equivalent to the Hilbert Palatini action with a Holst
term provided that the B two forms were constrained to be simple bivectors. The BF action
was then formulated on a discretized space and expressed in terms of holonomies. The
discretized BF action was quantized and a path integral was defined. The path integral
was then reduced to a product over face amplitudes and a sum over representations of
SL(2,C). All that was left was to impose the simplicity constraints on the BF theory path
integral.

A key step before imposing the simplicity constraints was the gauge fixing of the normal
vectors of the tetrahedra. Before gauge fixing one must first choose whether a normal vector
is timelike or spacelike. If one assumes that a normal vector is timelike and gauge fixes it
to (1,0,0,0) then all the triangles in the tetrahedron will be forced to be spacelike. The
EPRL model consisted of tetrahedra of solely this type. Alternatively, the normal vector
could be assumed spacelike and gauge fixed to (0,0,0,1) in which case the triangles in
the tetrahedron could be either spacelike or timelike. It was our objective to impose the
simplicity constraints for this alternative possibility and thus extend the EPRL model to
timelike surfaces.
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Since the Master Constraint method of the EPRL model was unsuitable for imposing
the simplicity constraints for the (0,0,0,1) case an alternative method was needed. The
alternative method we used was a coherent state method similar to the one used in the
Euclidean FK model. Since the FK model was only defined for Euclidean signature we first
had to formulate a Lorentzian version of the model. To do this we needed to construct a
new set of coherent states for SL(2, C). These coherent states were constructed such that
the uncertainties in the corresponding bivectors were minimal and such that they satisfied
the classical simplicity constraints as expectation values. These constraints translated into
constraints on the SL(2, C) representation labels as well as the little group representation
labels where the little group was determined by the normal vector of the tetrahedron.

We then proceeded to use the coherent state method for the same case considered in
the EPRL model in which the normal vectors of the tetrahedra were chosen to be timelike
and gauge fixed to (1,0,0,0). In this case the tetrahedra were Euclidean and the coherent
states were constructed as states in the unitary irreducible representations of the little
group SU(2). What was found by using the coherent state method for this case was
precisely the constraints of the EPRL model. This provided support for the EPRL results
since it followed from an independent derivation. Moreover, it also confirmed the validity
of the coherent state method as a means of imposing the simplicity constraints for the case
of Lorentzian tetrahedra.

The same procedures used to reproduce the EPRL results were then applied to the
case of Lorentzian tetrahedra. In this case the coherent states were constructed as states
in the unitary irreducible representations of the little group SU(1,1). States in the dis-
crete/continuous series of SU(1, 1) were found to correspond to classical spacelike /timelike
triangles respectively. The area spectrum of the timelike states was shown to be discrete
and thus the discreteness of area was extended to timelike surfaces.

In deriving the coherent states in the continuous series it was necessary to use a basis
of SU(1,1) which was diagonalised with respect to one of the noncompact generators. The
matrix elements of the generators of SL(2,C) were required but had not been calculated
before in this basis. A derivation of these matrix elements was given in Appendix [B]

A path integral was then constructed as a sum over geometries with spacelike and time-
like surfaces. This was done by restricting the representation labels in the quantum BF
theory and computing the trace in the face amplitudes using states in the physical Hilbert
space, i.e. those satisfying the simplicity constraints. The final partition function was then
given by a sum over all possible choices of geometrical data (normal vectors of tetrahe-
dra and triangles), a sum over representations of SL(2,C) (restricted by the simplicity
constraints), an integral over the coherent states, and a product of vertex amplitudes.

We have thus extended the EPRL model to timelike surfaces. This new model allows
one to consider both spacelike and timelike boundary states such as for a finite region.
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The inclusion of timelike surfaces could also be necessary to connect with a Hamiltonian
version of the theory. For example, in the case of causal dynamical triangulations we know
that the inclusion of timelike and null edges is required [30].

Further, we have lifted the restriction of the EPRL model to triangulations with only
spacelike triangles. The freedom to use these more general triangulations might be neces-
sary to avoid artifacts or distortions that could arise when the triangulations are restricted.

One possible extension of this model would be to include null surfaces. States corre-
sponding to null surfaces belong to what is called the complementary series of SL(2,C)
which have zero measure in the Plancherel decomposition [31]. Thus these states are not
included in the completeness relations which is why we we did not require them in the path
integral. The inclusion of null surfaces would then permit fully general triangulations.

Finally, we note that since all quantization procedures are merely rules of thumb the
validity of this theory is to be determined by the investigation of its behaviour. Such
investigations include the asymptotics in the large area limit, the derivation of the graviton
propagator, as well as the descriptions of intertwiners in terms of tetrahedra which have
all been done for previous models [32] [23] [33].
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Appendix A

SL(2,C) in a Basis of J° Eigenvectors

In this appendix we review the construction of the unitary irreducible representations of
SL(2,C). We also review the decomposition of these irreps into direct sums of SU(2) and
SU(1,1) irreps. The irreps of SU(2) and SU(1, 1) are decomposed into the standard bases
as eigenvectors of .J3. These basis states are given in terms of the Wigner functions defined
in Finally, in we review the construction of an inner product between states in
the SU(2) basis and states in the SU(1,1) discrete series.

A.1 Lie Algebra of SL(2,C)

The Lie algebra of SL(2,C) is spanned by the six generators J¢, K for ¢ = 1,2, 3 which
satisfy the following commutation relations

[T, J7) = i€ J*, (A1)
[J', K9] = ie¥ K*, (A.2)
(K, K9] = —ie? J". (A.3)

In the fundamental representation these generators are given by the Pauli matrices as

. O .
7’:—7) l:— 4
J 5 K 5 (A4)

and correspond to the one-parameter subgroups
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([ cos(y/2) isin(y/2) [ cosh(u/2) —sinh(u/2)
a1(v)) = (z sin(v)/2) cos(¢/2)) ’ bi(u) = (— sinh(u/2)  cosh(u/2) ) - (AD)

[ cos(0/2) sin(0/2) _( cosh(t/2) isinh(t/2)
“2(9)—(—5111(9/2) COS(@/Q))’ bQ(t)_<—isinh(t/2) cosh(t/2))’ (

ez 0 e 0
a3(90) = ( 0 e—itp/2> ) bg(@) = < 0 604/2) ) (A7)

A.6)

ai(t) = ', bi(t) = 7 (A.8)

Moreover, there exist two Casimir operators which are given by

Cl == 2(5@J<J1J] - Kin), CQ - —4(5@JJ1K‘7 (A9)

The subgroup SU(2) is generated by the subset of generators J*, J2, and J* which satisfy
the commutation relations in Eq. (A.1)) and produce the Casimir operator

J? =000 (A.10)

The subgroup SU(1,1) is generated by the subset of generators K', K2, and J® which
satisfy the commutation relations

[J3 K'Y =iK?  [J} K =—iK' [K' K% =—iJ% (A.11)

and produce the Casimir operator

Q= (J%)" = (K')* = (K*)". (A.12)
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A.2 Representation of SL(2,C)

In this Appendix we construct the unitary irreducible representations of SL(2,C) as can
be found in [I5]. Let F be a function of two complex variables z; and z. We define the
operator D(g) for g € SL(2,C) on the space of such functions by

D(g)F(Zl, ZQ) = F(CLZl + czq, bZl + dZQ), <A13)

where

g= (Z” Z) : (A.14)

and ac — bd = 1. This can be viewed as a matrix multiplication in the following sense

z1 29 a b\  [(az +cz bz +dz (A.15)
c d] — : :

This provides a representation of SL(2,C) since

D(g1)D(g2)F (21, 22) = D(g1) [D(92)F] (21, 22),
= D(g2)F(a121 + c129,b121 + di122),
F

(ag(alzl + 0122) + Cz(blzl + dlzg),
bg(alzl + 6122) + dg(blzl + dlzg)),
= F((alag + bico)z1 + (crag + dicy) 2o,

(a1b2 + b1d2)21 -+ (Cle + d1d2)22>,

= D(glgg)F(Zl, ZQ), (A16)
where
(a1 b as by\  [aiaz 4+ bica aiby + bids
9192 = <Cl dl) (02 dQ) a <cla2 + d102 Clbg + d1d2> ' <A17>
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To find the irreducible representations we will consider only those functions which are
homogeneous of degree \; and Ay respectively. By this we mean that for any complex
number « # 0

F(az, az) = aMa™F (2, z). (A.18)

Note that A\; — Ay much be an integer in order for such a function to be well deﬁnedﬂ. Next,
we define a scalar product on the space of these homogeneous functions by

(F1|F) = /F1(Z1,22)F2(21,Z2)du(21,22), (A.19)

where the measure du(z, 22) is defined to be invariant under the transformations in Eq.
(A.13). This establishes a Hilbert space consisting of all such square integrable functions.
Moreover, the operators D(g) on this Hilbert space are unitary since

(D(g)F1|D(g)Fs) = /Fl(azl + c29,bz1 + dzo) Fy(az + cz9,bzy + dzo)du(z1, 22),

— | R 5)du, ),

where we used the invariance of the measure. Furthermore, we get the condition

IF|? = (F|F),
:/F(zl,zg)F(zl,zg)d,u(zl,zg),
/F azy, azo)F(azy, az)du(az, az),
/0/\1 22 Fazy, az) oM@ Faz, az)a’@du(zy, 22),

— a’\1+)‘2+25/\1+>‘2+2||F||2,

A1 +A2+2

2
£, (A.21)

:‘a

ITo see this take a = 2™,
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which implies A\; + Xy +2 = 0. As we noted above A\; — A\, must be an integer therefore we
have the solution

noip
_ 1 A.
A1 5 + 5 , (A.22)
noip
A=—+—-1 A2
2 9 + 2 ) ( 3)

where n is an integer and p is real. The representation just described is referred to as
the Principle series in which each pair (n,p) labels a unitary irreducible representation
(irrep) of SL(2,C). It can be shown that two irreps (n,p) and (n/,p’) are equivalent if
(n,p) = (—n', —p') therefore we will restrict n to be positive.

The Hilbert space corresponding to the representation (n,p) with the inner product

given in Eq. (A.19) will be denoted by H(,,. Operators corresponding to SL(2, C) trans-
formations will be denoted D™ (g). The SL(2,C) Casimirs in these representations take
the values

Cy==(n*—p*—4), (A.24)
Cy = np. (A.25)

A.3 Reduction of SL(2,C) into Irreps of SU(2)

We will now review the decomposition of the irreps of SL(2,C) into a direct sum of irreps
of SU(2) as given in [I5]. To do this, notice that by homogeneity the above representation
is completely determined by its action on the unit sphere since

F(z1,29) = (|21 + |22*) /> F (g, ug), (A.26)
where
21
U = —, (A.27)
Vizaf? + |z
Uy = = (A.28)

\/|21’2+\Z2’2’
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and thus |u;[*+4|ug|? = 1. Furthermore, the action of SL(2, C) elements can be represented
entirely on this subspace since

D™ (g)F(uy, ug) = F(auy + cug, buy + dus),

= (|au1 + CU2|2 + |bU1 + dU2|2)ip/2_1 F(u/h u'2)7 (A‘29)
where
/ au, + CUo
- A.30
Uy (lauy + cug|? + |buy + du2‘2)1/2’ ( )
b d
K T (A.31)

2= (lauy + cus|? + |buy + dus|?)'/2

and thus [u}|> + |uj|> = 1. Finally, we associate the normalized spinor (uj,us) with an
element of SU(2) by

—Uy Uy

. ( w “2) , (A.32)

so that we can consider the function space to be defined over SU(2) and we will therefore
write

f(u) = Flui, us). (A.33)

Due to homogeneity, however, this identification is only unique up to a phase such that

flyu) = F(ei“’ul, ei“’u2),
_ Gio\l_AQ)wF(U,l, Ug),

=" f(u), (A.34)

where

e“ 0
o < . e-iW) ‘ (A.35)



Therefore, we will have to enforce the covariance condition in Eq. (A.34)) when viewing the
function space to be over SU(2).

We can recast the inner product in Eq. (A.19) as in integral over SU(2)

1) = / o O @) (A.36)

where p(u) is the Haar measure on SU(2). An explicit parametrization of the measure is
given by

dp(u) = (2m)~2drdf,db,, (A.37)

where

(ur,ug) = (Vre® V1 —re®), (A.38)

for 0 <r <1and0 <60, <27

We may now invoke the Plancherel theorem which asserts that the functions

‘ 13
(2j +)Y2D?  (u) for j=0,=,1,

mi mo 2 5,...

(A.39)

for —j < my,my < j are a complete and orthonormal basis for the Hilbert space H, )
of functions over the group SU(2). The functions D/, . (u) are the matrix elements of
SU(2) which can be parameterized as

DI, o, (w) = (G ma|D? (w)] 5 ms),

mi1 mo
_ <j m1|€i01J36i9J26i02J3|j m2>’
im10 j im0
=e™mndl L (0)e™%2, (A.40)
where
1 . i0J? -
A 1y (0) = (a7 |j my). (A.41)
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The explicit form of the functions d/, . (0) are given in Appendix Enforcing the
covariance condition in Eq. ( - we first notice that

e 0 et01/2 0 ind? i0oJ3

i(0142w)/2 0 inT? i85
= 0 p—ilOi+2w)/2 ) €7 € )

_ pi(01420) % inJ? ewgﬂ, (A.42)
therefore

DI (7“) zm1(91+2w)d3 (n)eimgeg

m1ma2 mi1 m2

=e¥mepl (). (A.43)

mi1m2

Y

Now consider the inner product

il / Dy () £ () a(11),
- / Diny () f () dpa(w),

=t [ D) fwdaw)
SU(2)

= 7Dl ) (A.44)

where we used the invariance of the measure. This implies that m; = n/2 and therefore
the subset of functions

. . nn
Ujm) = (2 +1)'2D] , (w)  for  j= 23+ 1 2+2 (A.45)

and for —j < m < j also form a complete and orthonormal basis for H,,). Thus we may
expand any function f(u) as

=3 S @+ )DL, D, (), (A.46)

j=n/2m=—j
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with the inner product defined in Eq. (A.36). This basis for the representation space
of SL(2,C) using irreps of SU(2) is referred to as the Canonical basis. In terms of the
standard Hilbert spaces D; of SU(2) we thus have the isomorphism

Him ~ P D, (A.47)

j=n/2

and the completeness relation

Lomy = D > 1%m){(Tjml (A.48)

]:n/Q m:—j

A.4 Reduction of SL(2,C) into Irreps of SU(1,1)

Similarly, the irreps of SL(2,C) can be decomposed into a direct sum of irreps of SU(1,1)
[15]. Indeed, the same representation of SL(2, C) can be completely specified by its action
on the unit hyperboloid

01 = |vaf* = 7, (A.49)

where 7 = +1. By homogeneity we have

F(z1,2) = [(|z1]* = |2)]?/* 7 F (v1, va), (A.50)
where
v = “l s Vg — =2 s <A51)
V(22 = [2]?) T([z1]* = [22]?)
and
=41 for |zn]*> |l (A.52)
r=-1 for |z]*<|n)” (A.53)
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Again the action of SL(2, C) elements can be represented entirely on this hyperboloid since

D(pvn) (Q)F(Uh 1)2) = F(CL’Ul + CU9, bUl -+ dUQ),

= (rlavy + cvs|? = 7lbvy + dua|?) > F(u],0}), (A.54)
where
/ avy + cuy
B A.55
%1 (T|avy + cva|? — T|bvy + dwy|?)V/2’ ( )
b d
%= i (A.56)

(Tlavy + cvs|? — T|bvy + dvy|?)1/2’

and thus |[v]|? — [v4]? = 7.

We would now like to express F' as a function of the group SU(1,1) so that we can use
the Plancherel decomposition theorem. Given a point (v, v,) on the 7 branch of the unit
hyperboloid we can parameterize an element of SU(1,1) in the following wayﬂ

v = (El 32) , T =41, (A.57)

v = (@2 @1) , T =—1. (A.58)

In view of Egs. and the two values of 7 correspond to two disjoint subspaces
of €2?. Thus, in order to express F over SU(1,1) and still represent the entire Hilbert
space of SL(2,C) we need to use both branches of the hyperboloid. In other words, each
function F' corresponds to a pair of functions f, over SU(1,1) given by

f () = [Tz = [2af)) 2 F (21, 22). (A.59)

As in the SU(2) case we have the following covariance condition

fT(7U> = eianfT(U)7 (A'GO)

2Note that these two paramterizations are related via multiplication on the left by the Pauli matrix o;.
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where 7 is given in Eq. (A.35]). Notice the factor of 7 in the exponent of the phase factor
which is a result of the relation vo, = o1y~!. Furthermore, since the functions f, are
defined on disjoint subspaces of C?, the inner product in Eq. (A.19)) is given by

=3 [ T ), (A6)

where du(v) is an invariant measure on SU(1,1). An explicit parametrization of this
measure is given by

dp(v) = (27) 2dwdf,dbs, (A.62)
where

(v1,v2) = (Vwe™, vVw — 1), T =+1, (A.63)
(v1,v2) = (Vw — 1e | Jwe'®), T=-1, (A.64)

for 1 <w < oo and 0 < 6,60, < 2m. Here the measure factor is not unique since SU(1, 1)
is not compact so we just choose it to match the inner product over SU(2).

We will again use the Plancherel theorem to decompose the functions f;(v) into matrix
elements of SU(1,1). However, since SU(1,1) is not compact the decomposition will
involve an integral over a continuous set of functions as well as a sum over a discrete set.
Indeed, the set of functions

; 3
2j+1)Y*D2 - for  j=-1, —g discrete series,  (A.65)
, 1
(25 + 1)1/2Dﬁn1 m, for j= ~3 +1is, 0<s<oo, continuous series, (A.66)
form a complete and orthonormal basis of H(,,). The functions D, are the matrix
elements of SU(1, 1) which can be parameterized as
Dy, my (V) = (j ma| DY (v)|5 ma),
= (j m1|6i91J36inK26i01J3|j ma),
=™l (n)e™?, (A.67)
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where

By () = (| |j my). (A.68)

m1 ma2

The explicit form of the functions d/, m, (1) is give in Appendix . Enforcing the covari-
ance condition in Eq. (A.60) - we first notice that

e 0 e1/2 0 K2 0973

62(91 +2w)/2 0 7;’)’]K2 i92J3
- 0 p—iOit20)/2 | €7 €
i (01420) 73 JinK? 023 (A.69)

therefore

Dj (,yv) zm1(91+2w d] (77)€img€27

mi me mi1 ma2

=e¥mepi  (v), (A.70)

mi1m2

Now consider the inner product

(DI 1f) = / Dhos ma(0) f (0)dja(w),
/ Dio s (70) 2 (0)da(v),

— ,—i(tn—2mi)w YR
e /SUM Dy (0) £+ (0)dp(v),

—e —i(tn— 2m1)w<Dj |f7—>7 (A?]_)

mi ma

where we used the invariance of the measure. This implies that m; = 7n/2 and therefore
the subset of functions

v = @i () = ey () @)

—i+4is 0
|Uf )= (27 +1)Y2 (Dm/m(”)) Cwn Y= (25 +1)Y? (D_;Hs( )> . (A.73)

0 ™m/2m
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also form a complete and orthonormal basis of H, ). For the discrete series D]

3 5

55 _57 )
such that j — n/2 is an integer. Note that j = —1/2 is excluded from the Plancherel
decomposition because it is not normalizable [28]. For the continuous series C¢

j=-1,-2,... or j=-— with  tm=jj+1,j+2,.., (A.74)

0<s< o0, with +tm=¢€e+1e+2,.. (A.75)
where € = 0,1 such that e — n/2 is an integer.

Furthermore, using the inner product in Eq. (A.61)) we have the following orthogonality
relations

<‘IJ;m’\:[!;’/m’> - 5j’j5m’m67"77 <A76)
/ i(s' —s)

\Ij;m \DZ’ m'! = —5m’m57"7'7 AT7

Wormerm) fie(s) (A7)

In terms of the Hilbert spaces of the discrete series D] and the continuous series Cg of
SU(1,1) we have the isomorphism

n/2 . n/2

Hom = | B D;ea/ dsC; | o | € Dy @/ dsCt |, (A.79)

—j>1/2 0 —j>1/2

and the completeness relation

Ty = 3 Z|\Ifjm><\vjm|+/ d () SO 0t

—j>1/2 m=j tm=e
B S W [t Y W) (s
—j>1/2 —m=j +m=e
where
—itanh(ws) e€=0,
e\s) = A.81
pels) {—icoth( ) e=1. (A.81)



A.5 Representation matrices of SU(2) and SU(1,1)

The SU(2) matrix elements can be parameterized by

DI,y (w) = (G ma|D? (w)]j ms),

mi1 me
_ <j m1|ei01J3ei9J2€i02J3|j m2),
im10 j im0
=e™ond L (0)e"™2, (A.82)
where
i . 0J2 -
@y (0) = (jmale”|j ms). (A.83)

Similarly, the matrix elements of SU(1, 1) can be parameterized as

Dl iy (0) = (G ma | D (0)]j ma),
— <] mlleieleeitKQQiele ’j ,'7,212>7

= emip - (2(t))e™202, (A.84)

m1 ma

where

By o (1) = (Gl mo) = /(= 1)mmmid), L, (). (A.85)

Explicitly we have

& (0) =

m1m2

(m1 — mg).

where

Fioo(2) = (1= 2)mtm2)2 () mmm) 2 (g omy i+ my + Lmy —mg + 152)

(A.87)
Nivims = _1_[_ (j+m1—l)(j—m—l)] = [81:3:8:2?;: E, (A.88)
2(0) = %(1 ~ cosf), (A.89)
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for m; —mg > 0 and my + mgy > 0. Note that in the parametrization of SU(2) in Eq.
(A.38) we have z = r and for SU(1,1) in Egs. (A.63) and (A.64) we have z = w. For the

other three possibilities for m; and msy we use

d‘an mg(z) = (_1)mlim2d%12 m1(2)7 my + mo Z 07 my —Mms S 07
dginl mo (Z> = (fl)ml_de]—nn —mz2 (Z)7 my + mo S 07 my —Mma S 07 (AQO)
d£n1m2<z) :d]—mg—ﬂn(z)? m1+m2 S()) myp —Mma 20

Notice that F7, . (2(0)) = F,;7,-1(2()) since the hypergeometric function is symmetric in

mima mima2

the first two arguments. Moreover from Eq. (A.88) we see that (N7, ,,..)* = (N,,7;.1)? and

. mima2 mimsa
for large [j| N}, .., ~ j™ ™ therefore

NIy = (=1)™M7m2N I (A.91)
Hence we have the relation
j mi—meo j—j—1
By my (2) = (1) d 70 (2). (A.92)

This relation will be useful when comparing elements of the SU(2) basis for which j > 0
to elements in the SU(1,1) discrete series for which j < 0.

A.6 Inner product between the SU(2) and SU(1, 1) bases

Elements of the SU(2) basis and the SU(1, 1) discrete series belong to the same Hilbert
space H(, ) which was constructed in Appendix . Therefore it is meaningful to compute
the inner product between such vectors. A discussion of this is contained in [15]. To do
so we will relate elements of SU(2) to elements of SU(1,1) by the virtue that they both
represent the same homogeneous pair of variables (21, z). We will then parameterize an
element of SU(2) using the parametrization of an element of SU(1, 1) and once both vectors
share the same parametrization we will compute their inner product using Eq. .

Let (u1,u2) and (vy,v9) correspond to elements u € SU(2) and v, € SU(1,1) respec-

tively. Using the parameterizations in Eqs. (A.38)), (A.63), and (A.64]) these matrices are
given by

3See [34].
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reth V1= e
U= (_‘ /1/__ re_i92 \/Fe—iel ) 0 S r S 17 (A93)
VI o Te
= . <w< ,
U+ ( w — 16*192 \/@67191 ) 1 S WS 00, (A 94)

\/mew1 we'?>
T ( e \/%ewl , 1 <w < oo, (A.95)

(A.96)

and 0 < 64,605 < 2.

Since these pairs correspond to the homogeneous variables (21, z2) the following ratios
must be equal

Uy U1

It A.97
o o (A.97)
Therefore from Eq. (A.97) we have the relations
r w w 1

=+1: = = d = <r<1 A.98
T = w-1  Tgpop mdgsrst (A%
1 ro el W=l d 0<r<? (A.99)

! I—r  w "Tow—1 =13

Therefore we define the SU(2) elements

_ W e WL <w<
uy(v) = (ﬁ/ 5o —1¢ '\ 25 —1¢ >, 1 <w < oo, (A.100)
<w< A.101
( w17 \/2w—1 ) ESws oo, (A.101)

and the inner products between basis vectors of the SU(2) basis and the SU(1, 1) discrete
series can then be computed by

Oyl ¥i) = VITFIVIGT [ D] () Dl ((0). (A102)

where the representation matrices for SU(2) and SU(1,1) are given in Appendix [A.5]
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Appendix B

The Continuous Series in a Basis of
K'! Eigenvectors

We now wish to construct a basis of eigenvectors of the generator K for the continuous
series. Since this generator corresponds to a noncompact subgroup, the eigenvalues A
will be continuous and these states will thus be non-normalizable. The basis vectors are
therefore postulated to satisfy

1

QliAe) =34 +1)jiNo) j=—5+is, 0< s < oo, (B.1)
KYjAo)=MjAo), —00 < \ < o0, (B.2)
(jAalg N ) = 0gord(A = N), (B.3)

where o = 0, 1 resolves a two-fold degeneracy for states diagonalized with respect to K*.
This degeneracy arises because there exists an outer automorphism[Y]

(J°, K' K?) — (=%, K, —K7), (B-4)

which is realised by conjugation by an operator P where

Pljm) = &[] —m), (B.5)
PljAo) = (~1)|j A o). (B.6)

IRefer to the commutation relations in Eq. lb
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Since [K', P] = 0 both operators can be diagonalized simultaneously.

We can then express the matrix elements of SU(1,1) using a combination of this basis
|7 A o) and the standard basis |j m) by

Dl \,(v) = (j m|D’(v)]j A o),

= (j m|6—i<pJ3e—itK26iuK1 j Ao),

= e Mol | (t)e, (B.7)

mAo

where

dj

mA\o

(t) = (jmle ™ |j Ao). (B.8)

The functions d’ ,

(t) are given in [27] by

4 m— ) TY2 9i-lp(_i 4
@) = {FF( 7) )} 270(—j + i)

(m+j+1 i sin 5 (—j 4+ o —i))

27" Fo(1) (—1)727F/ (1)
8 {F(—M—j)F(m+ 1+di\) T(m—)(-m+1 +¢)\)}’ (B.9)

where

Fj

mA

m—i\ m4iA
t t t t
(t) = (cosh . 1 sinh 5) <cosh 3 + ¢ sinh 5)

><2F1<m—j,m+j+1;m+1+i)\;(1—|—z'sinht)/2>. (B.10)

B.1 Differential Operators

We wish to find the differential operators corresponding to the parametrization of SU(1,1)
used to define the matrix elements in Eq. (B.7)), i.e.

—ip]? it JiuK! (B.11)

vV=¢e
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By applying the derivative operators 0., d;, and 0, to v we can solve for the infinitesimal
generators K', K%, and K? as differential operators acting on the right. To do this we use
the commutation relations in Eq. (A.11]) and the Hadamard lemma

ABe = B[4, B] + oA, [A, B + oA, 14,4, B]] + . (B.12)

from which we can derive

v = v(iK"), (B.13)
Oy =v (—iK?coshu + i J* sinhu) (B.14)
dpv = v (—iJ? coshucosht +iK”sinhucosht + iK' sinht), (B.15)

Solving for the differential operators we obtain

K = —i0,, (B.16)
K? =i secht sinh ud, + i cosh ud; — itanhtsinh ud,, (B.17)
J* = i secht cosh ud,, + i sinh ud, — i tanh ¢ cosh ud,,. (B.18)

The generators of SL(2, C) outside of SU(1,1), namely J*, J?, and K3 can be determined
from the following definitions

F10) = ~ige D)L K) = i DO )

)
T7=0

(B.19)

where a;(¢), b;(¢)) are the one parameter subgroup generated by J, K* and are given in
Appendix [A.1] For the generator J! we find

! — (2 +i)sin v —ii v
J fT(U)_(2+ ) hth( ) 8¢f7’( )¢:0' (B20)

where we’ve used
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43 g2 el
v=e zapJe itK GWK7

B e'?/2 cosh % cosh ¥ + ie™/2 ginh % sinh % —e/2 cosh % sinh ¥ — ie"/2 sinh % cosh ¥
—e /2 cogh % sinh & + ie” /2 ginh % cosh ¥ e~%/2 cosh % cosh ¥ — ie~“/2 gsinh % sinh %

(;; ;?) . (B.21)

for 7 = 4+1 and oyv for 7 = —1. In the fundamental representation we have

0
Jt = (g +14)sinht — iv’lwv’ o’ (B.22)
P 1 [ —sinhwucosht coshtcoshu
N (5 +1)sinht + ) (— cosh ¢t cosh u sinhucosht) ’ (B.23)
= (g + z) sinh ¢ + cosh t cosh uK? — cosh t sinh u.J>. (B.24)

Substituting in the expressions for K2 and J3 from Appendix

J' = (g + z) sinh ¢ + i cosh t cosh u ( secht sinh ud,, + cosh w0, — tanh ¢ sinh u0,)
— ¢ cosh tsinh u ( secht cosh ud,, + sinh ug, — tanh ¢ cosh ud,) ,

= (g + z) sinht + i cosh t0;. (B.25)

The remaining differential operators can be found from commutation relations to be

J? = (g + Z> cosh ¢ sinh u — i tanh ¢ cosh ud,, + @ sinh ¢ sinh ud; + @ secht cosh ud,, (B.26)

K3=— (g + z) cosh t coshu — ¢ tanh ¢ sinh ud,, — ¢ sinh ¢ cosh ud; — i secht sinh ud,.
(B.27)

B.2 Action of J! on Eigenstates of K

We will now consider the action of J!' on the matrix elements given in Eq. (B.7). Replacing
Jo with —iX in Eq. (A9) of [35] we have
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—z’sinhtF(m—j,m—i—j—i— Lm+ 1+ ) (1 —|—z’sinht)/2)

CGHEmAEDG A+ 1) Ny o ( . S (14 isin
= GrDR D F(m G+)),m+G+)+Lm+1+iN(1+ ht)/2)

G-m)G =iy,
J(2j+1)
mA

vy F -7, )+ 1; 14X;(1+2sinht)/2). B.28

G (m Jym+ji+1Lm+ 14X (1+isin )/) ( )

(m—(j—1),m+(j—1)+1;m+1+z‘A;(1+z‘sinht)/2>

from which the action on the functions F, (t) is given by

sinhtF?, (t) = iCO8 F2AN(8) + CF \Fo, (1) +iCo P2 M), (B.29)
where
: +m 4 1)(j+iA+1)
cit Ut , , B.30
TG D@ D) (B.30)
; mA
C] — T B31
A+ 1) (B:31)
- o i)
coi-t— U =m)G — A B.32

Now let us consider the action of second term in the differential operator of J*. First define

¢ ¢ m—i\ ¢ " m—+iA
Gua(t) = <COSh 5 ¢ sinh §> (cosh 3 + isinh 5) , (B.33)
so that
FI\(8) = Gua(t)F(a,b;¢; 2), (B.34)
where
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a=m—j, (B.35)

b=m+j+1, (B.36)
c=m+1+i (B.37)
1 4+ 72 sinh
, . Ltesii (B.38)
2
One can show
0 )

cosht—Gpa(t) = (—A + msinh t)Ga(t), (B.39)

ot

and so

d _; B : : 0 o
coshtaFm/\(t) = GmA(t)< — A +im(l —2z) 4 2iz(1 — z)$>F(a, b;c; z), (B.40)

where we used —isinht = (1 — 22) and cosh®t = 4z(1 — 2). From Bateman 2.8 (27) we
have

z(1— z)%F(a, byc;z) =(m+iN)F(a—1,b—1,c—1,2) — iA+m(1 — 2z)] F(a,b;c; z).
(B.41)
and following a lengthy derivation [14]

Fla—1,b—1;c—1;2)

_ A NEm A DG mtl) s
a 2(m +i\)(j —iA)(j + 1) Fla=1b+1Laz2)

- (=) +2n(1n;_:)i(>\;j+m)F(a+1,b— 1;¢;2)
—j4+m—1[(=m+iA+1)(j+ir+1) _JFiAEL jtm
2(m +i)) (J =M@ +1) J—iA j
J+idx+1D(=j+m—1)

T St —ay LT EEbaz),

+

F(a,b;c;2)

(B.42)
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which together give

cosht o Fh(t) = GOMFIE (0) = CLaFin(6) — i+ DO FRN 0, (B43)

where

(J+m+1)(F+ir+1)

R RS TR (B4
i mA

CmA - ](] + 1)7 <B45)
j—1 (j—m)(j — i)

Cox = 2+ 1) (B.46)

Combining both terms in Egs. (B.29) and (B.43) the action of the full differential operator

is given by

mA T mA D) mA~T mA 2 mA © mA

Write
dZn)\cr = Sﬁn (Tfjn)\aF'r]n)\(t) - (_1)0T£m)\onm)\(_t)) ) <B48)
where
- L(m—j4) "
S) = ———— , B.49
m [F(m +7+ 1)} ( )
and

: 297D (=5 +i))
T : B.50
AT o sinZ(—j 4+ 0 — iA)D(—m — j)D(m + 1 +4)) (B-50)

Then from Eq. (B.47) we have
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2

— —j—1
mAct mA J 2(j +1)(25 + 1) cot Z(=(j + 1) + 0 —i)) AT mA
mpA

T 25G 1 1) T malt)
w o, 2(m — j)(m + j) P
+ (5 —|—j> 7(2j + 1) cot %(—(] ) pp— Z')\)Tm)\aFm)\ (1). (B.51)

To obtain the action of J! on the second term in Eq. we take m — —m and t — —t.
However, under this transformation J! — —.J!. This minus sign is canceled in the j term
due to the factor of m but the j+1 and j — 1 terms are invariant. To compensate for these
minus signs notice that 77 re —dcCOtT(—j+ 0 — M)Tj . Thus changing 0 — ¢’ in the

m mAo’

j+1and j —1 terms in Eq. (B.51)) gives

- ip . GHiIAN+D(G—iA+1) o i
JIT R () =i =—j—1 T R (¢
mAo m)\() 2(2 J ) 2(]+1)<2]+1) mAio m/\()
+—T7  F’ (¢
2](]+1> mAo m)\()

(ip N\ 2m =) m+3) i1 i
i (5 +]) 5+ 7951 Fis (). (B.52)

Taking m — —m and t — —t makes J' — —J' therefore

T GF (=) = —i (% —j- ) U 2@ 1 Bg;ﬁ; DTZ;&J,FZ;&(—)&)
Ty )
Finally
T By (8) = ST (Tos Fon (1) = (=177 20 (1)), (B.54)
and the substitution (—1)” = —(—1)7" gives the correct form of the matrix element for the

j+ 1 and j — 1 terms. Therefore
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J\E () = i+ A+ 1) — A+ 1D [(m—j—1(m+j+ 1] (ip 1)
"o 2G + D(2j + 1) 2 "
mpx
+ ——d
2j(j+1) ™
2i[(m —j)(m+ )" (ip  \ ;.
s d] .. B
* (25 + 1) y 1) e o

Now define the states

—n
S Ao

— (D _ — 0
|\Ij;_)\a'> = 2.] + 1 ( 6)\0> |\Ilj)\o> = 2] + 1 (DJ ) (B56)

in which case

1 » | .
PN o) = =5 (/2 + i+ D)+ 1 + N)Cia[W,1500)

AT, )

jAo
—2(p/2 = i§)C5WT_1 5 ) (B.57)
where
— fon2 4_ -2
Cj = - .n/ - (B.58)
Jv2i — 125+ 1
np
A =" B.59
45 +1) (B.59)
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Appendix C

Matrix Elements of the Generators of

SL(2,C)

Here we list the matrix elements of the generators of SL(2,C) on states in the various
bases of SL(2,C) discussed in the Appendix. We provide the matrix elements for J3, K3
or K' and J' where the remaining matrix elements can be expressed as ladder operators
and calculated by the commutation relations. For more details see [14].

For SU(2) in a J? basis

SNWjm) = m|W; ), (C.1)
KW 0) = (p/2 +i(5 4+ 1)Cj31|Vji1m)
— mA;|Vjm)
+ (p/2 - ij)0j|\1/j—lm>a (02)
where
on
A =—"_ C.3
T4+ 1) (©3)
2/4 _ 52 2_ 2

JV2i — 127+ 1

For the SU(1,1) discrete series in a J* basis
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0T, = m|VT ),

K207, ) =7(p/2+i(j +1))Cja|¥] 11 ,)
—mA;|7,)
+7(p/2 = ij)C5 V] 1),

For the SU(1,1) continuous series in a K' basis

K075 ,) = AT 5,).

j)\cr j/\a'
Lo | —
T s,) = =5 (p/2 400 + D) + 1 + X)W1 00)
+ AA; VT )

—2(p/2 — i5)Ci[TT_ 5\ 1),

where

6 T
J

RN NI ES
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Appendix D

Parametrization of Quotient Spaces

D.1 Isomorphism between SU(2)/U(1) and S*

In this Appendix we derive the explicit isomorphism between elements in the quotient
SU(2)/U(1) and the sphere S?. This isomorphism is used to relate coherent states in the
SU(2) basis to Euclidean normal vectors of classical triangles.

An element u € SU(2) is parameterized by

- 13 : 72 - 73
u = e et et Y (D.1)

where

—T<p<T —2r <60 <27 —nm <Y <. (D.2)

We can represent an element of the quotient space SU(2)/U(1) by

g =el"%el (D.3)

Consider the states g|j m) and the expectation values

(jmlg'Jig|jm). (D.4)

Using the Hadamard lemma in Eq. (B.12)) we have the following relations
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g Jrg = J' cos + J?sina — cos psin 0%, (D.5)

g'J%g = —sinpcos@J' + J? cos ¢ + sin sin 0.3, (D.6)
g'3g = J3cosO + J'sin 6. (D.7)
Therefore

(m|gtJ glj m) = —m cos psin 6, (D.8)
(jm|g"J?g|j m) = msin @ sin, (D.9)
(i ml|g"T3g|j m) = m cos¥. (D.10)

Hence
(mlg'J'gljm) = mN", (D.11)

where
N = (= cos psin 8, sin ¢ sin 0, cos 0), (D.12)

and (N1)2 + (N?)?2 4 (N®)2 = 1.

D.2 Isomorphism between SU(1,1)/U(1) and H UH_

In this Appendix we derive the explicit isomorphism between elements in the quotient
SU(1,1)/U(1) and the two-sheeted hyperboloid Hy U H_. This isomorphism is used to
relate coherent states in the SU(1, 1) discrete series to timelike normal vectors of classical
triangles.

For the parameterization of eigenstates of J3, an element v € SU(1, 1) is parameterized

by

ipJ3

v = el I T, (D.13)
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where

—T<p<mw —2n<yp<2m 0<t< oo (D.14)

We can represent an element of the quotient space SU(1,1)/U(1) by

g = et (D.15)

Consider the states g|j m) and the expectation values

(jmlgtF'gljm). (D.16)

Using the Hadamard lemma in Eq. (B.12)) we have the following relations

g'Jsg = J? cosht + K'sinht, (D.17)
¢'K1g = J?cospsinht + K cos pcosht + K?sin o, (D.18)
g Kyg = —J?singsinht — K'sin pcosht + K2 cos ¢, (D.19)
Therefore

(jm|g'Jsg|j m) = m cosht, (D.20)
(jm|g"Ky1g|j m) = mcos ¢sinht, (D.21)
(jm|g'Kyg]jm) = —msin@sinht. (D.22)

Hence
(jmlg'F'gljm) = mN", (D.23)

where
N = +(cosht, cos psinh t, —sin g sinh t), (D.24)

and (N°)2 — (N1)2 — (N?)? = 1.
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D.3 Isomorphism between SU(1,1)/(G; ® Zy) and Hg,

In this Appendix we derive the explicit isomorphism between elements in the quotient
SU(1,1)/(G1 ® Z3) and the one-sheeted hyperboloid Hg,. This isomorphism is used to
relate coherent states in the SU(1,1) continuous series to spacelike normal vectors of
classical triangles.

For the parameterization of eigenstates of K! an element v € SU(1, 1) is parameterized
by
v = e—wﬁe—z‘tmeiukl (D 25)

where

2r<p<2t 0<t<oo 0<u<oo. (D.26)

We can represent an element of the quotient space SU(1,1)/(G ® Zs) by

g = e iKY (D.27)

where the division by Z, corresponds to the restriction of —m < ¢ < . For the continuous
series we consider the states g|j A o) and the expectation values

(jAalg'FigliXa). (D.28)

Using the Hadamard lemma in Eq. (B.12]) we have the following relations

g'J3g = —K'sinht + J3cosht, (D.29)
g'K'g = K" cospcosht — K?sin o + J3 cos psinh t, (D.30)
g'K?g = K'singcosht + K% cos p + J3sin psinht, (D.31)

and so the expectation values are
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(jXolg'JPg|j Ao) = —Asinht, (D.32)
(jAo|g'K'glj Ao) = Acos pcosht, (D.33)
(j Aolg'K?g|j Ao) = Asinpcosht, (D.34)
(D.35)

Hence
(jAalg'FigljAa) = AN, (D-36)

where
N = (—sinht, cos ¢ cosh ¢, sin ¢ cosh t), (D.37)

and (N0)2 — (N1)2 — (N?)? = —1.
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