Toward Canonical General Relativity

in the
Loop Gravity Phase Space

by

Jonathan Ziprick

A thesis
presented to the University of Waterloo
in fulfilment of the
thesis requirement for the degree of
Doctor of Philosophy
in
Physics

Waterloo, Ontario, Canada, 2013

(© Jonathan Ziprick 2013






Author’s declaration

I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis,
including any required final revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.

1ii






Abstract

The continuous, kinematical Hilbert space of loop quantum gravity is built upon a family
of spaces Hr, each associated to a different graph I', i.e. a network of interconnected one-
dimensional links ¢, embedded within a spatial geometry. The kinematics of loop quantum
gravity are well-established, but difficult problems remain for the dynamics. There are two
steps in getting to the quantum theory from the classical one: first, the embedded graphs
are used to define a smearing of the continuous gravitational fields to obtain a holonomy h,
and flux X, for each link of the graph, giving a phase space Pr; second, this phase space is
quantized to yield a finite dimensional Hilbert space Hr. The intermediate classical theory in
terms of Pr phase spaces remains largely unexplored, and here we endeavour to develop it. If
we can find such a theory that is consistent with general relativity, then we will have a theory
of gravity based upon finite-dimensional phase spaces that is nicely set up for quantization a la
loop quantum gravity.

To begin, we first review the basic elements of the quantum theory before introducing the
classical phase space structure. Within this framework we show that there is a one-to-one
correspondence between the data on a graph and an equivalence class of continuous geometries.
We find that a particular member of each class, the spinning geometry, makes a promising
candidate as a gauge choice to represent the (hy, X;) data in the continuous theory, helping us
to formulate a dynamics for the discrete theory. Considering all of the possible graphs, it is
important to know how we can evolve from one phase space into another, and how the dynamics
in Pr relates to the continuous evolution. There is a geometrical description of phase spaces
where dynamics appears as a class of subspaces within a symplectic manifold. We use this
picture to formulate a dynamics between Pr phase spaces, and demonstrate this process on a
simple model that mimics the case of full gravity. Following this, we study a system of point
particles in three-dimensional gravity which provides an illuminating demonstration of what we
hope to accomplish for full gravity. We develop the classical theory of point particles and show
that it can be described by an evolving triangulation where discrete bistellar flips can occur.
From here we define the loop gravity theory and show that it agrees with the continuous theory,
having two-to-two moves on the graph which mirror the bistellar flips in the triangulation. The
results are promising for finding a dynamics for four-dimensional loop gravity, and if the full
theory is developed further, we expect it will lead to a breakthrough in the quantum dynamics.
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Chapter 1

Introduction

In the last hundred years our understanding of nature has been radically altered by two revo-
lutionary theories: general relativity and quantum mechanics. But this has been “the century
of the incomplete revolution” [I] since we are yet unable to merge these ideas into a quantum
theory of gravity. This is the challenge that physics in the twenty first century must face.
The most direct methods have already been tried, so we must be creative in developing new
approaches to this problem.

On the one hand we have general relativity, a purely classical description of gravity in terms
of pseudo-Riemannian spacetime geometries. This theory has proven to be accurate at all
macroscopic scales that are larger than a few millimeters. On the other hand we have quantum
mechanics, describing the peculiar rules for interactions at microscopic scales. For gravity, one
expects these quantum effects to become relevant only near the Planck scale ip; = 10~3%m.
Since one theory applies at large scales and the other at small scales, one of these can be safely
ignored for most physical calculations, i.e. we can do classical calculations in curved spacetime
and quantum calculations in flat spacetime. However, this is rather unsatisfactory if we are
to have a unified understanding of the physical universe, and there are phenomena which we
simply cannot describe without a quantum theory of gravity.

1.1 The need for quantum gravity

We do have some understanding of the interplay between gravity and quantum mechanics, and
have developed certain semiclassical approximations to use for quantum field theory on curved
space. For instance, we rely upon these methods to understand how the cosmic microwave
background that we observe today results from quantum fluctuations of spacetime in the early
universe. There are however situations where these methods do not suffice, and a full quantum
theory of gravity is required [2, 3]:

Singularities: Measurements of Hubble expansion and the cosmic microwave background
support an inflationary cosmology, which implies the existence of an initial cosmological
singularity [4]. Singularities have also been shown to form inside black holes, at least
according to the classical rules of general relativity, under very general conditions [5].
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These divergences represent an inadequacy of the classical theory for dealing with very
large curvature. A quantum theory is required to describe these scenarios, which is
expected to preclude such divergences by introducing a natural cut-off at small scales
near the Planck length.

Hawking radiation: Black holes are known to lose mass through Hawking radiation
[6]. The semiclassical derivation of this process breaks down for microscopic black holes,
leaving the end state of evaporation unknown and bringing forth the information loss
problem [7]. From the exterior of a black hole, one can only measure the mass, angular
momentum and charge while all other knowledge about what went into the hole is veiled
behind the event horizon. Hawking radiation is not believed to carry out information, so
if a black hole evaporates by this process, where does the information go, and what is left
behind?

Black hole entropy: The proportional relationship between black hole entropy and
event horizon area was developed by Bekenstein [§] and Hawking [9]. Calculations based
on this formulation give rise to enormous values for entropy, which is odd since high levels
of entropy are usually associated with complex systems. Since black holes are relatively
simpl{] objects, this suggests hidden degrees of freedom that might be explained by
quantum mechanical effects.

Cosmological constant problem: If we naively choose an ultraviolet momentum cut-
off of 1/Ip resulting from quantum gravitational effects, we find the cosmological constant
to differ from the experimental value by an embarrassing 120 orders of magnitude. This
is quite probably the worst prediction in all of theoretical physics, and a quantum theory
of gravity is expected to shed some light on this problem.

Unified field theory: Quantum theories have been developed for all non-gravitational
interactions. If the four fundamental interactions are unified in the early universe, then
it seems that gravity must behave according to quantum mechanics as well.

Inconsistency of semiclassical theories: Gravity is known to interact with all forms
of energy via the Einstein equation:

1
R = 5 Ry = 87G T .

Since the right hand side is fundamentally quantum mechanical, T}, can be taken as a
quantum operator. However, trying to keep the right hand side of this equation classical
by taking the expectation value of the stress-energy tensor is only useful for approxi-
mate solutions, and does not lead to a consistent full theory of quantum fields in curved
spactime. It seems the only viable option is to treat spacetime geometry on the quantum
mechanical level as well.

!The no-hair theorem conjectures that all black holes are characterized by only three properties: mass, electric
charge and angular momentum.



These scenarios are at the fringes of known physics and may have little consequence for practical
matters, but the philosophical tension these questions raise is of utmost importance. Without
quantum gravity, physics is divided into two separate worlds, the big and the small. There will
remain a fundamental flaw in our understanding of nature until we are able to bring these worlds
together and find a quantum theory of gravity, the missing keystone that would interlock the
disparate theories of general relativity and quantum mechanics. At the heart of this problem
lie questions about the very nature of space, time and the creation of the universe. To learn
about quantum gravity is to learn about some of the biggest philosophical questions that we
face regarding our very existence.

Although many exceptionally talented people have pursued the quantization of gravity since
the inception of general relativity and quantum mechanics, gravity remains the only fundamen-
tal interaction in nature lacking a consistent quantum description. Why is this such a formidable
challenge? General relativity is a theory of geometry, and provides a description of the space-
time within which all of the other components of the universe exist. In developing quantum
theories for the strong, weak and electromagnetic interactions, one assumes a fixed spacetime
background. This takes gravity out of the picture since the Einstein equation implies that ge-
ometry is a dynamical entity, shaped and moved by matter, i.e. spacetime is the gravitational
field. In quantizing gravity, we must quantize spacetime itself! This presents a very different
and conceptually difficult challenge, with a potentially huge payoff. Since the dynamics of all
physical interactions is played out on the background of spacetime, a theory of quantum gravity
could lead to new discoveries over a wide range of physics research.

1.2 Loop quantum gravity

There are now many who work on the problem of quantum gravity from a variety of different
angles. See the book [I0] for a discussion of various approaches. String theory [I1] and loop
quantum gravity (LQG) [3, 12] are the two largest fields in terms of number of researchers,
but there are several notable alternatives including causal dynamical triangulations [13], causal
sets [14], noncommutative geometry [15] and asymptotic safety [16]. In this thesis we focus on
LQG.

Loop quantum gravity is a modest and direct approach to quantum gravity. The goal is
simply to take what we know about quantum field theory and apply it to general relativity.
The theory is concerned only with gravity, and does not attempt to be a unified theory. It
assumes a four-dimensional, Lorentzian spacetime, and does not require the introduction of
so-far unobserved super-particles to make the theory consistent. Most of the other approaches
listed above can be seen as ‘bottom up’ approaches which make an assumption of what the
basic building blocks of space time are, e.g. strings, causal sets or four-simplices. Conversely,
LQG is a ‘top down’ approach which begins on firm ground by starting from a Hamiltonian
decomposition of the Einstein action. The introduction of loops, or in the modern treatment,
spin networks, comes as a solution to the constraint equations, and the emergence of discrete
geometry comes a result of the theory rather than an input.

There are many who believe that a necessary feature of quantum gravity is background
independence, which means in practical terms that no background metric should be assumed
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in developing the theory. See the article [I7] for a philosophical discussion on this debate.
Background independence is consistent with the idea that events can only be described in
relation to other events, as opposed to the notion of an absolute space and time. LQG takes the
stance that if one is attempting to give a general, quantum mechanical description of spacetime,
then one cannot put into the theory any assumptions about the spacetime geometry.

A related feature of LQG is that it is non-perturbative. Perturbative theories introduce a
fixed background spacetime as a reference and consider only small perturbation away from this
background. Proponents of LQG tend to believe that a perturbative theory cannot yield a full
theory of quantum gravity [I§]. The rationale is that working around a fixed background is
inadequate for dealing with regions of high curvature, as in the study of singularity formation (or
avoidance). Perturbative theories assume spacetime to be smooth and obey classical symmetries
down to arbitrarily small scales, but it may be necessary to relax these conditions at the Planck
scale where the quantum properties of spacetime take form.

The principle of least action is a mathematical statement of nature’s preference for maximal
efficiency, and is a ubiquitous tool in physics. Beginning with an action, one can derive the
equations of motion and gauge transformations for any classical system, and once the theory
has been written in this form, a set of standard rules can be applied to obtain a first order
(in k) approximation to the quantum theory [I9]. The canonical decomposition of the Einstein
action was first done by Arnowitt, Deser and Misner [20] in 1962. Here the phase space is
parameterized by a space metric gq and its conjugate momentum 7, so that gravity can
be seen as spacelike hypersurfaces evolving in time. However, the quantization program of
Dirac was never successfully applied due to the complicated nature of the Hamiltonian. Over
two decades later, Ashtekar recast the theory in terms of new variables which simplify the
Hamiltonian and make the theory look similar to an SU(2) Yang-Mills gauge theory. The fields
parameterizing the phase space are the su(2)-valued Ashtekar-Barbero connection A [21], and
its canonically conjugate ‘electric’ field E € su(2), both being defined over spatial hypersurfaces
foliating the spacetime manifold. This was the birth of LQG, the goal being a direct route to
quantum gravity by applying a Dirac quantization to this more simple Hamiltonian for general
relativity. Moreover, having the theory resemble a gauge theory allows for some useful tricks
to be borrowed from lattice gauge theory.

As a first step toward construction of the quantum theory, one defines a smearing of the
field variables (A(x), E(z)) in order to avoid bare delta function divergences. This is done by
embedding within the spatial hypersurface an oriented graph I, i.e. a collection of oriented,
one-dimensional curves (or links ¢) which are joined at their endpoints. Given such an embedded
graph, one can define on each link a holonomy hy, € SU(2) as the path-ordered integral of the
connection A(x) along the link. In order to smear the electric field E, one chooses for each link
{ a dual two-dimensional surface, where ‘dual’ means that the surface is pierced by the link at
a single intersection point, and is not pierced by any other link. This duality implies that each
link is dual to a unique two-surface. One then defines a flux X, € su(2) associated to the link ¢
as an integral of E over the two-surface dual to £, which corresponds to the electric flux passing
through the surfacd?’}

2Note there is an alternative approach where one takes the holonomy-flux variables associated to graphs as
fundamental. The notion of a continuous spatial manifold is then seen as an emergent feature of the theory [22].
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At the quantum level the smeared variables form the so-called holonomy-flux algebra [23], a
cornerstone of the entire construction of LQG. Associated with this algebra and a given graph
I" is the so-called spin network Hilbert space Hr. It captures only a finite number of degrees
of freedom in the theory. One recovers the continuous kinematical Hilbert space by taking the
projective limitE| of spin network Hilbert spaces Hr associated to graphs.

In this construction, two very different procedures are realized at once. There is a discretiza-
tion procedure in which the continuous fields are replaced by discrete holonomies and fluxes
associated with graphs, and in the same stroke, these variables are promoted into quantum op-
erators. The main idea we want to take advantage of is that the processes of discretization and
quantization are totally independent. Here we shall disentangle these two steps so that we may
study only the process of discretization using graphs, without delving into the quantization of
the theory. This allows us to face the challenges stemming from the discretization alone, which
are already difficult without the extra complications coming from quantization.

Given a graph I', we have a phase space (hy, X;) € T*SU(2) associated to each link /.
The phase space Pr of loop gravity on a graph is obtained as a direct product over the SU(2)
cotangent bundles on each link. It is important to note that the spin network states and flux
operators of the quantum theory can be developed from these phase spaces, so that Pr is the
classical counterpart to the spin network Hilbert space Hp. In light of this, we take the view
that a study of classical general relativity in terms of holonomy-flux phase spaces is the next
logical step to take once one has obtained the Hamiltonian in terms of the Ashtekar variables.
Historically this is not the route that has been taken, and much is already well understood in
the quantum theory. However, many issues remain in LQG, especially concerning dynamics,
and we can learn a great deal from studying classical loop gravity.

Loop classical gravity provides a truncation of the gravitational degrees of freedom. The
continuous phase space P for general relativity written in terms of fields (A(x), E(z)) is infinite-
dimensional, and each point in this phase space represents a continuous spatial geometry. By
smearing the field variables to define the holonomies and fluxes associated to an embedded
graph, we are reducing the degrees of freedom to a finite number. Working with classical
holonomies and fluxes allows us to shed some light on the types of geometry that can be
represented by the holonomy-flux data on a graph. In this thesis we will use a certain symplectic
reduction of the continuous phase space P to develop an isomorphism between the holonomy-
flux phase space Pr and an equivalence class of continuous geometries.

Perhaps the greatest feature of classical loop gravity is that it allows us to address at the
classical level one of the most challenging issues in LQG: dynamics. We will see that the
geometries in terms of (A(x), E(z)) associated to a holonomy-flux phase space Pr provide
a drastic simplification of the continuous Hamiltonian, which may allow us to express the
classical dynamics of general relativity in terms of a collection of finite-dimensional phases
spaces parametrized by holonomies and fluxes. The question is then: Can we capture the full
dynamics of gravity in terms of the holonomy-flux phase spaces if we simultaneously consider
all graphs? If there is a clear positive answer to this question at the classical level, then
we would have a more complete starting point for the quantization of gravity with the only
remaining issues being the treatment of quantization ambiguities in finite-dimensional systems.

3The ‘projective limit’ implies considering all possible graphs, see [24].
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Furthermore we would have a clear picture of how the quantum theory should behave in the
h — 0 limit.

This thesis is a start to a classical theory of loop gravity. It is self-contained and aims to
be accessible to those not familiar with LQG. We tell the story beginning with the Einstein
action, reviewing the ADM formalism in the next chapter. After this, we introduce the Ashtekar
variables through a canonical transformation of the phase space. This helps to make clear the
relationship between the Ashtekar variables and the well-known ADM phase space. In Chapter
3 we review the basic components of the quantum theory, constructing spin network states
from the holonomies, and flux operators from the smeared electric field. We then take a step
back from the quantum theory to introduce the loop gravity phase spaces Pr as the classical
counterparts to spin network Hilbert spaces Hr. Chapter 4 discusses in depth the continuous
phase space P and the loop gravity phase space Pr. We prove an isomorphism between Pr and
a symplectic reduction of P, and discuss the classes of geometries described by the holonomies
and fluxes in Pr. Chapter 5 goes deeper into describing a particular class of geometries which we
call spinning geometries. These provide a beautiful geometrical representation of the holonomy-
flux data associated to a graph, and allow us to develop a dynamics for Pr by relying upon this
connection to the continuous theory. We work toward the dynamics in Chapter 6, studying the
effects of reducing the continuous phase space to one of finite-dimension. It is interesting that
point particles in 3d gravity give rise to spatial hypersurfaces that are the 2d analog of spinning
geometries. We use the 3d point particle model as an example of what we hope to accomplish
for the full theory of loop classical gravity. Finally, in Chapter 8 we give a summary of the
thesis, discussing what we have achieved so far and what remains to be accomplished toward
developing a canonical theory of general relativity in the loop gravity phase space.



Chapter 2

Hamiltonian formulation of general
relativity

In this chapter we study canonical general relativity. We take the Einstein-Hilbert action as our
starting point, and perform a Hamiltonian analysis along the lines first done by Arnowitt, Deser
and Misner [20]. The ADM phase space variables are the space metric g, and its conjugate
momentum 7% where a = 1,2, 3 label only the space coordinates. The space metric describes
the intrinsic geometry of a spatial hypersurface while the momentum contains information
about the extrinsic curvature, or how the hypersurface is embedded within the spacetime. In
this framework, gravity appears as a dynamical three-geometry evolving in time.

Our goal is to arrive at a Hamiltonian written in terms of the Ashtekar variables. We
do this in two steps, first making an intermediate canonical transformation to a phase space
parameterized by the electric field E{* and its conjugate K, i which turns out to be the extrinsic
curvature itself. Here i = 1,2,3 is an su(2) index labeling an internal flat space. The electric
field, also called the ‘densitized triad’, is a tensor density composed out of the triad (also
known as the frame field or dreibein), which contains the same information as the spatial
metric. These variables possess an extra symmetry that is not present in the ADM variables,
which we compensate by introducing the ‘Gauss constraint’.

After establishing a Hamiltonian in terms of (E2, K¢) we introduce the Ashtekar variables
through another canonical transformation. This transformation keeps the electric field but ex-
changes the extrinsic curvature for a connection variable A%, as in Yang-Mills theory. Having
a theory of gravity which resembles a gauge theory proves exceedingly useful for quantization.
We will also see a simplification in the scalar constraint (which generates dynamics), as com-
pared to the way it is written in the ADM formulation. The endpoint of this chapter is to write
a Hamiltonian theory for gravity in terms of the Ashtekar variables. The Ashtekar formula-
tion of general relativity was the beginning of loop quantum gravity, and the point here is to
demonstrate its connection to the ADM formulation.



2.1 ADM formulation

Consider a four-dimensional spacetime M endowed with a Lorentzian metric g,s having the
signature (—, 4, +,+). The Einstein-Hilbert action is:

Algas) = ;/M QOR, (2.1)

in units where ¢ = 871G = 1. The volume element is Q = d*z./|g|, R is the Ricci scalar
associated with g,g, g without indices represents the metric determinant and we are using the
Greek alphabet to label spacetime coordinates o =0, 1,2, 3.

2.1.1 Separating time and space

We assume the spacetime to be globally hyperbolic so that we can split the manifold into space
and time componentﬂ so that M = R x X, where X is a fixed three-dimensional manifold of
arbitrary topology. This implies the existence of Cauchy surfaces, i.e. a family of everywhere
spacelike hypersurfaces connected to any point in M by a causal curve parameterized by a
time function ¢t € R, in accordance with deterministic physics. For every fixed ¢ there is an
embedding Z; : ¥ — M defined by Z4(z) := Z(t,2%) where x® are local coordinates of 3. We
label each foliation 3 := #(X). Since we do not choose a coordinate system this split remains
completely arbitrary and the diffeomorphism invariance of general relativity remains intact.

We define n® to be the unit vector that is normal to the hypersurfaces ;. This vector
satisfies:

n“ng = —1, (2.2)
gm,n“;ifa =0,

where 7, := 63259(62’3‘”). The induced spatial metric or first fundamental form of X is:

Qo = Gap + Nang. (2'4)

Note that the spatial metric is orthogonal to n®, and that qg (index order does not matter
because of symmetry) is the projector onto ¥.. The direction of time flow is given by:

ox(t,x)
t* = — 5 %, (2.5)
from which it follows that t*V,t = 1. We decompose t* as follows:
t* = Nn%+ N“ | (2.6)

where N = —gagtanﬂ is the lapse function (taken to be positive definite so that time flows into
the future) and N = qgftﬁ is the shift vector. The lapse function quantifies the portion of ¢¢
that is orthogonal to ¥ while the shift function is the tangential component. See fig.

LA theorem by Geroch [25] proves that a globally hyperbolic manifold can always be decomposed in this way.
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Figure 2.1: This image depicts portions of two neighbouring hypersurfaces, ¥; and 3 a¢, of
the foliated spacetime. The time vector field and its components t¢ = Nn® + N® are shown to
illustrate how a point on a hypersurface moves from one time slice to the next.

The flow of time throughout the manifold M is described by t“. If we start at ¢t = 0 at a
point on the hypersurface ¥y and move forward to time ¢, we arrive at a unique point on the
foliation ;. We may view the dynamics as a time dependant, three-dimensional spatial mani-
fold described by gqs(t). Following this interpretation, we should be able to take (gag, N, No)
as our field variables in place of g,3. At first glance this seems to be an acceptable choice since
it preserves the number of independent components (ten). Notice also that the inverse metric
can be written as:

g% = ¢ —nonf = ¢ — N72(t* — N*)(t? — NP). (2.7)

Without reference to g,g, we can determine the contravariant form of g3 by requiring qo‘ﬁqﬁv
to be the identity operator on the tangent space of ¥, along with the condition that ¢*#V gt = 0.
We can then find N¢ = qo‘ﬁNﬁ. From the equation above we see that all the information in
¢*? is contained in (gap, N, Ny ), and we are therefore able to use this as a complete set of field
variables for vacuum gravity. We now set out to rewrite the action in terms of these variables.

We start by addressing the metric determinant present in the volume element. Separating
out the time coordinate from the spatial ones, we write the line element:

ds? = g (%)di* ® di”

,x)[#hdt + it da”) @ [2%db + 3 da’]

= gu(t,2)[(Nn" + N*)dt + i da"] @ [(Nn” + NV)dt + &da’]

= [qap(t,z) NON® — N?|dt @ dt + qup(t, ) N°[dt @ dz® + dz® @ dt] 4 qup(t, z)dz® @ dab .

Reading off the metric components of g,,,, we have in block form:

NeNb — N2 Nb
G = <Qab dab > ) (28)

QabNb qab

9



We can find the determinant using the following formula for block matrices:

det (é g) = det (D) det (A— BD'C) . (2.9)

The result is |g| = N2?q where no absolute value brackets are needed on the right hand side
since ¢ positive in our convention. This allows us to rewrite the invariant volume element:

Q= d'z\/|g| — dtd®zN /g . (2.10)

Another important tensor on X is the extrinsic curvature, or second fundamental form,

defined as:

Kag = qngnﬁ . (2.11)
Note that K,g is purely spatial, i.e. n*K,g = nﬁKag = 0 since n"‘qg = 0 and n*Vgn, =
%Vﬁno‘na = 0. The extrinsic curvature will help us relate the four-dimensional Riemann tensor

to the three-dimensional version. Looking further into the properties of Kz, we need the dual
formulation of Frobenius’ theorem [26]:

§aVpEy =0, (2.12)
for any hypersurface orthogonal vector field £¢. Working with this for n® = £ we find:
nInEVan, = —nan’Vyng + ngn’Vang — Vang + Vgne =0 . (2.13)
Contracting again with qg‘q? , we find:

q(?qg(vﬁna - Voznﬁ) = 0
= Kaﬁ Kﬁa . (2.14)

So we see that the extrinsic curvature is symmetric allowing us to develop the following relation:

£ndos = 1'Vobap + (946 +19m)Van” + (gay + nany)Ven?
= nvv,ynang + Vang + Vgng
= 2(Vang +nan"Vyng)
= 2Vang+2(q) — 94)Vyns
= 2Ka5 s

where we used n,V,n? = 0 to get the second line, and (2.13)) was used to go from the second

to third line. The second fundamental form can therefore be viewed as the rate of change of
the spatial metric in the n®-direction:

1
Kop = 5 £ndap - (2.15)
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We can also relate the time derivative of the first fundamental form ¢, := qlqg,.ﬁtqm; to the
extrinsic curvature:

Ky = q,‘i‘quaﬁ
= %foq,é(nvquag +¢,5Van" + gar Vn?)
- %ngE(Nanvqaﬁ + ¢,8VaNDT + qary VgNn)
= %qﬁqf £ Nndop
= %ngg(ft — £N)4ap
= % [Qaﬁ — 47 (N"VGap + 48Van" + 4oy VsN7)
= % |:QO¢,8 — ¢4 (N"Vynang + VaNg + VaNy + nyngVo N7 + n'ynavBN’y)}
1

= ﬁ(q.aB_DMNV_DVNp,) ) (216)

where n,N7 = 0 was used to cancel terms in the seventh line. We now have the extrinsic
curvature in terms of our desired field variables.

The next part of the action we need to work on is the four-dimensional Ricci scalar R(gaﬁ»).
In order to find the three-dimensional R(g,3), we need to define the covariant differential
D acting on spatial tensors only. Using .7 (r,p) to represent a rank-r contravariant, rank-p
covariant tensor, a well defined [26] derivative operator must:

i) be linear: For all A, B € .7 (k,l) and «, 5 € R,
V(aA+ BB) =aVA+ BVB.
ii) be Leibnitz: For all A € .7 (k,l) and B € .7 (m,n),
V(A B)=(VA)® B+ A® (VB) .
ili) commute with contraction: For all A € 7 (k,1),
V(AT ety) = V@A ey e, -

iv) be consistent with the notion of tangent vectors as directional derivatives on functions:
For any function f and all £ € 7(1,0),

§(f) =¢&"Vaf .
v) be torsion freeﬂ For any function f,
VaVif =VipVaf .

21f this last condition is not imposed, a derivative may still be well-defined provided there is an antisymmetric
torsion tensor J%,. such that (V,Vy — Vi, Vo) f = —=JwVef.
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A covariant derivative has the additional property of metric compatibility, so we also require
Dgos = 0.
Y4B

Proposition 2.1.1. The following defines the unique covariant derivative associated with qag:
DWTalmamﬁl---ﬁn = qa151 o 'qﬁlElqvchTélmémar"an- (2.17)

Proof. We know that V obeys the first four conditions, so it is easy to see that D obeys them
as well. To show that this derivative is torsion free, we have:

DuDyf = qiq)VsdiVaf
= @SVaVaf +aql(Vsa$)(Vaf)
= 412 VaVaf + aia)[(Van®Iny +n%(Van))(Vaf)
= ququ Vﬁf+”aKuv( of) (2.18)

where the crossed out term is zero since ¢Jn, = 0. Since (2.18) is symmetric, the torsion
vanishes and condition V is satisfied. We also see that D is metric compatible:

Dagpy = 02’0502 Vs(gec +nene) =0 (2.19)

using Vsge¢ = 0 and gg°n. = 0. Since D is metric compatible and torsion free, it is therefore
the unique [26] covariant derivative associated with gqgs. O

Now that we have defined this covariant derivative we can work on relating the four-
and three-dimensional Riemann tensors. Considering a purely spatial covector u,, the three-
dimensional Riemann tensor is given by:

Ryup’us = 2Dy, Dyu,
= 240409, V5545 Veuc
= 2qgn6K[W] + 2q3qfuqﬁ] (‘I,%nCK 5+ q5q7V5)V u¢
= 2q)q}, ) (— a5 K sucVent + q5a5VsVeu)
= 2(_Kp[uK,§} + G0V 5V
= (_2KP[MKZ} + qvqpundscj)un
= Ruvpn = —2K,, Ky + 6,054547 Rocco - (2.20)

where Venue = 0 and the symmetry of K, was used in going from the third to fourth line.
Contracting the last line to find the three-dimensional R in terms of the four-dimensional R:

R = R,prcrqupqya
K K" — K% 4+ ¢"¢" Rypo (2.21)
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where K := K. Working on the Ru,,pg term, we have:

R = prgg“pg””
ijpa(qupqw — ¢"Pn'n® — ¢ ntnf + nfnfntn’)
lepoq,upqucr - QqMPnV[v/“ vu]”p

= lepgqupql/tf —2n" [v;m vu]nu > (2'22)

where we have used the antisymmetry of R,g.5. The second term of this last equation can be
written as:

n’[Vu, Vin, = Vn'V,n' — (V,n")(V,n") =V, n"V, 0" + (V,n")(V,n")
= —K,K"+K*+V,(n"V,n" —n'V,n") . (2.23)
Putting together (2.20H2.23) we obtain the Codacci equation:

R=R—K?+ K,,K" — 2V ,(n"V,n" —n"V,n") . (2.24)

Now that we have defined the necessary ingredients for writing the vacuum gravity action
in terms of spatial tensors only, it is useful to pull back these quantities to X to develop our
interpretation of this system as purely spatial objects evolving forward in time. Intuition tells
us that we should be able to define D using a connection determined from g,;, and the same
follows for the curvature terms. Consider the pullback of D, f for a function f:

ifsz,uf = -%ftzauf = 0uf = Dof . (2.25)
Now, for a purely spatial tensor u, € 7(0,1) we have:

Douy, = #,3%,Dyu,
— kv
= LTV

= qup — Fyuy — uT TG E, (2.26)

Working on the last term we find:

ey~ 1, ...
Lol @@t = §xfflx’j)xf’c(3#gyp + 0v9up — OpGuv)
1 - Y-
= 5 [aach - gVP(xﬁzxflab + $:;)$f)ac)

5P M Sl 5P
+ aanc - gup(wf)c$7ab + xfj(jlx,bc)
- 80Qab + g,ul/('i',yb'i'fflc + j{fz'%,ybc) ]

= Toab — GupBhd", . (2.27)
Putting (2.27)) back into ([2.26]), we have D expressed in terms of Christoffel symbols for gq(x):
Daup = Oquy — uTeqp - (228)
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Note that wherever the coordinates are left unspecified, the use of roman lettered indices will
correspond to (t,z) coordinates, and Greek lettered indices to (). Now, any tensor can be
written as a linear combination of tensor products of one-forms. By linearity and the Leibniz
rule we have for a general tensor W € .7(0,n):

n

DaWiy o, = 343, 3% DyWoyo, - (2.29)

Un

Checking the definition of the Riemann tensor on >:
Raped = [Da, Doluc = 34,37,35,[Dy, Dyuy, (2.30)
= FEE0 I Rupeu”

which is the result we anticipated: Rgpcq is the same as the pullback of R,,,,. The Ricci tensor
and scalar on ¥ can be found by found by contracting (2.30) with q,p.
Looking at the metrics, we see that g, is the pullback of gugs:

Qanlt, @) = (Fo5000)(F) = 48, 2)%(t, 2) g () (231)
using . For the second fundamental form we find:
Kup = 34 3Kp = #4345V 0, . (2.32)
The lapse function is a scalar, so we simply have N(¢,z) = N(Z), while for the shift vector:

N%:= 2% N* (2.33)

xa
where — = z¢
ax/l, sH
pullback since contravariant and covariant indices transform inversely to each other:

and x% 74 = J;. The scalars in the Lagrangian transform trivially in the

K(t,x) = ¢""Ka = ¢" 2% 20,55 Kpy = ¢" Ky = K(&) . (2.34)
Similarly, we find:

KupK® = K, K", (2.35)
R(t,x) = Rabcdqacqbd:RyupoququU- (2.36)

Collecting all of these results, it is now possible to rewrite the action (2.1)) in terms of a set
of variables (qqp, N, N,) which are each defined on X:

Algas, N, Na] = / dt / 432N /g (R— K2 +KabK“b) , (2.37)

where the pullback of and provide the extrinsic curvature and Ricci scalar in
terms of q,p, and the total divergence in has been dropped since (by Stokes’ theorem)
it is a boundary term. Boundary terms will be dropped in this essay since they do not affect
the equations of motion, and the total boundary term may be recovered after the Legendre
transformation by making the variational principal well-defined. With all of the terms within
the action pulled back to 3, we henceforth use g4, exclusively for raising and lowering indices.
We are now prepared to derive the Hamiltonian.
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2.1.2 Legendre transformation

Next we perform the Legendre transformation from the Lagrangian to the Hamiltonian. We
begin by solving for the conjugate momenta and inverting these equations to yield expressions
for the ‘velocities’ (time derivatives of the field variables). Several constraints arise that must
be added to the Hamiltonian with corresponding Lagrange multipliers. The final task is to
analyze these constraints, solve for the Lagrange multipliers and write down the Hamiltonian
in reduced form.

The Lagrangian is easily read off from the action in the form . Solving for the conjugate
momenta of N and N%, we see that their are no time derivatives of these variables in the
Lagrangian, so we find trivially that:

oL
P = L =p; (2.38)

ON

oL
Po = =0, (2.39)

These vanishing momenta present two primary constraints [19]:

C = P=O0, (2.40)
G = B0, (2.41)

where ~ 0 means weakly equal to zero, i.e. these constraints may be set to zero only after all
relevant Poisson brackets have been worked out (so that this information is maintained within
the system of equations). Finding the non-trivial momentum:
7_‘_ab — oL
5Qab
— Nya (2K + 2Kq")

0K g
5Qab

= Nya (2K + 2Kq") <2§Vh“b)

= Vi (K®—q"K) . (2.42)

The symmetry 7% = 7% follows from the symmetry of K% and ¢.
Because the momenta conjugate to N and N lead to constraints, we will not be able to
solve for their velocities. Solving for ¢, we invert (2.42) to find:

1 T
K% = _— (wab — —qab> , (2.43)
\/a 2

where m = 7¢. We can now find ¢, with (2.16]) and (2.43]):

Qab:i/J:;(

0
Tab — §qab) + 2l)(al)b) . (244)
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Using ([2.44]) to substitute for ¢,, and adding in the constraints with Lagrange multipliers
A and A%, the resulting Hamiltonian density is:

H = 7% — L+ \C + \C,
2N N 1 2
= qab (\/aﬁab + 2D(an) — T/aqab> — N\/a |:R + E <7Tab7rab — 7;):| + AP+ \P,
N b 7T2 b
— —N\/aR‘i‘\/a(Tra 7Tab—2>+277'a DaNb+)\P+)\aPa
ab 2
— {N\/a {_R + T q”“b — gq] — 2NbDa7r“b} + AP+ \°P, , (2.45)

where a boundary term was discarded on the last line.

We must ensure that the primary constraints remain zero throughout the evolution, i.e. we
must have C' = C, = 0 (at least weakly, with the use of other constraints), which can give rise
to secondary constraints. Taking the Poisson bracket of C' with the Hamiltonian, we find the
time derivative of the first constraint:

. ab 2
C:{JD,H}:\/@[—RJr T Tab —g] (2.46)
q
Now we have to enforce that this be zero, so we have a secondary constraint:
ab 2
S (qap, @) = \/q (—R+ T Tab _ 77) : (2.47)
q 2q
which is called the scalar constraint. Calculating C, gives:
Co = {Py, H} = —2qacDyr". (2.48)

We can keep the right hand side of the above Poisson bracket equal to zero on shell by including
the following ‘vector’ constraint:

V?(qap, ©*°) = —2D, <7\TZ> : (2.49)

Now must also ensure that these remain zero on shell throughout the evolution, which
can lead to further secondary constraints. This calculation is more complicated and requires
integration by parts, so we must use smearing functions f(¢, z), which are positive definite and
nowhere vanishing on M. We define the smeared constraints S(f) := [y, d*zfS and V°(f) :=
J5, &3z f,V*. Working out these Poisson brackets, we obtain [3]:

{S(f)’H} = Va(fN,a_Nf,a)_S("ENf)%Ov (2'50)
[V, HY = S(£N) = VA(£nf) =0 (2.51)

Since both of these brackets are equal to a combination of the vector and scalar constraints,
they vanish weakly and do not yield any further secondary constraints.
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Looking at the constraint algebra, we notice that C' and C'® have zero Poisson brackets with
all constraints. Such constraints are called first class [19] and have unfixed Lagrange multipliers,
so A and A? are arbitrary functions. Now, the equations of motion for NV and N¢ are:

N = ), (2.52)
N = \*, (2.53)

which means the trajectories of the lapse and shift functions are also arbitrary. Furthermore, the
equations for ¢q, and 72 are completely unaffected by the A\C' + \%C,, term in the Hamiltonian.
This implies that we may take NV and N® as Lagrange multipliers and eliminate the constraints
C and C, from the Hamiltonian.

We arrive at the ADM Hamiltonian:

H= / &z [Nbe—kNS} . (2.54)

This is a sum of constraints which is a general feature of theories without a fixed metric [18],
and reflects the underlying diffeomorphism invariance of general relativity. Note that this
Hamiltonian is consistent with vacuum Einstein gravity: the scalar constraint is equivalent to
the time-time component of the Einstein equation, i.e. Gagnanﬁ = 0, and the vector constraint
is equivalent to the space-time component qugm =0 [26].

The Hamiltonian is defined in terms of the spatial metric g4, and the conjugate momentum
7. These variables parameterize a phase space with the Poisson algebra:

{aw(@). 7 @)} = ophd@y) . {m"@), 7 W)} = {gu(@) )} =0 . (2.55)

General relativity is cast in terms of three-geometries evolving in time, a beautiful and intuitive
picture which makes for illuminating classical calculations. However, the scalar constraint is a
complicated function of the spatial metric making the theory difficult to quantize. There are
alternative Hamiltonian descriptions of general relativity which can be arrived at by making
canonical transformations. The Ashtekar variables in particular are better-suited for quantiza-
tion.

2.2 Ashtekar formulation

In this section we take the Hamiltonian derived above and perform a canonical transformation
to rewrite it in terms of the Ashtekar variables. We present this as a two stage process by first
transforming to an intermediate conjugate pair before introducing the Ashtekar variables in a
final transformation.

2.2.1 First order gravity

General relativity in terms of a metric is referred to as the second order formulation in contrast
to the first order formulation where one works in terms of a frame field and connection. The
second order formulation possesses only one Lagrangian equation of motion, and the connection
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can be defined in terms of the metric. On the other hand, the first order formulation now
has two Lagrangian equations of motion, and the connection is a priori independent. In the
Hamiltonian formulation, first order variables have more degrees of freedom than the second
order variables. We will see that this is compensated by introducing additional constraints. Of
course, one could simply take the curvature to be a function of the connection only and begin
again at the Einstein action written as a function of the frame field and connection. However,
we feel it is insightful to reach the Ashtekar formulation via the ADM formulation to make
clear the similarities and differences between these two Hamiltonian theories for gravity.

In three-dimensions, we shall refer to the frame field as a triad e?, a set of three one-forms
at each point in space, where 7 = 1,2, 3 are internal indices corresponding to local orthonormal
coordinates. The inverse triad ef satisfies e?eé = 0y and e?ej, = &7, and the internal indices can
be raised/lowered with the Kronecker delta. The spatial metric is written in terms of triads as:

Qab = eflegéij ) (2.56)

We assume the spatial metric to be non-degenerate and of Fuclidean signature. Taking the
determinant of both sides gives a positive definite value ¢ = €2 > 0 where ¢ := det(q) and
e :=det(e). For the first of our new field variables we define the densitized triad:

1 .
E} = 5 sgn(e)eabceijkeielg = Ve (2.57)

For future use, we note that the dreibein can be written in terms of the densitized triad:

—
B lﬁabCEZ] Eng

el 2 JE (2.58)
The densitized triad can be related to the inverse metric by:
Ef”E;’(Sij = qefegélj
= qq®, (2.59)
and their determinants are related by:
E := det(E})
— P2t
=VIEl = q. (2.60)

As we show explicitly below, the second variable of the new canonical pair will be the
extrinsic curvature. Using the triad, we can trade a spacetime index for an internal index of
K to define: -
Koy E26'

VIE|

For now our goal is to rewrite the action in terms of (E%, K!). Notice that in (¢, z) coordi-
nates £; = %, so that we have:

1. bsij _
Ka = abejéj—

(2.61)

G = qq"qap = —qqupd®™ . (2.62)
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Taking the time derivative of ([2.59)):

4¢™ + ™ = (BE)+ EfEY)6Y
Q™ = 2E!E,—3j
§ = ESE!,

where (2.62)) was used in getting to the third line. Substituting the third line back into the
second yields:

1 . g )
q-ab _ 6(2E;1E§761] _ qabEgEf) . (263)

With the above equations we are now able to write the canonical term of the action using the
variables (E¢, K!) as follows:

/Ed?’:z:wabqab = / ddz — 7Tabqab
= /Edgm’ —Va(Kap — KQab);(QE'iaE?éab — ¢ EEY)
_ /E B — jaKabE?Eféij
_ /EdgiU?E?Ké 7 (2.64)

where in the last line we integrated by parts and dropped the boundary term.

Next we work on rewriting the constraints. We have the following expressions for ¢4, and
7 in terms of (B2, K1):

dab = G\Tb\] (2.65)
Rl pdKI sb pe
xib = Z’E‘[d 477 (2.66)

Substituting these expressions in (2.47) and (2.49)), we are able to write:

(LK - KiKYELED

~V|EIR 2.67
JTE VIE (2.67)

V,(EY, Ki) = —2D, (KgEf - 52K§E;) . (2.68)

S(E!, KL) =

Now, we are aiming to replace the six gq, with nine E', so we must counter these extra
degrees of freedom with additional constraints. The redundancy comes from the freedom to
choose different local frames by acting on the internal indices with SU(2) rotationﬂ We account

3The theory does not distinguish between SO(3) and SU(2), so we choose to work with the more fundamental
SU(2). This is the necessary choice if we want to include fermionic matter [27].
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for the extra degrees of freedom by enforcing the symmetry Kj,; = 0. To this end we introduce
the Gauss constraint:

; bed
Gi(E},K]) = €e“epKea
6bcd

eibejcKZl
= eeijkedezl
= e BYKE (2.69)

abe ,J Lk

agith — ¢ eyes was used to get

where ¢,;, was written in terms of triads and the formula eef
from the second to third line.

The action can now be written as:
A[ES, Ki N%, N, \i| = / dt / &z [ng(; ~ N, — NS — /\iGi] . (2.70)
pI
It remains to be shown that (E?, K!) form a canonical pair, i.e. that they obey:

{Bf(2), Ki(y)} = 50}0(x) . {Er@) B} = {Ki@), K} =0. (@)

We prove that this algebra holds by using these equations to calculate in terms of the
new variables. That is, we check that the Poisson algebra for (gqp, 7%°) holds when we substitute
for these variables in favour of (EY, K&) and use the equations in .

Since g, depends on E! only we clearly have {q.(2),qea(y)} = 0. Looking at the Poisson
bracket between two momenta we find:

{ﬂ'ab(l'),ﬂ'Cd(y)} — (Z[qchad + qbdGac + qachd + qadGbc]> (x)é(w,y) ’ (272)

where Gy := K [iaei] 0i; is a form of the constraint (2.69)) and is therefore equal to zero on the
constraint surface. Checking the last bracket we find as desired that:

{ﬂ“b(x),ch(y)} = (5?663)5(:1;,@ . (2.73)

This proves that (E%, K!) are a canonical pair and completes our reformulation of the action
in terms of these variables. We are now ready to introduce the Ashtekar variables.

2.2.2 Transformation to Ashtekar variables

In this section we perform a canonical transformation (K%, E¢) — (A%, E?) into the Ashtekar
variables, which casts the theory into the form of a Yang-Mills gauge theory. The notation is
chosen so that E{* corresponds to the electric field, and A? to the vector potential. Historically,
the use of these variables has facilitated progress in the field by allowing for the implementation
of techniques that have proven to be successful in Yang-Mills theory.

A? is a connection, a generalization of the Christoffel symbols to something that can act on
su(2)-valued tensors. Before introducing this variable, we will first define the triad-compatible
‘spin connection’. For some function f; € su(2), the covariant derivative acts as follows:

Dafi = aafi + Faijfk s (2'74)
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Compatibility with the triad requires:
Dael = Ogeb — TS el + I‘mjeg =0 (2.75)
=T = —eg(ﬁaez —T¢el) . (2.76)
The spin connection is also defined to commute with contraction. This tells us:
Du6s = 0
= eé’-Daeé + eiDaeg’-
= e?(@aeé — szei + Faikef) + eb(8 e + I‘Zcej + Fa]ke )
= Laij = —Lajis (2.77)
noting that terms cancel in the third line. This antisymmetry implies that the spin connection
takes values in the su(2)-algebra. We define:
1

I = gﬁijkrai]’ : (2.78)
The Christoffel symbols for D acting on tensorial indices can be defined in terms of tetrads:
c 1 cd
ab = 54 (qab,a + Gadp — Gab,d)
= e§€Zb,a) + e5el <ekbef€d,a] + ekaefd,bo ; (2.79)

using the definition (2.56]). Remembering that E has a density of +1 we find:
D.EY = 0,E+TEEb 4TV ES — T EP

ac—1 ca——1
= VEDu} + ¢t (0.VE - T5,VE)
= eb(eeke —el$,)=0, (2.80)
where the term on the second line is zero by ([2.75)) and the last line is found to be zero using

(2.79). We see that compatibility of D with the triad extends to the densitized triad as well.
Using the definition of I', we can then write:

D.E* = 0,E¢+TFE}

= 0B + e NEL =0 . (2.81)
Now with (2.76)), (2.78) and (2.79)) we can explicitly calculate a unique spin connection:
: 1
e = —5¢ €€l (Baejp — Tapese)

1 ..
k(b b b bod,
= —562] (ekaaejb + €x€jba + €rCjab + ekejelaed,b)

1
= e (€jab — eipa+ eferncry) (2.82)

1 ..
= fe”kE;l;(Eja,b — Ejpa+ EfElaE}:,b) + o=

5 4EeijkE,2(EjaE,b —EpE,) . (2.83)
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We have shown in the last two lines that the spin connection can be written explicitly in terms
of €}, or E.

Now, since Do E = 0, we can add this to to yield a constraint of the same form as
the Gauss law of Yang-Mills theory:

Gi = DaEngeijkEaij

0uE} + eiji (L), + KJ) E;
= D.E*, (2.84)

where we have introduced a new connection to define D,:
Al =T, +~vK] | (2.85)

Recalling that adding a tensor to a connection yields another connection. The Immirzi param-
eter v can be any non-zero real number ﬁ A? is the Ashtekar-Barbero connection, the new field
variable we set out to derive.

Remarkably, the variables (A%, Eg’) form a conjugate pair. The Poisson bracket:

{E?(w% E?(y)} =0, (2.86)
remains unchanged, and since T, is a function of E¢ only we also see that:
{Ex@), Al(y) b = 105636% . y) - (2.87)
The non-trivial exercise is proving the vanishing of:
(4@ 4w} = {ri@.&w)}+7{Ki@. 6w}

__(ori(z)  STy(y)
- ”<6E§<y> 6E§<x>) | (288)

Notice that if we have a generating function F for T e.g.:

oF

Il = 2.
then (2.88)) is equal to:
52F 52F )
g = ) =0, (2.90)
<5Ej (y)oE:(x) B! (2)0E](y)

The above expression vanishes due to the symmetry of functional derivatives.

4Other conventions choose a complex v which simplifies the constraints at the cost of requiring reality condi-
tions.
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A promising candidate for the generating function F' is:

= 3pEY(2) (2) .
F‘/Ed Ee(a)T (x)

(2.91)

In order to check if this generates the spin connection, we calculate the variation:

SF = / Pz (SE¢ (2)T(2) + EX(2)0Th(2)) .

(2.92)

Now, provided the second term on the right hand side is zero, we have our generating function.

Using de,e?

E¢oTY

— Spt o0
= dege]

= 0 repeatedly, we work on the term in question:

1 .
56”’“ el ef8[eR(¢jap — ejba + Efeneicy)]

1 ..
5613k’6‘

L ik
— U
€7 lel
1
2
1
2
1
2

S el [B(eteh (€as — ejna) — eheteias) + (Bed)el(e], — esna) + (0e,)eleSeleres ]

ST Je| |(eh(eSeian + €fejap) — efehesna) + (Oep)efesna + (0€f)ehesna + (dek)ef 6?62%4

abc
—€ [ejcéejb,a —

b

eS(ef (€jap — €jna)) — (epeteias) + (€, )efeSerercy

(d€l)eje.] sgn(e)

1 abe j
—5¢ 50, [(56{))@-0} sgn(e) .

efS(ef (€jap — €jba)) — O(epeSeics) — (565)656262@@4

|

This tedious calculation was carried out by carefully pulling terms into the variation, collecting
terms and using symmetry. Also, the relations eeijkeg’-ez = €™l and ee
used in going from the fifth to sixth line. Note that the final line is a total divergence (sgn(e)
is constant classically), so that we have:

/ Pz EIoTY
P

S —Sgr;(e)/zaa [eabc(&i)ea‘c}

_ _sgn(e)/ dSaﬁabc((Se'g)ejc,
2 Jox

ijk

a,b,c _ _Labc
€,L- ejek = € were

(2.94)

where dS, is an outward pointing element on the boundary 0%. With the correct boundary
term (see [3]) the right hand side of (2.94) vanishes, which implies that F' is the generating
potential for T'. The right hand side 0 is then seen to vanish in the form , and we
arrive at the result:

{Ai@, 4w} =0.

(2.95)

This was the last item we needed to prove that (E%, AY) are a canonical pair.
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We now rewrite the canonical term in ([2.70):

[@er@Ri@) = = [ dopi (A - 1)

_ i /E i (Eg(x)Ag@)ﬁgr;(e) /Z O [e“b%éi)ech
1

= = S3yp B () A (2 )
- 7/Ed Eo(x) Al () (2.96)

where a calculation similar to shows that [s P E(z)T%(2) is a boundary term which
we set to zero.

We will also need an expression for the curvature of the connection A%. Introducing an
arbitrary element f? € su(2) we have:

Faief® = [Da,Dy] f; '
= 9.Dpfi + € ALDyf* — 0Dy fi — €iji Al Do f*
= €k [f’“(Ai,a - Ai,b) + i [T (AL AL — A{,Aé)}

= et 24, + i abay]. (2.97)

We can therefore write the curvature of the Ashtekar connection as:
Fl, = 24, +nALAL . (2.98)

In terms of (E%, AY) the constraints become:

Vo(Ef, Ay) = Bl Fyy — (1+7°)KqGi | (2.99)

. E!EY .
S(Ep, A =~ (e”kab —2(1+ WZ)K[ZaKb}) : (2.100)
Gi(E}, A}) = D,E} (2.101)

where it is understood that yK!: = A’ — I'\. Finally, the action in terms of the Ashtekar
variables is:

, A 1 . .
ALB Ay No, NN = [ iy, P [EgA; — NV, — NS — NG| . (2.102)

This action contains all the information of the vacuum Einstein equations and the ADM Hamil-
tonian formulation, but suggests a new geometric interpretation of the dynamics. A% provides
a definition of parallel transport for SU(2) spinors and E{ encodes the full background indepen-
dent geometry of 2. If one takes the connection as the configuration variables, the dynamics of
gravity is the evolution of the connection A% on a three-dimensional manifold whose intrinsic
geometry is described by Ef'.

Notice the scalar constraint is more simple in terms of the Ashtekar variables than
it is in terms of the ADM variables . Up to the density weight factor of 1/v/E, the scalar
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constraint is now a polynomial. There is a well-known way of dealing with this term, often
referred to as the “Thiemann trick’ [28], where one replaces the 1/v/E by a Poisson bracket that
is easier to manage. Another option sometimes discussed is to absorb the density weight into
the lapse function.

We can learn more about these variables by studying the gauge transformations generated
by the constraints H The scalar constraint encodes the time evolution of E¢ and AY. The
parameter ¢ has no physical relevance and one can arbitrarily choose a new time coordinate (or
a new foliation) without changing the underlying physics, i.e. the redefinition of ¢ is pure gauge
so the constraint which generates dynamics is a constraint.

Explicitly calculating the infinitesimal transformations generated by the smeared Gauss
constraint G;(\?), we have:

SaAL(z) = {AL(z),Gi (\'(y)}

_ i /Ed%w‘(y) {AL@), 0B + el AL (W) B () }

_ / @y (9N () + € AL (1) N ()
b

daBi(x) = {E}(2),Gi(N ()}
= = [ @i B (P, A0

= &/ Ef(2)N\ () . (2.104)

These gauge transformations must hold for arbitrary A°.

In order to express the finite transformations, we introduce a basis of su(2) generators 7!
that are equivalent to —i/2 times the Pauli matrices. We shall express elements of the su(2)
algebra using a bold font so that A, = AT, and E* = E¢t'. Now, for some group element
g € SU(2) we can write the finite transformations as:

g>Ag=gAug ' + 90,97, g E* = gE%™ ! . (2.105)

As in Yang-Mills theory, one sees that the Gauss constraint encodes the SU(2)-gauge invariance
of the theory.
Looking at the vector constraint, we find [27]:

v A, = £NA; SvE! = £NE! . (2.106)

Exponentiating this gauge transformation leads to finite diffeomorphisms on 3 which, along
with refoliation-invariance, preserves the diffeomorphism invariance of general relativity.

We have arrived at a Hamiltonian formulation for general relativity in terms of the Ashtekar
variables, which presents gravity as a theory with similarities to an SU(2) gauge theory. The

5The constraints are first class since they can be shown to each have vanishing Poisson brackets (weakly) with
all of the other constraints [3]. First class constraints are the generators of gauge transformations [19].

25



variables are an electric field and a connection, and there is a Gauss constraint which enforces
invariance of physical quantities under SU(2) gauge transformations. This constraint implies
that if one integrates the electric field over a surface, the amount of electric flux flow through
the surface is determined entirely by a boundary integral around the surface. We will see in
the next section that the Gauss constraint allows for the use of Wilson loops as gauge-invariant
objects, which in turn leads to the development of spin networks as the physical states of the
quantum theory. Another key feature is the simplification of the scalar constraint which plays
the important role of generating dynamics. In the ADM formulation, the scalar constraint is a
complicated expression of g, and 7 containing inverse powers of the metric determinant. In
terms of Ashtekar variables, we can express the scalar constraint as a polynomial of the phase
space variables, up to a multiplicative factor of 1/ VE, and there are techniques for handling
such an overall density weight. The development of this Hamiltonian was an exciting step for
those working to quantize general relativity, and was the beginning of what came to be known
as loop quantum gravity.

The Ashtekar formulation is rigourously defined and well-understood. This is what we take
as the starting point for the new ideas presented in this thesis. Historically the next step was to
go into the quantum theory. Our point of view however is to proceed more cautiously, taking
a step back from the quantization to first introduce new phase space variables which are well
suited for quantization later on. By studying more carefully the loop gravity phase space,
we aim to develop a classical theory which agrees with general relativity and can be readily
quantized a la loop quantum gravity. In this way, the theory of classical loop gravity is designed
to bridge general relativity with loop quantum gravity, so that a direct correspondence with
general relativity is built into the quantum theory by construction.
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Chapter 3

Elements of loop gravity

One of the main features of the Ashtekar formulation of general relativity is that it very closely
resembles a gauge theory, being written in terms of an electric field and a connection that are
subject to a Gauss constraint. This makes it possible to adapt for loop gravity techniques that
have worked in other gauge theories. Of particular interest is lattice gauge theory, where one
defines a regular lattice composed of links ¢ that all have the same length a. On each link one
defines a group element, permitting a discretization of the Yang-Mills action to be written in
terms of Wilson loops [29] composed from these group elements. Refining the lattice increases
the degrees of freedom, and the continuous theory is recovered in the limit that a — 0.

Loop gravity possesses a construction that is analogous to lattice gauge theory [30] but
with an important difference. If one wants to define a background independent theory, then
one cannot specify a length for the links in order to define a regular lattice. This is geometrical
information that must come out as a result of the theory rather than being input from the
start. Instead of regular lattices then, loop gravity employs a generalization of this concept
which we call oriented graphs. An oriented graph (or simply ‘graph’ hereafter) is an irregular
lattice, composed of arbitrarily shaped links, each possessing an orientation, which are joined
with other links at their endpoints. See fig. for an example. Each link £ is assigned a group
element hy, € SU(2) called a holonomy, and one can compose Wilson loops from these group
elements. In fact the first solutions to the kinematical constraints were written in terms of loops
rather than graphs, which is the origin of the name ‘loop’ gravity. The loop representation [31]
was found soon after the Ashtekar formulation and generated a lot of excitement in the field,
since the kinematical constraints for a quantum theory of gravity had been solved. Using the
Mandelstam identities, one can show that the holonomy data on a graph is equivalent to a sum
over sets of loops [32]. Since the graph representation is more convenient for working with this
is used in the modern treatment. Recovering general relativity in some limit is a more difficult
task than in lattice gauge theory since one can no longer simply take the a — 0 limit. However,
this is another success of the theory as one does recover the continuous theory in an appropriate
limit, called the projective limit [24] which we describe in more detail below. The beauty of
this approach, as we shall see, is that one obtains the continuous theory without reference to
any background structure.

To any given graph I', there is an associated Hilbert space Hp in the quantum theory.
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Figure 3.1: An example of a three-dimensional graph. Each link is drawn with an orientation,
and intersections between links occur only at the nodes.

Spin network states constructed from the holonomies associated to the links form a basis of
states for Hr that is orthogonal under the inner product defined by the Ashtekar-Lewandowski
measure [33]. The basic operators are the flux X (S) which measures the flux of the electric field
through a surface S, and a holonomy operator he which acts to add the link £ to the graph and
generates a new spin network state which belongs to a different Hilbert space Hps associated
to some other graph IV = T"'|J¢. Geometrical operators such as the area [34], volume [35], and
length operator [36] are constructed from the flux operator X (S).

In this chapter we review the basic elements of loop quantum gravity, establishing a basis of
states and an inner product for the Hilbert space Hr associated to a graph I'. We describe the
projective limit of these Hilbert spaces and explain how the continuous kinematical Hilbert space
Hyin is obtained. We define spin network states which give a basis for the gauge invariant Hilbert
space Hgn that is orthogonal under the inner product. The diffeomorphism invariant Hilbert
space H{?in is spanned by equivalence classes of spin network states related by diffeomorphisms
acting on the graphs. We then define the holonomy and flux operators which are well-defined on
Hyin, and construct the area and volume operators from the flux operators. After this overview
of the quantum theory, we use this framework to motivate a phase space Pr from which the
quantum Hilbert spaces Hr can be constructed. The phase space Pr is associated to a graph I"
and has a pair of variables assigned to each link: a flux X, € su(2) and a holonomy h, € SU(2).
The spin network basis states of Hr, as well as the operators X (S) and ilg are obtained upon
quantization of Pr. Having a classical phase space to work with allows us to better understand
the relationship between loop gravity and general relativity, and developing this relationship is
the main focus of this thesis.

3.1 Wilson loops

Let us start by reviewing the SU(2) formalism of parallel transport using holonomies. Consider
a path £ : [0,1] — X sending the parameter s € [0, 1] — x%(s), defining a one-dimensional curve
in a spatial hypersurface. The holonomy which defines parallel transport along ¢ is a group
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element hy € SU(2) that solves the ordinary differential equation:

d Ox®

With the boundary condition hy[A, 0] = 1, the solution is given by the path ordered integral:

hla] = em(_ af“aA) (32)

gaS @

et 1 S1 Sn—1 8:Ua1 al»an
- d dso - - - dsy . A, A (8n) )
> [ras [ [T as G S A ) A 63)

where we use the notation hy[A] = he[A, 1].
From this definition, several key properties of the holonomy are apparent:

i) The holonomy is independent of the parametrization of /.

ii)

iii)

The holonomy is a representation of the groupoid of oriented paths. The identity is given
by a single point. If we define two paths ¢; and ¢5, with the second path beginning where
the first path ends, we define ¢ = /7 - /5 and have:

helA] = he, [A]he, [A] . (3-4)

This property makes the holonomy well-defined even if there are a finite set of points
where the path is non-differentiable, since one can always split the path in to differentiable
components. The inverse is given by

hy Al = e [A] (3.5)
which is the same as reversing the orientation of the path.

Under an SU(2) gauge transformation of the connection parameterized by a field g(z) €
SU(2), the holonomy transforms as:

hyA] = gs(z)he[A]g[(,}) , (3.6)

where s(¢) denotes the start of the link and ¢(¢) denotes the terminal end of the link.

The fact that the gauge transformation of the holonomy depends upon the field g(z) only at
the endpoints of the link makes holonomies well suited for constructing SU(2)-gauge invariant
states. The most simple gauge invariant object we can form is the Wilson loop. A loop is a
path ¢, such that the starting and terminal ends are identified s(¢,) = t(¢,), and a Wilson loop
is defined as the trace of the holonomy around this loop:

Wy, = Trhy, . (3.7)

This object is clearly SU(2)-gauge invariant:

Wy, = Tr (QS(Z)heogt_(l}O = Trhy, = Wy, , (3.8)
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using the cyclic property of the trace and the fact that s(¢) = ¢(¢) for a loop. Gauge-invariance
implies that the choice of base-point for the loop does not affect the value of the Wilson loop,
since a new choice of base-point for the holonomy is of the same form as a gauge transformation.
Calling the new base-point p’ and the old base point p, consider a path P that takes us from
p’ to p. The holonomy around the loop becomes hphy, h}l, and the component which depends
upon the path P gets traced out as in (3.8]).

3.2 Kinematical Hilbert space H,;,

Wilson loops are one example of more general objects called cylindrical functions which are
built upon oriented graphs. An oriented graph I' is a set of links ¢, each having an orientation
and connected with other links at the endpoints, called nodes n. A node at the intersection of
three links is called ‘tri-valent’, and we can generally have nodes of any valency greater then
or equal to three[ﬂ A loop is the most basic graph and consists of a single link and no nodes.
On each link of a graph we associate a holonomy hy. Cylindrical functions vYr  are labeled
by a graph I and a function of the associated group elements f : SU(2)!rl — C where |fp| is
the number of links in the graph. For example, the function f of a Wilson loop is the trace.
More generally though, f can be any function of the group elements associated to the links of
a graph, and is not necessarily gauge invariant.

We denote the space of cylindrical functions associated to the graph I' as Cylp. These
functions form a basis of the kinematical Hilbert space associated to a graph Hr. The inner
product for this Hilbert space is constructed from a Haar measure for each link of the graph.
The normalized SU(2) Haar measure dg is defined as the unique measure which satisfies the
following properties:

/ dg=1, dg =d(gh) =d(hg) =dg™, Vg ,heSU?2). (3.9)
SU(2)

An important property of the Haar measure is the orthogonality relation for matrix elements
j
II(g)™,, of an element of SU(2) belonging to the spin-j representation:

j k 1 .
dgII(g)™ TI(g)" , = ———67% ™8 . (3.10)
/SU(Q) " o2j+1 .
This shows us that different representations of the same group element are orthogonal, and that
different matrix elements of the same representation are orthogonal.
The Ashtekar-Lewandowski measure is constructed by taking the product of Haar measures

associated to links:

dur = [ ] dhe. (3.11)
Lel

This allows us to define an inner product for cylindrical functions on a given graph:

pr (Yr,p, Y p) = /qurwr,f PP - (3.12)

"We exclude the case of a bi-valent node because these can be removed by the property of the holonomy 1|
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The inner product vanishes if any group elements in ¢ are in different representations than the
group elements in v’ on the same link. This inner product is very similar to that of lattice
gauge theory, but here the background independence of the theory is evident as the links are
not part of a regular lattice. We note also that the Ashtekar-Lewandowski measure gives a
faithful representation of SU(2) since the normalization:

JRTE (3.13)

is positive definite and equal to zero only when v ; = 0.

The orthogonality relation tells us that cylindrical functions which carry a different
set of representations j, of the group elements hy; are orthogonal. The space of cylindrical
functions which are square integral under the Ashtekar-Lewandowski measure define a basis for
the kinematical Hilbert space Hr. This is a useful basis to work with, but it is not orthogonal.
To find an orthonormal basis, one observes that a generic cylindrical function can be written in
terms of matrix elements of representations associated to the links [27], which follows from the
Peter-Weyl theorem. This implies that an orthogonal basis is composed of products of matrix

g
elements in the representations associated to the links, i.e. [],cp IL(hg)™ m):

With a basis and an inner product, we now have the graph Hilbert space Hr = L2[SU(2)!rl],
built upon square integral functions of (representations of) group elements hy under the measure
dur. Now, these Hilbert spaces are finite-dimensional but we need an infinite-dimensional
Hilbert space if we want to describe a continuous quantum theory for general relativity. In
order to address this issue we need to consider the infinite number of graphs that can be
defined, each with an associated space of cylindrical functions Cylp. To define a basis for the
continuous Hilbert space, we need to use the union all these spaces associated to graphs:

Cyl == J Cylp. (3.14)
T

This space provides us with a set of states for the continuous Hilbert space Hyin, but we still
need an inner product since our previous definition applies only to a single graph. Given two
cylindrical functions associated to graphs I',I”, one can define a larger graph as the union
I =T UT’. Under the inclusion map, the functions f and f’ associated to the graphs I" and
I'" are well-defined on the larger graph I'”. We then have a well-defined inner product for any
two cylindrical functions in the space Cyl:

:u(wr,fuwi—",f/) = /1-*// d/l{‘ll %r"f ’lﬂlrvdu. (315)

As in the inner product , the result here is zero if either the representations are different
between the two cylindrical functions. There is an important case to consider. Suppose we
have IV = T'|J /¢, so that the graph I"” is obtained by adding the link ¢ to I' and TJT" = T".
The function f’ may then be dependent upon a non-trivial representation of a group element
hy, labeled by some non-zero spin number j,. Since this link does not exist in I', the Haar
measure integral associated to the link £ in the inner product yields zero, making the overall
inner product vanish.
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The set of all graphs possesses a partial ordering: A graph I" is said to be larger than
another graph I if IV possesses all the links of I' in addition to other links. For example, when
we have a graph composed by the union of two other graphs IV =T | T, the partial ordering is
I > T and I'” > I, while no statement can be made about an ordering of I" in relation to I".
This implies that the Hilbert spaces Hr and Hrs are each subspaces of Hp». Taking all graphs
into consideration, we refer to this nested structure of Hilbert spaces as a projective family.
Now, one can define a precise sequence of ever-larger graphs, and the ‘large graph’ limit of this
sequence is the projective limit. It has been shown that the continuous Hilbert space Hy;, is
obtained in the projective limit [24] of this sequence of graph Hilbert spaces. It is remarkable
that we can obtain a continuous Hilbert space for gravity without reference to any background
structure.

3.3 Gauge invariant Hilbert space H&_

Now, we introduced Wilson loops above as functions of the holonomies which are invariant
under SU(2) gauge transformations. The space of functions Cylp is not gauge invariant, but
we can define a gauge invariant subset called spin network functions +r j, ,,. These require
a spin-label j, (a positive half-integer) associated to each link, and an SU(2)-gauge invariant
tensor ¢, called an intertwiners at each node. Before we define intertwiners, let us briefly review
some necessary aspects of SU(2) spinors.

The fundamental representation of SU(2) is defined by the natural action of the elements on
C2. The representation space is therefore the space of complex vectors with two components,

called spinors:
A XO
= ) 3.16
X (Xl > ( )

where we have used upper case Latin letters for spinor indices. The only invariant under the
action of SU(2) is the antisymmetric tensor:

P = g4 0g” pe?, (3.17)

where g4P € SU(2) is the inverse of g4 . Spinor indices are raised and lowered using the
antisymmetric tensor.

Consider the space of completely symmetric spinors with n indices, and notice that this
space transforms into itself when acted on by n elements g € SU(2):

Ap-An A A, Bi+Bn
X = 9B 9 " B, X ! ) (3.18)

implying that this space is a representation of SU(2). This representation is irreducible, has
dimension 2j + 1 (where j = n/2) and is called the spin-j representation.

When two spinors are combined in a tensor product, the result can be decomposed into
irreducible subspaces. As a first example, consider the tensor product of two j = 1/2 spinors:

(x® )" = x1¢” . (3.19)
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This defines a reducible representation on the space of two index spinors x4Z. Any two index
spinor can be decomposed into its symmetric and antisymmetric parts using the invariant tensor

eAB as follows:
A (AB) L AB (3.20)

X8 = xoe*P + 77, X0 = 5€ABX

This decomposition is invariant because of the invariance of eAZ. The scalar yo forms a one-
dimensional subspace defining the trivial representation j = 0, and the symmetric part is a
three-dimensional subspace defining the j = 1 representation. Therefore, the tensor product of
two spin-1/2 representations is the direct sum of a spin-0 and a spin-1 representation:

Vippg®@Vijp=Vo® V1 . (3.21)

With this example, we can better understand how to decompose the tensor product of two
spinors with arbitrary spins j; and jo. The subspace of highest dimension is obtained by
symmetrizing all of the indices, giving us the spin-(j; + j2) representation. Alternatively, we can
use an €8 to contract one index from each spinor and symmetrize the remaining 2(j; + jo — 1)
indices. The maximum number of eA8’s that we can use is the smallest of 2j; and 2j,. Let’s say
41 > ja, so that the maximum number of A8 tensors we can contract with is given by 2j,, and
this yields the subspace of smallest dimension, the |j; — j2| representation. From this discussion
we see that the general decomposition of the tensor product between two spinor representation
spaces is:
Vir @ Vis = Vji—jal @ Vj—jal41 @ - @ Vi - (3.22)
From the above equation , notice that each irreducible subspace j3 appears in the
decomposition of the product of two representations at most once, and this occurs only if:

j1+Jjo+7j3 is an integer ; (3.23)
1 = Jol < Jjs < (J1+J2) - (3.24)

These are the Clebsch-Gordon conditions. An equivalent statement of these conditions is that
there exist three non-negative integers a, b, ¢ such that:

2j1=a+c; 2jo=a+Db; 2j3=b+c. (3.25)

Now, the most elementary node on a graph lies at the intersection of three links, i.e. a
tri-valent node. Each link carries it’s own representation defined by the spin numbers ji, jo
and j3. The tensor product between these three representation spaces can be decomposed into
a direct sum between irreducible subspaces, and from the above discussion we can see that
the decomposition will contain the trivial representation if and only if the Clebsch-Gordon
conditions are satisfied. The tensor product of three representations yields a tensor with 2(j; +
Jo + j3) indices, symmetric in the first 2j; indices, the next 2js indices and the last 2j3 indices.
The intertwiner is the unique tensor (up to scaling) given by combinations of eAB that has this

symmetry. It is formed by combining a tensors A5, b tensors €€ and ¢ tensors €“4:

L(Al“'Ale)(Bl"‘B2j2)(Cl"'C2j3) _ K€A1B1 . EAaBa (3.26)
eBat101 [ BatvCh

Coi14a+1 ... CoycAate
€ € ,
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where K is a normalization factor. Under a gauge transformation, the holonomies associated
to each link pick up an SU(2) element at each node. These elements arising from the gauge
transformation can be absorbed into the intertwiners due to their invariance properties, and
this will allow us to construct gauge invariant functions of the holonomies.

Working in the fundamental representation with indices A = 1,2 has been convenient for
introducing the intertwiners, but a more convenient notation for what follows is to use the j,m
labels for spinors, where m is an index running from —j to j. The intertwiner for a tri-valent
node can then be written as a Wigner-3;5 symbol:

Jmmams K{ J1 J2 J3 } (327)

myp Mmz m3

The normalization factor is chosen so that /™™™y, moms = 1, which selects a unique in-
tertwiner in the case when three links meet at the node. For example, if we take j; = 1 and
Jjo = j3 = 1/2, the intertwiner is obtained from the Pauli matrices:

S (E N Uy OIS B

where here mq = 1,2,3 counts the three matrices, and ms, mg label the row and column of
each matrix. This set of matrix elements is almost the intertwiner, but we need to normalize
and raise two of the indices to obtain:

mimaoms

1 /
. —_ )m2 ) Fmama

% (Um/l m3

One can check that this intertwiner is gauge invariant, satisfying the following equation:

SELES (3.29)

! 1/2 1/2 ms3 m/ mamg mi\mams
o 1L ()™, <a 1) = (o™) . (3.30)
In general, a node may lie at the intersection of any number of links greater than or equal
to three. In order to construct a 4-valent intertwiner, one sums over the tri-valent intertwiners

as follows:
mimeomsmnmy

4

— MMy, mama (3.31)

where the index m = —j,741,--- ,j corresponds to a choice of the spin-j representation, which
must be one of the representations satisfying the Clebsch-Gordon conditions with both pairs
(m1, mg) and (ms, my4) separately. Each such choice of j yields a different intertwiner, and the
set of intertwiners for all of these j values spans an orthonormal basis. Notice also that we
could choose different pairings to define the Clebsch-Gordon conditions that the choices for j
must satisfy. A different choice of pairings yields a different basis of four-valent intertwiners,
for example:

wm1m2m3m4 mimsm

J =v

LTS (3.32)

Each index of the tri-valent intertwiners labeled v on the right hand sides of (3.31]) and (3.32])
is associated to a link on the graph, and the link which holds the choice for j described above
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J1 J2 J1 J2

J3 Ja J3 Ja
(a) (b)
Figure 3.2: Two of the three choices for the 4-valent intertwiner; (a) corresponds to LTlm2m3m4 =
UmlQOUmm3m4; (b) Corresponds to w;nlQOgmzL = Umlmgmvmm2m4. The link labeled ] in each

figure represents the indices m which get summed over.

is drawn as a ‘virtual’ link, connecting the two tri-valent intertwiners to form a four-valent one.
See fig. for a graphical representation of these two choices of intertwiner bases. The two
bases are related by the following equation:

=Y (2k+1) ( g2 i ) wy (3.33)

A J3 J4

We can of course create higher valence intertwiners by combining lower valence intertwin-
ers. For instance, a five-valent intertwiner is constructed from a four-valent and a tri-valent
intertwiner. In general, a d-valent intertwiner is constructed from d — 2 tri-valent intertwiners
as follows:

LzlkT_(i3 = T vn1m3n2 e U”d—smdilmd’ (334)
where the & labels in the subscript of ¢ on the left hand side denote choices of basis for which
to sum over in combining the tri-valent indices on the right hand side.

With a definition of intertwiners, we now have the necessary tools to define gauge invariant
functions of the holonomies associated to graphs I'. Recall that on each link ¢ of a graph,
we have a holonomy hy € SU(2) taken to be in the spin-j; representation. We write these
representation matrices as:

Wy (he)  where m,m/ = —j,—j+1,---,j . (3.35)
At each node n of the graph, we assign an intertwiner ¢, defined to be invariant in the tensor
product of representations associated to the links which meet at the node. A spin network
state is a cylindrical function defined by this data, (I, jg,tn) V ¢,n € ', and a function f which
contracts all of the indices associated to the intertwiners and holonomy representations. To
see how this contraction works, consider the theta graph I' = 6 of fig. and take j; = 1,
jo = j3 = 1/2. Using the trivalent intertwiners defined in , we write this spin network

state as:
1/2

1 m m 1/2m, ' mémé
z/}ed'e,bn = K(O_ml)QOSH 1m’ H 2m/2H 5m’ <U 1) 3 (336)

1 3
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Figure 3.3: The ‘theta’ graph, showing labeled links with a choice of orientation.

where the factor K is a normalization constant. Indices on the holonomy representations are
placed ‘up’ where the link is directed outward from a node, and ‘down’ where the link comes
into the node. Is this function of the holonomies invariant under gauge transformations? Under
a gauge transformations, each of the three holonomies picks up an SU(2) element at each node.
Let us say that one node is at point p and the other is at q. Considering and , we
see that this cylindrical function is invariant under a gauge transformation parameterized by a
function g € SU(2):

1 /
gbwe,jg,Ln = K (Uml)m2m3 [g(p)mlmaﬂmlnllg(Q)nlnl] X

/ 1/2 /

1/2 f / -
[g(p)mm/zﬂm?n;g(q)"ZnQ] [g(p)mm/ Hm3n§g(q)n3n3:| (o™

3

= K |:(O-m1)m2m3 g(p)mlm’lg(p)QOég(p)an/S] X
2, 12,

1 i ! ! !
I, ™2, T, [g(Q)”lmg(q)"Qan(q)”%g (0"1)”2"3}

1 1/2 1/2
— mi m2 m3 ni\n2ns
= K (Uﬂu)m2m3 I, 1725, ™8, (0™)

= Yo, - (3.37)

The gauge transformation is absorbed into the intertwiners, as is the case for any spin network
function.

On a general graph one defines a spin network function of the holonomies, or equivalently
a functional of the connection, as:

g
YT jyunl Al = <® L> . < ® H(h@[A])) ) (3.38)
el

where the e denotes contraction over all indices between holonomy representations and in-
tertwiners, as done in the example (3.36). These functions are invariant (classically) under
gauge transformations generated by the Gauss constraint, and this invariance carries over to
the quantum theory, i.e. spin network states solve the quantum Gauss constraint.

Spin network functions satisfy the condition of cylindrical consistency: For two graphs
I' > T” a cylindrically consistent function is one that satisfies ¢r j,,, = Ur jou,,» Where the
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labels (j¢,tn) are mapped by inclusion into the larger set (jg,tn). The links ¢/ € T'\ IV are
labeled with j,» = 0. For example, a spin network function defined on a graph I" is unchanged
if one adds some links ¢’ to IV and labels with spin numbers j,» = 0. Note that the space of
intertwiners between spin-0 representations is zero-dimensional so there are no new intertwiners
to label on the nodes n” € T'\ T”. Cylindrical consistency ensures that the inner product
is well defined on spin network states vr j, ,, € Cyl. With this inner product, the spin network
states span the gauge-invariant kinematical Hilbert space associated to a graph 7-[1@ , and the
gauge-invariant continuous Hilbert space Hﬁn is obtained in the projective limit.

3.4 Diffeomorphism invariant Hilbert space HL_

In the previous section we found the gauge invariant kinematical Hilbert space to be a subset
"Hgn C Hyin. We were able to do this because the orbit of the Gauss constraint is compact.
However, the orbit of the vector constraint which generates diffeomorphisms is not compact,
and we must look for diffeomorphism invariant states in the dual space Cyl*, that is, the space
of linear functions from Cyl to C which includes distributions. This structure is called a Gelfand
triple Cyl C Hyin C Cyl* and occurs in the quantization of any theory with non-compact gauge
orbits.

Let us denote by U (¢) the operator which generates a spatial diffeomorphism ¢ € Diff(3)
that is connected to the identity. The action on a cylindrical function is:

U(¢)vr,s) = [thg-1r )- (3.39)

Using this we define the diffeomorphism-invariant state as:

([Wrgll= > WrAdlU@) = Y (@l (3.40)

pEDIf(S) $EDIff(S)

The brackets ([¢r ¢]| denote an equivalence class of cylindrical functions related by diffeomor-
phisms. We can see that these are diffeomorphism invariant since ([vr ]| U(¢') = ([¢r f]|. The
action on a state in Cyl is:

(Wrfllvrg) = Y (Werglr p) =: (Wor flvor p)piss (3.41)

HEDIff(3)

which defines the diffeomorphism invariant inner product. The sum over all diffeomorphisms is
rather large, but due to the orthogonality of spin network states only a finite number of terms
contribute. This is because a diffeomorphism shifts the links of a graph, and the inner product
is non-zero only when all of the links on each graph describe the same curves in X, as discussed
below the definition of the inner product in (3.15). Notice this is not the same as requiring
the graphs to be the same, since if there is a discrete symmetry to the graph, it is possible to
shift the whole graph by a diffeomorphism so that it lies on top of its pre-image. But this is
a discrete operation which can only apply a finite number of times, so the number of terms in
the sum is always finite.
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One can define diffeomorphism-invariant states also within the gauge-invariant space of
cylindrical functions to obtain a Hilbert space Hg;lD, spanned by equivalence classes of spin
network states under diffeomorphisms. This basis of states is represented by so-called s-knots,
which are labeled by a sort of ‘floating’ graph, not embedded within any geometry. The s-knots
carry information about which links exist and how they are interconnected at nodes, as well
as the spin-labels j, on the links and intertwiner labels ¢, on the nodes. They are defined
according to their knotting class as in knot theory [37], since a graph with knots cannot be
deformed into a graph with different knots by a diffeomorphism connected to the identity. Note
that there is no information in an s-knot about how the graph is embedded in a geometry, since
this information disappears when forming the equivalence class.

3.5 Operators

Let us now turn to the operators which act upon the Hilbert space Hyi,, spanned by the
space of cylindrical functions associated to the graphs. In the quantum theory one takes the
holonomies rather than the connection A to be the fundamental configuration variables. A set
of holonomies associated to a graph are sometimes referred to as generalized connection. As an
operator, holonomies h act simply by multiplication, adding the link ¢ and a representation
of the holonomy hy to the state, forming a new state based on a new grapkﬂ This action is
well defined also in the gauge invariant Hilbert space Hgn, so long as the new graph supports
a gauge-invariant cylindrical function. In fact, any spin network makes a well defined operator
in ’Hgn.

The operator which measures the electric field Ef takes more work to define. Since the
kinematical states are given by cylindrical functions, we need to find the action of Ef on
holonomies. This action descends from the classical Poisson bracket:

ox®

(E(2), he|A]} = T /5 ds 50" (2, £(s)) heyTibes, (3.42)

which splits the link into to £ — ¢1 o f5 and inserts a generator 7; of su(2) at the point z of
intersection. The sign is negative when the link and surface possess the same orientation, and
positive when the are oriented opposite to each other. This result can be obtained by applying
the Poisson bracket {Eé(x), AZ (y)} to the definition of the holonomy given in 1} When the
electric field acts on a representation of the holonomy, the algebra element 7; is taken to be in
the spin-j, representation.

The Poisson bracket shows us that a naive quantization of the electric field would
lead to bare delta functions. The integral in is along a one-dimensional link, but we
need to integrate over all three spatial dimensions in order to satiate the delta function. Notice
the connection is a one-form, so it is naturally integrated along a one-dimensional curve. The
electric field is a rank-1 contravariant tensor, but it’s Hodge dual is a two-form:

El, = €qped7 ES. (3.43)

2This works to remove links as well, for one could then act with h-1 ¢ to remove the link.
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Figure 3.4: A link ¢ which transversely intersects a two-surface S.

This two-form can be naturally integrated over a two-dimensional surface, which is what we
need to deal with the delta function. Integrating the electric field over a two-surface S we
obtain:

X(S) = /S €ape B da® dz®. (3.44)

This is referred to as the ‘flux’ since it is a measure of the electric field flowing through the
surface S, analogous to the flux in electromagnetism.

There is somewhat of a mystery concerning the flux, which we shall address this in the next
chapter. Consider a surface S which is punctured by a single link £ as shown in fig. If one
takes the limit of the surface approaching the start of the link, one finds the following Poisson
brackets by direct calculation:

{hg, hel} = 0, {XZ(S), hg} = —Tihg. (345)

Naively, one expects from the definition (3.44]) to find that the fluxes commute, but this does
not satisfy the Jacobi identity:

{{X(9), X ()}, he} + {{X (), he}, X(5)} + {{he, X(5)}, X(5)} = 0. (3.46)
To satisfy this equation, one finds that the fluxes do not commute:
{XU(S), X7 (9)} = €7, X*(9). (3.47)

This is taken to be the definition of the Poisson bracket between fluxes and descends to the
quantum commutator algebra. These Poisson brackets define the Poisson algebra of the cotan-
gent space T%(SU(2)), given by an algebra element X € su(2) and a group element hy, € SU(2).

Let us consider again a link ¢ which possesses a single, transverse intersection with the
surface S, but here we take the intersection to be in the interior of the link. Upon quantization,
we see from that the flux associated to S acts on the holonomy h, as follows:

XU (S)he[A] = Fyhe, Tihe,., (3.48)

where the sign is negative when the link and surface possess the same orientation, and positive
when the are oriented opposite to each other. Notice the dependence on the Immirzi parameter
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~. This is a self-adjoint operator on the space Hr. If the link and surface possess multiple
intersections, one can split the curve into components to analyze each intersection separately.
The case where a portion of the link £ runs within the two-surface S can also be treated, as in
[23] for instance.

The flux operator is the basic building block of the geometrical operators of loop quantum
gravity. In order to define an area operator, first consider the action of the ‘squared’ flux
operator:

X(8)Xi(S)he = 7o (e + 1), (3.49)

where 7iT; = jo(jo+1) is the Casimilﬂ of the spin-j representation of SU(2). Notice the squared
flux is gauge-invariant and therefore gives a well-defined operator on Hgn. Also notice the term
on the right hand side is positive definite, so that the square root is well defined.

Now, the classical function X%(S)X*(S) is the Riemannian definition of the squared area
of the surface S. Since the quantum version is a positive definite operator, we are able to
act with each X (S) and take the square root to define an area operator in Hgn. However,
when acting on a spin network, we will generally obtain multiple intersections between the links
and the surface S which leads to generators of su(2) being contracted at different points, and
causing problems for this definition. The way around this is to use a regularization procedure,
decomposing the surface S into IV two-cells and then taking the limit of N — oo. Labeling
each two-cell S;, we define the area operator as:

N
A(S) = NHL%OZ VX (S.)iX (S, (3.50)

c=1

In practice, this operator is well defined once there is one intersection per cell which occurs for
some finite N. When acting on a spin network state we get a finite number of contributions
coming from the cells which contain an intersection (or puncture P) between the links of the
spin network and the surface. Restoring units, the result is:

AS)[Yr ) = 8mYIE1 > V3PP + DIYr o), (3.51)
P

where [lp; is the Planck length. This tells us that spin network states are eigenstates of the
area operator! Notice also that there is a minimum non-zero eigenvalue in the spectrum. With
additional care, one can treat the so called ‘degenerate sector’ which considers the possibility
of links which run within the surface S. See [34] for further details.

A volume operator for a three-dimensional region R can be defined from the quantization

of the classical expression:
3 1
V(R)= | d&’z\/ =
R 3!

3Note that other Casimirs exist in the literature [38]. Of particular interest are (j¢ + %)2 and j7 which lead
to equally spaced spectra for the area operator.

€abecF EF EVEE . (3.52)
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We give a sketch of this operator, and refer the reader to [35] for more details. We again use
a regularization procedure, decomposing the region R into N three-cells R, so that we may
define the operator using a refinement limit:

) N
v = im S

=1

€Ik X1(OR.) X1 (OR.) X*(OR.)|, (3.53)

where OR, is the boundary of the cell R.. Similarly to the area operator, the previous expression
is well defined once the decomposition is fine enough to have at most one node per cell, which
happens generically for some finite number N of cells. It turns out that we get a contribution
from each cell that contains a node n of valence greater than three. A tri-valent node gives a
contribution of zero, and is analogous to the volume of a region bounded by three flat faces. One
needs at least four flat faces (a tetrahedron) to bound a region of non-zero volume. There are
is an alternative to this volume operator which uses this idea that a d-valent node corresponds
to a flat, convex polyhedron with d faces. See [39] for more on this approach.

Using the volume operator and an appropriate regularization scheme, it is possible to give
a definition of the scalar constraint which solves:

S(N)r jean) = 0. (3.54)

This is the program developed by Thiemann and is presented in his book [3]. The resulting
picture of dynamics is that the operator S (N) adds links around each node of a spin network
state, creating a sum over spin networks with these ‘dressed’ nodes. However, since each node
is dressed independently of the others, this formulation does not seem to provide any means to
describe the propagation of gravitons [40]. A more recent idea to obtain a dynamical theory
has been to use a Lagrangian formulation for quantum gravity built upon the kinematical spin
network states. This is the spin foam approach, which aims to calculate transition amplitudes
between spin network states in the spirit of Feynman diagrams. See [12] and also [41] for an
introduction to spin foams.

3.6 Loop gravity phase space

The theory we have presented so far in this chapter provides an appealing description of a
quantum theory of gravity. The Hilbert spaces are well-defined and provide a rather elegant
description of quantum geometry built upon graphs. The quantized gravitational field is rep-
resented by operators which measure discrete values for areas, volumes and lengths. However,
the theory is not yet complete as much work remains in developing the dynamics, and also
in finding a complete set of physical observables. Another issue is that given the lack of ex-
perimental evidence to guide us, how will we know if a theory is correct once it is complete?
It seems the best way to do this is to check whether the theory agrees with general relativity
in the appropriate limit. This is a tricky task, since we are using a projective limit to reach
the continuous theory, but in practice we work with Hilbert spaces associate to graphs. This
implies that we must take both the classical A — 0 limit as well as a continuous limit in order
to make the comparison. This is an active area of research, with most of the focus being to
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study the spin foam action in order to obtain the Regge action [42], which is known to describe
general relativity in the proper limit.

Here we are making a distinction between discretization and quantization, where in other
contexts such as audio signal processing, these words are used interchangeably. A common fea-
ture amoung quantum theories is that spectra which are classically continuous become discrete
upon quantization, as is the case for example in the energy spectrum of a harmonic oscillator,
but this is not the type of discreteness we are referring to. In this thesis we are contrasting a
discrete phase space, written in terms of a finite number of variables, with a continuous phase
space written in terms of continuous fields with infinite degrees of freedom. Such a discrete
phase space can be obtained by putting a continuous theory on a lattice. Both of the phase
spaces are classical, but one is discrete and the other is continuous. On top of a classical phase
space, one can build a quantum theory by promoting the phase space variables to operators on
a suitable Hilbert space. This quantization is a separate issue, not related to the discretization.

The approach we present now is to take a step back from the quantization, in order to
develop a set of discrete, classical phase spaces which can be easily quantized to yield the
quantum theory. The Hilbert space associated to a graph Hr represents a truncation of the full
Hilbert space Hyin to a finite number of degrees of freedom. What we would like to emphasize
here is that spin network Hilbert spaces can be obtained as the quantization of finite-dimensional
phase spaces associated to embedded oriented graphs I'. Each of these truncated phase spaces
are spanned by a finite number of holonomies and fluxes which reproduce the Poisson algebra
of T*SU(2). This fact has already been recognized in the literature [43] and is at the basis
of most of the recent semi-classical analyses of LQG [44], [45] [46]. Our main point is that the
process of truncating the theory to a finite number of degrees of freedom and the process of
quantizing this truncated theory are separate issues which can be studied individually. Here
we would like to use that the continuous kinematical phase space P can be obtained in the
projective limit of phase spaces Pr associated to embedded oriented graphs [47]. In particular,
we would like to understand the relationship between these finite-dimensional phase spaces Pr
and the continuous phase space variables, and the nature of the truncation.

In the quantum field theory of massive particles one defines the theory within a truncation
scheme, restricting first the definition of asymptotic states to a finite number of particles, then
defining the amplitudes recursively between an arbitrary number of in and out particle states.
What this truncation achieves is the possibility to organize the theory in terms of Fock states so
that we can deal with finite-dimensional Hilbert spaces at each energy level. It also emphasizes
a basis of states that possesses a strong classical interpretation: the particle. This truncation
is very different from an approximation scheme such as a discretization. It is not supposed
to be an approximate description of a continuum theory that needs some continuum limit. It
is supposed to be an ezxact description of the continuum theory restricted to a particularly
convenient and finite basis of states. The full theory lies in the knowledge of all amplitudes, not
in some continuum limit. There are some limiting procedures to be taken which are associated
with the reorganization of coupling constants, following from the existence of naive divergences.
These divergences are in some sense welcome since they give us strong clues about spacetime
locality.

Interestingly, loop quantum gravity and spin foams possess the same set of ingredients. In
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loop quantum gravity, a truncation is needed in order to define the kinematical Hilbert space.
One truncates the theory by looking first at spin networks states that are supported on a finite
graph I' embedded in space. Then one shows that this leads to finite dimensional Hilbert spaces
and discrete spectra. Spin foams aim at computing all possible amplitudes between such states
supported on finite graphs. Also, there exists interesting naive divergences in these amplitudes.
These divergences should be welcome and renormalized; they have been recognized to be related
to the existence of spacetime diffeomorphism symmetry [48)].

Let us emphasize that this point of view is key to understanding the program that we are
advocating here. If one thinks of loop gravity as a truncation rather than a discretization (or
approximation), one should not try to take a naive continuum limit of it. One should instead
find a proper way to understand and deal with the reorganization of infinities, and understand
the intertwining of these infinities with spacetime diffeomorphism.

It is important to understand the classical nature of the truncation in order to decide whether
loop gravity should be treated as a truncation or as a discretization. In the field theory case,
the truncation is associated with particles and can be expressed in terms of classical field
configurations with compact topology. Therefore, the central question we want to investigate
here, is whether it is possible to assign to the loop gravity truncation a classical meaning in
terms of acceptable three-geometries. Loop gravity is after all a theory of quantum gravity,
based on the quantization of a phase space which is interpreted as the cotangent bundle over
the space of three-geometries. So the question is whether we can understand the truncated
phase space Pr to be associated with a classical, albeit discrete, geometry.

In [47] it has been shown how, for a given graph T', the graph phase space Pr can be obtained
from the continuous phase space, and carries the Poisson structure of finite direct products of
SU(2) cotangent bundles. It has furthermore been shown how the regulator corresponding to the
graph can be removed, thereby defining a continuum limit (via a suitable projective sequence)
which contains the original infinite-dimensional continuous phase space. In the present chapter
we will recall some elements of this construction like the definition of the discrete phase spaces,
and will push this program forward in subsequent chapters toward the goal of understanding
gravity in terms of the phase spaces Pr.

The kinematical phase space Pr associated with a graph is isomorphic to a direct product
for each link of SU(2) cotangent bundlesEI:

Pr = xT*SU(2),. (3.55)
l
Explicitly, this phase space is labeled by couples (hy, X;) € SU(2) x su(2) of Lie group and Lie

algebra elements for each link ¢ € I". This data depends on a choice of orientation for each link,
and under an orientation reversal (¢ — £~1) we have:

hir =h;t, Xp1 = —h; ' Xohy. (3.56)

Since we have chosen here to trivialize T7*SU(2) with right-invariant vector fields, this last
relation means that under orientation reversal of the link we obtain the left-invariant ones. The

4Civen a Lie group G, the group action on itself by left (or right) multiplication can be used to obtain an
isomorphism of vector fields with the Lie algebra g, and to trivialize the cotangent bundle as T*G = G x g* [49].
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variables (hg, X;) satisfy the Poisson algebra:
(X}, X))} = 0we? XF, {X} ho} = =T’ hy + Sppa'hy {he,he'} =0, (3.57)

As shown in [50} 51], the symplectic potential and symplectic two-form for this Poisson structure
are given respectively by:

Qr =) Tr (XeShehy '), wr = —dQr. (3.58)
¢
This is consistent with the Poisson algebra we presented above in defining the action of flux
operators.
On the spin network phase space Pr, we can define the action of the gauge group Gr =
SU(2)Irrl at the nodes np of the graph. Given an element g, € SU(2), finite gauge transforma-
tions are given by:

Gn > hy = gs(@hégt_(,}), gn > Xy = gs(z)ng;é), (3.59)

where s(¢) (resp. ¢({)) denotes the starting (resp. terminal) node of ¢. This action on the
variables hy and X, is generated at each node by the Hamiltonian:

Go=) Xo= > Xe+ > X, (3.60)

£5n Ls(€)=n Lt(0)=n

which can be understood as a discrete Gauss constraint. Since this action is Hamiltonian, we
can define the gauge-invariant phase space:

PS = XT*SU(2), /SU(2)rl = G1(0)/su ()l (3.61)

by symplectic reduction where |nr| is the number of nodes in the graph. The double quotient
means to impose the Gauss constraint at each node n and divide out the action of the SU(2)
gauge transformation that it generates, i.e. to identify values of the parameters which
are related by SU(2)-gauge tansformations.

This establishes a classical phase space Pr and a discrete Gauss constraint associated to a
graph, amenable to quantization a la loop quantum gravity. Clearly the holonomies we define
are the same as those of the traditional quantum theory and correspond to the holonomy
operators upon quantization. Furthermore, by introducing intertwiners at the nodes of the
graph, one can define the (gauge invariant) spin network states which form a basis of ”ng and
’Hgn in the projective limit. The flux has the appropriate Poisson algebra to yield a set of
flux operators, from which the geometric operators can be constructed. A new feature here is
that we now have a unique flux for each link of the graph. We will see in the next chapter
that this implies a set of two-surfaces (or faces fy) are defined so that there is a one-to-one
correspondence between links and faces. This leads to a well-defined notion of three-cells, and
we anticipate that this extra structure will allow for a cleaner derivation of geometric operators
upon quantization, without the need for regularization. The existence of well-defined surfaces
for the flux operators is required for making sense of the classical limit of (the expectation
value) of flux operators, since these require the specification of two-surfaces. We will give a
detailed description of the duality between the links ¢ of graph and these faces f; in the next
chapter.
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Chapter 4

Relating the discrete and continuous
phase spaces

The question we address in this chapter is: What is the relationship between the continuous
phase space given by the Ashtekar variables (A, E) € P, and the spin network phase space in
terms of holonomies and fluxes (hy, X;) € Pr? More precisely, is it possible to reconstruct from
the discrete set of holonomy-flux data in Pr, a point in the continuous phase space P? What
we need in order to describe the relationship between the discrete and continuous data is a map
from the continuous to the discrete phase space. We can then study its kernel and see to what
extent it can be inverted.

There is some previous work in this direction which has lead to the development of twisted
geometries [52]. In this paper it was shown that the truncated loop gravity phase space Pp
possesses a natural geometrical interpretation in terms of discrete geometries. This phase
space was shown to be understood as the gluing of convex polyhedra [53], 39] along their faces,
leading to a piecewise—linear—ﬂaﬂ but discontinuous geometry. The relationship between twisted
geometries and twistors has also been developed [54], 55]. Recently an important development
[56] showed that twisted geometries admit a torsionless connection. This shows that twisted
geometries are a natural generalization of Regge geometries. As a confirmation, the analog
of the Regge action for twisted geometries have been found [57] and shown to appear in the
asymptotics of 15j-symbols.

Despite the success of this approach, one drawback lies in the fact that the geometries
obtained are discontinuous across the faces of the polyhedra. Indeed, the shape of each face
appears differently from the perspective of each polyhedron that shares it, and it is therefore
not possible to assign a common length to the links of this geometry. This is in sharp contrast
with a Regge geometry where link lengths agree along faces that are glued together. This is
an issue if one wants to have a well defined notion of frame fields, and it has motivated some
authors to impose on the twisted geometries the Regge constraints [58]. However, by doing so
we lose the link with the loop gravity phase space, the discreteness of geometrical observables
and the power of spin foam quantization.

'Here ‘flat’ implies that the metric associated to each polyhedron is flat, while ‘linear’ refers to the fact that
gluing maps have to be linear which implies the flatness of the induced metric on each face.
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Twisted geometries give a very intuitive picture in terms of polyhedra-shaped cells, but
the discontinuous nature of the overall three-geometry does not coincide with the types of
geometries we usually require for a theory of gravity. Here we will develop a more general
relationship between the discrete holonomy-flux phase space Pr and the continuous phase space
P parametrized by the Ashtekar field variables. In [59], it was shown that the spin network
Hilbert space can be identified with the state space of a topological theory on a flat manifold with
defects. Our analysis in this chapter, which closely follows that of [60], makes the same type of
identification at the classical level and emphasizes the fact that the frame field determines only
an equivalence class of geometries. The idea that the discrete data labels only an equivalence
class of geometries has already been advocated in [43] on a general basis. Our approach gives a
precise understanding of which set or equivalence class of continuous geometries is represented
by the discrete geometrical data.

4.1 Symplectic reduction

The configuration space of the continuous theory is the space A of smooth connections on X.
The phase space is the cotangent bundle P = T* A, and carries a natural symplectic potential.
In this chapter we shall work exclusively with the two-form Eéb which is related to the vector
field E{ through:

Eupi = €ape B, E; = Ep;dz® A da?, E=E,;m. (4.1)

where we are using a bold font for elements of s1(2). The symplectic potential of the cotangent
bundle is given by:

Q:/Ei/\éAi:/Tr(E/\dA), (4.2)
% P

where we denote by Tr the natural metric on su(2) which is invariant under the adjoint action
Adgy(g) of the group. The phase space P also carries an action of the gauge group SU(2) and of
spatial diffeomorphisms. In fact, since P is 18-dimensional at each point of X, the (first class)
constraints of the canonical theory have to be taken into account in order to obtain the physical
phase space with 4 degrees of freedom at each point. This can be achieved through the process
of symplectic (or Hamiltonian) reduction, which we now describe.

Let P be a symplectic manifold, which is seen as the classical phase space of the theory
of interest, and G a group of transformations. Suppose that the infinitesimal group transfor-
mations are generated via Poisson bracket by a constraint C. Then the Marsden-Weinstein
theorem [61] 62] [63] ensures that the symplectic reduction of P by the group G, denoted by the
double quotient P//G, is still a symplectic manifold and carries a unique symplectic form. The
reduced phase space is given by imposing the constraints and dividing the constraint surface
by the action of gauge transformations. This is written as:

P)G =C71(0)/G. (4.3)

The double quotient means to find a subclass of the phase space variables which satisfy the
constraint C', and from these form equivalence classes defined by the gauge transformations.
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For notational simplicity, below we will denote the group of transformations G and the associ-
ated constraint C' with the same letters. Note that the Marsden-Weinstein theorem is proven
in general for finite-dimensional phase spaces, but these methods are commonly extended to
infinite-dimensional phase spaces. See [64] for a symplectic reduction of P = T*A, and the first
two chapters of [19] for a description of this method as commonly employed in physics in the
study of a Hamiltonian theory with constraints.

We can apply this to the phase space of four-dimensional gravity described in Chapter 2,
where the physical phase space is obtained from the kinematical (unconstrained) phase space
P by performing three symplectic reductions. The first one is defined with respect to the group
of SU(2) gauge transformations, the Gauss constraint. Since the action of this gauge group on
P is ‘Hamiltonian’, we can define the gauge-invariant phase space T*A//G. More precisely, the
Hamiltonian generating these transformations is the smeared Gauss constraint:

GA) = /Z N(dsE); =0, (4.4)

where d 4 denotes the covariant differential and A is a Lie algebra-valued Lagrange multiplier.
Its infinitesimal action on the phase space variables is given by:

0§A={A G} =daA, SE={E,G\)} =[E,\. (4.5)

The other relevant symplectic reduction is defined with respect to the group of spatial diffeo-
morphisms, and enables one to construct the diffeomorphism-invariant phase space T*A// (G X
Diff(E)). Here, the action of the group of diffeomorphisms on the phase space variables gener-
ated by the vector constraint is given by:

0 A={AV(&)} = LA, 5 E={E,V(§)} = L¢E, (4.6)

where L¢ is the Lie derivative along the shift vector field {*. Finally, the physical phase space
can be obtained from the gauge and diffeomorphism-invariant phase space by performing a
symplectic reduction with respect to the scalar constraint. The latter is given by:

S(N) = /E NE¢E?2,/det(E?) (éj B 242 — J)K[iaKg]) —0, (4.7)

where the smearing variable is the lapse function N, and ¢ = F1 in Lorentzian or Riemannian
signature respectively. Notice that for a (anti) ‘self-dual’ connection (v = %i in the Lorentzian
case, or +1 in the Riemannian case) the second term vanishes and the constraint simplifies
greatly.

4.2 From continuous to discrete data

Let us now develop the map from the continuous fields (A, E) to a discrete set of holonomies
and fluxes (hy, X) associated to a graph I'. In order to construct the discrete data, let us first
choose an embedded graph I' within the spatial manifold . Given this embedded graph, it
is well understood in the discrete picture that the group elements h, represent holonomies of
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the Ashtekar-Barbero connection A% along links £. It is necessary to work with such objects
because an important step toward the quantization of the canonical theory is the smearing of
the Poisson algebra. Since the connection A’ is a one-form, it is natural to smear it along paths
£. Now we could just take the integral of A along ¢ as a smearing but this will not respect
the gauge transformations. What is needed is a smearing that does intertwine the notion of
continuous and discrete gauge transformations. It is well known that this is given by the notion
of parallel transport along ¢, encoded in the holonomy we defined in the previous chapter:

- we
he[A] = exp / A = exp / Al 07 = exp / Al fr, (4.8)
? ? s(0)

where % denotes the tangent vector to the path and (ﬁ% denotes the path-ordered exponential.

Let us recall the fundamental properties of the holonomy functional. The holonomy is
invariant under reparametrizations of the path ¢, and the holonomy of a path corresponding to
a single point is the identity. If we consider the composition ¢ = ¢; o £5 of two paths which are
such that s(¢2) = t(¢1), the holonomy satisfies:

he = hy, e, (4.9)
If we reverse the orientation of a path, we have:
hi-1 = h; . (4.10)

These properties come from the fact that the holonomy is a representation of the groupoid of
oriented paths [65]. Under SU(2) gauge transformations, the holonomy transforms as:

9> he = gypyhed;p,s (4.11)

which shows that the finite gauge transformation g > A = gAg~' + gdg~! of the connection
becomes a discrete gauge symmetry acting on the nodes defining the boundary of the link /.
Finally, under the action of a diffeomorphism ® € Diff(X), the holonomy transforms as:

he(@*A) = hg1p) Al (4.12)

The exact meaning of “momentum” variable Xy is less clear. Roughly speaking, we usually
build a flux operator by smearing the field Ef along a surface f, dual to an link ¢ [3]. But if
one wants this integrated flux to have a covariant behavior under gauge transformations, it is
essential for the integration along f, to involve some notion of parallel transport. Indeed, the
naive definition given in the Chapter 3 is the traditional definition:

Xu(B) = | B(), (4.13)

but this is not covariant under gauge transformations, i.e.
Xi(gr- E)= X, (9Eg™") # QS(Z)Xe(E)QQé)- (4.14)
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Figure 4.1: A link ¢ (in blue) which transversely intersects the dual face fy (in black) at the
point u, shown as a filled black circle. The start s(¢) and terminal ¢(¢) ends of the link are
shown as filled blue circles.

This is an important point which has often been ignored in the LQG literature, the only
noticeable exceptions being [47, [66] [67], and more recently [52, [68]. For the holonomy, the
only reason we consider the parallel transport operator instead of the simple integral of A
along £ is to have a discretization covariant under gauge transformation. It is as important to
preserve this covariance for the flux as it is for the holonomy. Another drawback is that the
non-covariant definition of the flux does not produce the Poisson algebra given in , unless
the intersection f, N ¢ between face and link is at the start point s(¢) or terminal point #(¢) of
the link. If we consider a face that intersects somewhere in the middle of the link, i.e. write
the link as ¢ = ¢; o £ and have the intersection f; N ¢ = s(f2) = t(¢1), then we have:

{Xé, hel} = —5gg/hgl7'ihg2 + (5gg/—1h€_117'ihé_21, (4.15)

which splits the holonomy in two.

The way around this problem is to define a flux operator which also depends on the connec-
tion through its holonomy, as first introduced in the paper [66]. Given an oriented link ¢ € T’
and a point w on this link, we choose a surface f; intersecting ¢ transversely at u = f, N ¢ as
shown in fig. We also choose a set of paths 7y assigning to any point x € f, a unique path
me going from the source s(¢) to x. Such a path starts at the source node of the link ¢, goes
along ¢ until it reaches the intersection point u = f, N ¢, and then goes from u to any point
x € f; while staying tangential to the surface fy. More precisely, we have 7 : fy x [0,1] — ¥
such that my(x,0) = s(¢) and my(z,1) = x. With the set of data (f;, 7/), one can define the flux:

XA, E] = /f iy (2) B (@), () (4.16)

where:
Py () z@/ A. (4.17)
s(£)

Notice that by definition, the source of the path 7, is s(¢), and its target is the point x € f;.
Therefore, under the gauge transformations:

g E(z) = g(z)E(z)g(z) 71, 9> hr, (%) = gs(o)hm, (z)g(z)71, (4.18)
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the flux operator becomes:
Xm0y (9> A, 9> E) = g3y X 5,7 (A, E)g;(}), (4.19)

which is in agreement with . The existence of a covariant transformation property is one
of the main justifications for introducing the extra holonomy dependance in the definition of
the flux operator. With the definition , the flux operator intertwines the continuous and
discrete actions of the gauge group.

From the definition of the paths m, we see that reversing the orientation of the link gives
a system of paths beginning at ¢(¢) and ending at a point x € f;, i.e. m-1(2z,0) = ¢(¢) and
mp-1(x, 1) = . This implies that 7,1 = £~! o 7y, and therefore:

hﬂ—l—l (ZU) = hz_lhﬂ—e (.’ﬂ) (420)
Moreover, the surface f; possesses a reverse orientation f,—1 = —fy, and thus we have:
-1
X(fzfl,ﬂ'éfl) = _hZ X(fgﬂrg)hfv (421)

which proves that our mapping is consistent with (3.56]). Notice also that any two fluxes that
differ only by the choice of surfaces are in the commutant of the holonomy algebra:

{X (6,7 = Xtyim he} =0, (4.22)

where 7, and 7 each follow the link until the intersection points with their respective surfaces as
defined above. An important feature of the mapping that we have described is that it reproduces
the Poisson algebra , specifically the Poisson bracket between flux and holonomy. To show
this, let us use the notation R(hm)éEj = (hWEh;ll)i in writing the flux. In the case where the
flux and holonomy are associated to the same link and have the same orientation, we have:

(Xooro (A B) 1A} = [ Bl (B AT}
fe

= —R(hy, );lhglfﬂ'hb
—hy, h;llTihgl hy,

= —1'hy, (4.23)

where we are using the same notation as above when splitting the link into ¢; and /9 at the
point of intersection, and we have h,, = hy, at the only point contributing to the integral in the
first line. Also notice that the SU(2) rotation R(hm);'» acts on the basis elements 7% inversely to
the way it acts on E’. A similar calculation with the inverse holonomy yields the second term
shown in (3.57]).

Finally, we know that the requirement of consistency with the Jacobi identity imposes that
the fluxes do not commute among each other as shown in Chapter 3. This property, which
seems inconsistent if X, depends purely on the (commuting) densitized triad field, is perfectly
understandable if the flux depends also on the connection, and provides a natural explanation
to the “mystery” behind the non-commutativity of the fluxes [69]. This is consistent with the
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understanding of the spin network phase space in terms of twisted geometries [52], where it
appears clearly that the flux operators also contain information about the holonomies, and
cannot be thought of as being purely geometrical. In other words, the flux operators are not
commuting because they capture information not only about the intrinsic geometry, but also
about the extrinsic curvature.

The map that we have described depends on three types of data. It depends on a choice of
embedded graph I' defining a network of links ¢ in X, a choice of surface f; transverse to each
link ¢ at u, and a choice of paths 7y going from each s(¢) to a point = € f,. Once this data is
given, we can construct a map:

(Av E) — (hé[A]vX(fe,wz)(AvE)) ) .
which has the key property of intertwining gauge transformations on the continuous and discrete
phase spaces, is compatible with the orientation reversal of the links, and respects the Poisson

structure of 7*SU(2).

4.3 From discrete to continuous data

Now we would like to investigate to what extent it is possible to invert the map from continuous
to discrete data I : P — Pr. In other words, to what extent does the discrete data determine
the continuous data? Can we reconstruct a unique representative of the continuous data starting
from the discrete one, or describe a specific equivalence class?

At first sight, this seems like an impossible task since the flux is not uniquely defined by
the electric field E. There are several ambiguities in its definition. There are many possible
choices of surfaces fy that are transverse to the link ¢, and also many possible paths that one
can choose on fy. Different choices lead to different mappings from the continuous data to the
discrete data. This means that giving a flux X (¢, r,) (which we will call X, for simplicity) does
not allow one to reconstruct a continuous field E, which constitutes a fundamental ambiguity.
This state of affairs is fine if one treats the discrete data as some approximate description of
continuous geometry which only takes physical meaning in some continuous limit. This is the
usual point of view [43], and it implies that operators expressed in terms of the fluxes X, do
not have a sharp semi-classical geometric interpretation.

In this work we would like to be more ambitious and interpret the discrete data as potential
initial value data for the continuous theory of gravity. The challenge is to show that one can
reconstruct continuous fields (A, E) explicitly from the knowledge of an embedded graph and
the associated discrete data (hy, X¢). How can this be possible in light of all the ambiguities
that we have listed above? In order to make some progress in this direction, let us first remark
that there are configurations of fields for which the ambiguities disappear. This is the case in
particular for a flat connection.

Suppose that we focus on a region ¢, of simple topology (isomorphic to a three-ball) around
anode n € ¢,, and that in this region the connection A is flat. In this case, the expression
for the flux becomes independent of the system of paths 7y, since the flatness of the connection
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implies that there exists an SU(2) element a(x) such that A = ada™! and h,,(z) = a(v)a(x) L.
Indeed, we have

X, = X0 = aln) < / a(x)_lE(x)a(x)> a(n)L, (4.25)

fe

and the dependence on the system of paths has disappeared. Moreover, one can see that the
Gauss law expresses the fact that Xi, = Xg, for if f, and f, have the same oriented boundary,
4

their union encloses a volume and we have that:

0= / o(z) A4 E(2)a(z) = / d (a(2) " B(z)a(2) = a(n)* Xy, ~ Xy) aln).  (4.26)

Cn

In the next section, we are going to make this statement more precise, and study the case of a
partially flat connection.

4.3.1 Partially flat connection

In this section, we formulate and prove the equivalence between the continuous phase space of
partially flat geometries and the discrete spin network phase space. In order to do so, we first
need to introduce some notions of topology.

An important geometrical construct that we rely upon is a CW complexﬂ [70], a rather
general way of gluing together cells to form a cell complex. A CW complex A of dimension n
can be decomposed in terms its i-skeleton A;, i =0, - ,n. A; is defined recursively by gluing
a disjoint union of dimension 7 open balls éi, to A;_1. In the following we denote by ¢; =~ Bl
the open cells of dimension i. We denote by ¢; the closure of ¢; and by d¢; = ¢;\¢; its boundary.
We have that d¢; ~ St~ 1.

Let us now be more precise about the definition of the i-skeleton A;. Suppose that the (i—1)-
skeleton A;_1 is given. We introduce gluing maps s* and define A; by gluing i-dimensional cells
to A;_1:

Si : 8c,~ — Ai—h Az = <Ai_1 HCZ> / ~, (4.27)

where the quotient by ~ denotes the identification provided by the gluing maps: given x € Jc¢;,
y € A;_1 we say that o ~ y if s(z) = y. This formula means that we obtain A; by quotienting
the disjoint union of A; 1 and ¢; by the identification relation provided by the gluing maps
s'. In this way we can start with a set of points Ag and build up to dimension i recursively.
Note that ¢; is itself included in A; and under this inclusion it becomes itself an elementary cell
complex whose boundary can be decomposed into cells of different dimensions.

Since we are interested specifically in dimension 3 we will denote the three-dimensional
open cells by ¢, the two-dimensional open cells (called faces) by f, the one-dimensional open
cells (called edges) by e, and the zero dimensional cells (the vertices) by v. In the following

2The ‘C’ is for closure-finite and the ‘W’ is for weak topology.
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(c,f,e) always denote open cells, their closure is denoted by (¢,f,&) and their boundary is
dc =¢\c.

A CW complex can be a very general object. Here we are going to study a subclass of CW
complexes that we call regular (see [71] for a related discussion in the piecewise linear context).

Definition 4.3.1. A regular three-dimensional cellular space A is a collection of three-dimensional
cells ¢, glued together. We demand that:

1) The closure of each cell is diffeomorphic to a convex polyhedra P. C R?; the diffeomorphism
is denoted 9. : ¢ — P.. We denote by (f., e, Vv.) C dc, the inverse images of (respectively) the
faces, edges and vertices of the boundary of P..

2) There exist invertible gluing maps for the unique pair of cells that are glued along f:

Seer ¢ T — for. (4.28)

Moreover the restriction of these maps to the boundary of the face 0f. are invertible maps onto
Of. The three-dimensional cell complex is defined as the quotient space Li.c/ ~ where z € f,
is equivalent to y € fo when s.(z) = y. Where cells are glued together, each face is identified
with a single other face that it is glued to, and multiple edges are mapped to each other and
identified under the gluing maps. These identifications allow us to have consistent definitions
of the two-skeleton As and one-skeleton Aj.

Notice that the n-skeleton of a cellular space is also a cellular space, and in particular, the
one-skeleton A; = I'* of a cellular space is a graph. The one-skeleton I'* is not however the
graph I' upon which the holonomies and fluxes are defined. There is a duality relationship
between the graphs (I',T"*) which we now define.

Definition 4.3.2. A regular, three-dimensional cellular space A is said to be dual to the graph
I" if there is a one-to-one correspondence n — ¢, between nodes of I and three-cells of A, and
a one-to-one correspondence £ — fy between links of I' and two-cells of A, such that:

i) There is a unique node n inside each three-cell c,.

ii) The two-cells f; intersect I' transversally at one point only, and the intersection belongs
to the interior of the link ¢ of T'.

In other words, a cellular space dual to I' is such that each node of I' is dual to a three-cell,
and each link of I' is dual to a two-cell. Each link £ is a path between two nodes, starting at the
unique node n € ¢, and ending at the node n’ € ¢/,, and the inverse is denoted ¢=1. The the
point of intersection between the link and face z = /Nf.. is mapped to the point of intersection
as seen in the neighbouring cell y = ¢N f. under the gluing maps, i.e. y = sq(x). See fig.

Now let us consider a pair (I',T*) of graphs.

Definition 4.3.3. We say that an embedded graph I is dual to the graph I'* (and vice versa),
or that (I',T*) forms a pair of dual graphs, if there exists a graph I" dual to a cellular space A
whose one-skeleton Aq is T'™.

Notice that if we take any diffeomorphism which is connected to the identity, then the duality
between (I',I"*)) is preserved. Given any cellular space A, there are many ways to embed a
dual graph.
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Figure 4.2: A single cell ¢ of a CW complex and its dual node n in a graph I'. The faces f and
edges e in the cell boundary are shown in black. In blue we have shown the node n embedded
within the cell, with a link ¢ piercing each face.

From now on, we consider that (I',I'*) is a pair of dual embedded graphs, and we denote by
A the cellular space dual to I with a one-skeleton A; given by I'*. We take our three-geometry
Y to be the cellular space A. Given such a pair of dual graphs, we are going to construct a
certain phase space Prr=, and prove that it is the continuous analogue of the discrete spin
network phase space Pr. In fact, we are going to show that there is a symplectomorphism
between Pr r« and Pr.

4.3.2 The reduced phase space Pr -

To define the reduced phase space Pr =, we first construct a group Fr« x Gr of gauge trans-
formations acting on P. For this, let us consider an infinite-dimensional Abelian group of
transformations Fp+ parametrized by Lie algebra-valued one-forms ¢' € Q! (E,su(2)) which
have the property that they vanish on I'*:

#'(z) =0, VaoeT* (4.29)

This group action is Hamiltonian and generated by the curvature constraint:

Fir(9) = [ inFilA (430)
)
whose action on the continuous phase space P is given by:
07T A ={A Fr(¢)} =0, 0T E = {E,Fr(¢)} = da. (4.31)

This constraint enforces the flatness of the connection outside of the one-skeleton graph I'*.
See The second group, Gr, is the group of gauge transformations parametrized by Lie algebra-
valued functions \* € Q° (E,su(Q)) which have the property that they vanish on the nodes of
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Ni(z) =0, V€ nr. (4.32)
This group action is also Hamiltonian. It is generated by the smeared Gauss constraint:
Gr(A) = [ X(daB). (4.33)
whose infinitesimal action on the phase space variables is given by:
5TA={A,Gr(\)} = daA, STE = {E,Gr(\)} = [E, \]. (4.34)

From the various Poisson brackets:

{Gr(N),Gr(N)} = Gr(A X)), (4.35a)
{Gr(\), Fre (@)} = Fr«(I\, 9]), (4.35b)
{Fr-(¢), Fr-(¢)} = 0, (4.35¢)

we see that the Hamiltonians (4.30) and (4.33)) form a first class algebra.
We are interested in the phase space obtained from P by symplectic reduction with respect
to Jr+ and Gr, which we denote by:

PF»F* = T*A//(]:p* X GF) = C/ (J_"F* X GF), (4.36)
where:
C={(AE) e T"A|F[A](z) = daE(y) =0, V& € S\I'", Vy € S\ } (4.37)

is the constrained space. This is the infinite-dimensional space of flat SU(2) connections on
Y= Y\I'™, and fluxes satisfying the Gauss law outside of Vi. Once we divide this constrained
space by the action of the two gauge groups introduced above, we obtain the finite-dimensional
orbit space Prr- [64]. We are going to prove that Prrp- is the continuous analogue of the
discrete spin network phase space Pr.

Explicitly, the space ¥ can be written as:

S =Jen | JFor (4.38)
n ¢

where ¢, are three-dimensional open cells labeled by the nodes n € ', and f; are two-dimensional
open cells labeled by the links £ € I". We would like to solve the curvature constraint F[A] =
dagA =0on Y and the Gauss constraint d AE =0 on X\np. We start by solving them for each
three-dimensional cell ¢,.

To solve the curvature constraint, let us define on a three-cell ¢, a group-valued map an(z) :
¢n — SU(2) as the path-ordered exponential:

an(z) = ﬁ/v A, (4.39)
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where the integration can be taken over any arbitrary path from the point = € ¢, to the node
n because the connection is flat and ¢, is simply connected. By construction, this map is such
that an(v) = id. This allows us to reconstruct on ¢, the flat connection A as:

A(z) = ap(z)da;  (z). (4.40)

The second constraint to satisfy is the Gauss law outside of the node n which lies inside the cell
¢n. Because the connection is flat, the covariant derivative of the electric field E can be written
as:

daE =dFE + [andagl, E| =and (an'Ean) ay' = andXnay (4.41)

where we have introduced the Lie algebra-valued two-form field:
X, () = an(z) " E(z)an(z). (4.42)
Therefore, we see that the Gauss law implies that the two-form X, is closed outside of n since:
dX,(z) = an(z) ' daE(x)an(z) = 0, Vaece,—{n}. (4.43)

The electric field can now easily be reconstructed since we have:
E(x) = an(z) Xn(x)an(z) L. (4.44)

One can conclude that a general solution of the two constraints F[A] = d4A =0and dyE =0
on ¢, and ¢, — {n} respectively, is given in terms of a Lie algebra-valued closed two-form X,
and a group element an : ¢, — SU(2), the connection and flux fields being given by and
(14.44]).

Now we can extend this solution to the whole space ¥ by gluing consistently the solutions
on each cell. Recall that the two-dimensional cells f, are oriented, and that their orientation is
reversed when we change the orientation of the link £. Demanding that the connection and flux
fields be continuous across the two-dimensional cells amounts to assuming that there exists, for
each fy, an SU(2) element h, such that:

lim ay(z') = lm an(x)hee, lim day(2') = lim dap(z)hee, (4.45)
x’ﬁeclc T—re ./ m’%eclc T—re .

lim Xy (2)) = lm h_sXn(2)heo, (4.46)
x'—eu, T—e

for z € foo and 2’ = s, () € fy.. The limits are required in the definition since the connection
and fields are defined piecewise by the a. and X, fields in each cell. Notice that the first
equality can be written as:

Bl A] = ay(e) (2) " ayge) (o0 () = & / A, (4.47)
YA

where x is any point on the two-cell f.», and once again the definition does not depend on x
because the connection is flat. By construction, one can see that under an orientation reversal
we have hy-1 = hzl.
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This construction shows that the constrained space C is isomorphic to the data (an, Xn, he),
subject to the conditions . We are now interested in the quotient of this constrained
space by the gauge group JFr= X Gr. Elements of this gauge group are pairs (¢(m),go(x)),
where ¢ is a Lie algebra-valued one-form which vanishes on I'*, and g, is an element of SU(2)
(obtained by exponentiation of A) fixed to the identity of the group at the nodes np. The action
of Fr+« x Gr on the pair (A, E) € P translates on the constraint surface C into an action on the
data (an, Xn, he) given by:

an(z) — g(x)an(x), Xn(z) — Xn(z) +d (an(2) ' p(2)an(z)), he — hyg. (4.48)

Following (4.16)), let us compute the flux X, across a surface dual to an link ¢ which is such
that s(¢) = n. It is given by:

X, = / Py (2) B () hor, () 7! = / an(V)an(z) T E(2)an(z)an(v) " = | X, (4.49)
fy fo fe

where we have used the fact that an(v) = 1. We see that the observables which are invariant

under this gauge transformation are simply given by the holonomies h, and the fluxes Xj.

4.3.3 The symplectomorphism between Prr- and Pr

Now we come to our main result, which is the symplectomorphism between the continuous phase
space Prr+ and the discrete spin network phase space Pr. Let us construct a map between
the constrained continuous data in C (see (4.37)) and discrete data on the spin network phase
space Pr, and denote it by

T: C — Pr

(A E) — (h[A],X,(A, E)). (4.50)

For this, we define for every three-cell ¢, a group-valued map a, : ¢, — SU(2) such that
an(v) = id and a Lie algebra-valued two-form X, : ¢n — Q2(cn,5u(2)) closed outside of the
nodes of I'. Given these fields, we can reconstruct on ¢, the connection and the two-form field
using;:

A(z) = an(z)dan(z) "1, E(x) = an(z) Xn(x)an(z) . (4.51)

The map Z is then defined by:

mlA] = & [ A= ale) (), (4.520)
X/(AE) = /f By (2) E () hor, () 7! = sz(Z)(x), (4.52b)

where in the definition of hy, x is any point on the two-cell f;, and once again the definition
does not depend on z because the connection is flat. To compute the holonomy h,, we have
used the group elements a,(,)(7) and ay)(z) to define the connection on the two cells dual to
the nodes s(¢) and t(¢) respectively.
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It is possible to use equation (4.52bf) to write down the relationship between the discrete
and continuous Gauss laws. We already know from (4.43)) that the Gauss law is equivalent to
the requirement that the two-form X, be closed outside of the node n. We can now write that

[ @) s B@an(a) = [ aX, =

Cn Cn Uefe=0cn

Xp= Y. X¢=Gh, (4.53)
¢|s(6)=n

which relates the continuous and discrete constraints. This shows that the violation of the
continuous Gauss constraint is located at the nodes of I', and given by a distribution determined
by the discrete Gauss constraint introduced in Chapter 3:

daE(x) = Y Gnud(x —n). (4.54)

nenr

Since the map 7 is invariant under the gauge transformations Fr+ X Gr we can write it as
a map

[Z] : Prr» — Pr.
We will now show that this map is not only invertible, but also a symplectomorphism.

Proposition 4.3.4. The map [Z] : Prr- — Pr defined by is a symplectomorphism,
and is invariant under the action of diffeomorphisms connected to the identity preserving I'*
and the set np of nodes of I

We are going to prove this proposition in the remainder of this work. Before doing so, let us
stress that this result implies the existence of an inverse map which allows one to reconstruct
from the discrete data an equivalence class [A(h¢), E(h¢, X¢)] of continuous configurations sat-
isfying the curvature and Gauss constraints (i.e. configurations in the constrained space C).
Explicitly, this equivalence class is defined with respect to the equivalence relation:

(AE) ~ (%> A, g (E+dad)g), (4.55)

where once again ¢ is a Lie algebra-valued one-form vanishing on I'*, and ¢, is an element of
SU(2) fixed to the identity of the group at the nodes nr.

Evidently, Proposition [£.3.4] implies a similar proposition for the gauge-invariant phase
spaces. Indeed, if one defines:

PL =T A) (Fr- x G) =CY/(Fr- x G), (4.56)
where:
C={(A,E) e T* A|F[A](z) = daE(y) =0, Vo € X\I"*, Vy € &}, (4.57)

and G = C*°(%,SU(2)) is the group of full SU(2) gauge transformations, we have the sym-
plectomorphism 7319* = PFG between the continuous and discrete gauge-invariant phase spaces.
This follows directly from Proposition and the fact that G = Gr x Gny., where G, is the
group of discrete gauge transformations acting at the nodes n € nr only.
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Notice that when we act with the full group G of SU(2) transformations, the holonomies hy
and the fluxes X, clearly become gauge-covariant, i.e. satisfies Z(g> A,g> E) = g>Z(A, E).
Indeed, since the group element ¢ is not fixed to the identity at the nodes n anymore, we
have g > an(z) = g(x)an(z)g(v)~!, and therefore the definition (4.454.46)) tells us that we have
g>hy = gnlhggn_;, where £ is an link of I connecting the nodes ni and no.

4.3.4 The symplectic structures

In this subsection we use the map to prove the equivalence of the symplectic structures
on the continuous and discrete spaces Prr+ and Pr. We know that the spaces P and Pr are
symplectic manifolds, their symplectic structures being given by and respectively.
Since the space Pr r+ has been obtained from P by symplectic reduction, the Marsden-Weinstein
theorem ensures that it also carries a symplectic structure. We are now going to show that the
symplectic structures on the spaces Prr+ and Pr are in fact identical.

Let us start with the symplectic potential coming from the first order formulation of gravity.
It is given by

1
Q—Q/ZTr(*(e/\e)/\éA)—/ETr(E/\éA), (4.58)

where * denotes the Hodge duality map in the Lie algebra su(2). We first use the cellular space
A to evaluate this symplectic potential on the set of partially flat connections and write:

Q = Z/ Tr (E A6 (andayt)) (4.59a)
= Z / Tr (Xn Ad (0 an)) (4.59D)
= Z/ac Tr (Xn(Sa,Tlan)—zn:Gnéan_lan(n) (4.59¢)
_ zn:/acnﬁ(xn(san—lan), (4.594)

where we have used the identity (andan_l) = anpd (&L;lan) a;!, the definition of the
two-form field X,, and the fact that d X, = Ghd(z — n) (see equation(4.54)). The last equality
follows from the condition an(n) = id, which implies da,(n) = 0. The summation over three-
cells dual to the nodes n can be rearranged as a sum over two-cells dual to the links ¢, which
gives:

Q= Z/f {Tr (Xs(g)éas_(}z)as(g)) —Tr (Xt(g)5at_(;)at(5)>} . (4.60)
¢ T

Now we can use the conditions (4.45] |4.46]) of compatibility of the group elements a, across the
links to rewrite the second term and obtain:

Q=% /f [T (X dazhyasn) = Tr (h7' Xaghed (b ozl ) asohe) | (4.61)
VAL
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Finally, we can expand the last term to find the result:

Q=-3" /f Tr (hy ' XypheShy "he) = Tr (XeShehy ). (4.62)
V4 £ ¢

This is exactly the symplectic potential associated to |[¢p| copies of the cotangent bundle
T*SU(2). It shows that the symplectic structure of the spin network phase space is equivalent
to that of first order gravity evaluated on the set of partially flat connections. In particular,
since the symplectic forms are invertible by definition, this proves that the continuous phase
space Prr= is indeed finite-dimensional and isomorphic to Pr.

4.3.5 Action of diffeomorphisms

Now we prove the second point of Proposition which concerns the invariance of the sym-
plectomorphism under a certain class of diffeomorphisms. The isomorphism Z : Prr+ — Pr
depends on a choice of cellular space A dual to I' with one-skeleton A; = I'*. Diffeomorphisms
¢ < Diff(X) act naturally on the continuous phase space Prp+ by A — ®*A and E —— ®*E.

Let us start by choosing a particular diffeomorphism &, which preserves the graph I'* and
the nodes nr inside the cells ¢,, and is connected to the identityﬂ Because the connection is
flat on ¥, the holonomy hy[A] is independent of the choice of path between s(¢) and t(¢) as
long as any two paths are in the same homotopy class of &. The links ¢ and ®1(¢) are in the
same homotopy class if @, is connected to the identity and not moving I'*. Then it is clear that
we have:

he(®; A) = hg1()[A] = he[A]. (4.63)

Similarly, the action of ®, on the group element an(z) maps it to an(®,(z)). This implies that
the two-form X, defined by satisfies Xy (®(z)) = ®F Xn(z). Recall from the definitions
of the cellular space that each face fy is bounded by links in the one-skeleton I'*. Now, since ®,
does not move the graph I'*, we have that 0f, = 8(®O(fg)) € I'*, and therefore f,U®,(f;) encloses
a volume, which furthermore does not contain any nodes of I'. Thus, by virtue of and

(4.49)), we have that:
Xi(PA O FE) = Xy(AE). (4.64)

Relations (4.63]) and (4.64]) together show that Z o ®, = Z.

We can give another very elegant proof of the invariance of the map Z under the diffeomor-
phisms ®,. For this, recall that given a vector field £%, a diffeomorphism acts on the connection
like:

LcA =d(1eA) + 1edA = 1e F +da(ieA), (4.65)
and on the electric field like:

[{E = d(LEE) + Lng = LgdAE + dA(LSE) + [E, LEA], (466)

3This means that there exists a smooth one-parameter family of diffeomorphism ®; such that ®;—¢ = id and
@t:l = q’o.
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where ¢ denotes the interior product. Now, if the data (A, E) is on the constraint surface C, the
curvature vanishes outside of I'*, while d 4 F vanishes outside of the set np of nodes. Therefore,
if we consider a vector field £€* which vanishes on I'* and on np, we see that the action of
diffeomorphisms is a combination of flat transformations and gauge transformations
with field-dependent parameters of transformation, i.e.

Fr* G Frx G
LA = 5%1}5 A+ 5L£E‘A, LeE = 6L£§E E + 5LEE‘E. (4.67)
We can write this more succinctly as simply:
Le =064 + 6.5 (4.68)

Now, since the holonomy and flux variables are invariant under the flatness and gauge trans-
formations, such diffeomorphisms vanish on the variables (hy, Xp).

4.4 Gauge choices for the electric field

Now that we have established the isomorphism between Pr and the continuous phase space
Prr+, we have a correspondence between discrete geometries and an equivalence class of con-
tinuous geometries related according to by group gauge transformations and translations.
Up to group gauge transformations, the holonomy uniquely determines a choice of connection.
For the electric field, however, the story is different since even after we have performed a
group gauge transformation, there is still a huge ambiguity coming from the transformation
E — E+d¢ on the continuous electric field determined by the fluxes. It is clear that in order
to construct a continuous field configuration starting from the discrete data, one has to specify
which continuous field representative to pick in the particular equivalence class determined by
the discrete data. In other words, a choice of a representative in this equivalence class is a
choice of gauge. More precisely, we have the following definition:

Definition 4.4.1. A choice of gauge is a map from the discrete data to the continuous phase
space,

T: Pr — C
(hﬁaXZ) — AaE)v (469)
which is the inverse of Z in the sense that
TZoT =id. (4.70)

We say that a gauge fixing is diffeomorphism-covariant if ®*7 is equal to the map 7 defined
on the graphs ®~1(I") and ®~1(I'*), for any diffeomorphism ® : ¥ — .

In other words, choosing a gauge amounts to giving a prescription for reconstructing con-
tinuous fields A(hy) and E(Xy, hy) starting from the discrete data, such that (4.70) holds,

he(A(hg)) = ha, Xo(A(he), E(Xy, b)) = Xo. (4.71)
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Note that a gauge fixing T is a right inverse for Z, while the reverse is not true. The map
T oZ is not the identity, it just maps a continuous configuration (A, E) that solves the Gauss
and curvature constraints into another gauge-equivalent configuration which satisfies the gauge
choice.

As we have already seen, at the continuous level a flat connection on ¥ is determined
on every cell ¢, by a group element a,(x). Locally, it is always possible to perform a gauge
transformation that sends this element to the identity of the group, and thereby construct a
trivial connection. If we pick two neighboring cells ¢,, and ¢, such that the nodes n; and ns
bound the link dual to the face f; = ¢,, N ¢y,, the relevant gauge-invariant information about
the connection is encoded in the transition group element hy.

For the electric field, there is more gauge freedom since the variable E can be acted upon
by both Fr- and Gr. Therefore, there is a priori a huge ambiguity in the choice of gauges that
one can choose to reconstruct the continuous data. This means that knowledge of the fluxes
does not accurately determine the geometry of space, but only a family of geometries that are
gauge-equivalent under translations of the type E —— E + da¢.

However, there is a powerful way in which we can restrict the gauge choices that are available.
This can be done by asking that a gauge choice transforms covariantly under the action of
diffeomorphisms. A diffeomorphism ® of ¥ acts on the continuous data in the usual manner
(A,E) — (®*A,®*E). The same diffeomorphism also acts on the discrete data (g, X¥,) as
(hq)—l(g), X¢71(f£)). Note that here we have made explicit the fact that the flux field X, depends
on I'* via the choice of a surface f; whose boundary is supported on I'*. A gauge choice is said
to be covariant if this action of the diffeomorphisms commutes with the gauge map 7.

If we restrict ourselves to gauge choices that are covariant under the action of diffeomor-
phisms, the ambiguity in the gauge choices is dramatically resolved, and there are only a few
choices available. In the following we present two such gauge choices[zﬂ First, the singular gauge
choice in which the electric field E vanishes outside of I', and then the flat gauge in which
E is flat outside of I'*. It is remarkable that these two gauge choices correspond to the two
main interpretations of the fluxes used in the literature. In loop quantum gravity one usually
interprets the E field as having support only on I' since the corresponding operator acting on
a spin network state gives E(z)|¢)) = 0 for ¢ I'. On the other hand, the spin foam literature
usually interprets the F field as being flat outside of I'*. Our analysis shows that these two
pictures are not contradictory, but that they correspond to two different covariant gauge choices
underlying the same discrete datal

Now we want to emphasize that the restriction on the gauge choices coming from the require-
ment of covariance under diffeomorphisms is the analog of the so-called uniqueness theorem of
the quantum representation of the holonomy-flux algebra [72]. This theorem states that there
is a unique diffeomorphism-covariant gauge choice, which corresponds to the singular gauge in
which E has support on the graph I' only and vanishes on I'*. In this singular gauge, which
we refer to as the LQG gauge, the electric field E vanishes outside of the graph I' dual to the
triangulation A. This can be written as E|0) = 0, where the vacuum state |0) is the state of no
geometry. Indeed, in LQG excitations of quantum geometry have support on the graph I' only.
Therefore, in all the regions of ¥ outside of I', there is simply no geometry, and the electric

4We conjecture these are the only two possible gauge choices, but a detailed investigation of this is still needed.
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field vanishes. We are going to give below an explicit construction of the continuous singular
electric field.

The key observation is that there is another legitimate choice of representative configuration
in the equivalence class of continuous geometries which respects the diffeomorphism
symmetry. As we already said, it is given by the flat gauge. At the quantum level, this
corresponds to a choice of a vacuum state |0g) in which the intrinsic R(E) curvature vanishes.
This corresponds to the flat, or spin foam gauge, in which we have vanishing intrinsic curvature
R[E]|0z) = 0. This diffeomorphism-invariant vacuum is different from the one singled out by
the LOST theorem [72] (which obviously corresponds to the singular gauge) and it would be
interesting to investigate further its properties. What should be noted is that such a vacuum
state appears naturally in our context and that it corresponds to the spin foam description.
It can be seen as the dual of the singular gauge, in the sense that it defines a flat geometry
within the cells ¢,, with a non-vanishing electric field E on the dual graph I'*. As we will see
in more detail, the availability of this gauge clearly shows that it is possible to define a locally
flat geometry without necessarily having a triangulation with straight links and flat faces. In
Regge geometries [42], the extrinsic curvature is concentrated along the one-skeleton A of the
triangulation, but in the present construction, the links of I'* are not necessarily straight.

Here we have drawn a parallel between a choice of gauge at the classical level and a choice
of a vacuum state at the quantum level. It would be interesting to develop this analogy further.
Notice that what we are calling a ‘gauge choice’, is a choice amoung an equivalence class
of geometries which are related by gauge transformations generated by the flatness constraint.
Usually when one refers to a gauge choice, one is referring to a choice which solves the constraints
within the theory, but this flatness constraint is not part of the Hamiltonian theory, having been
introduced to allow for the symplectomorphism between the continuous and discrete phase
spaces. The vacuum state must be invariant under the gauge transformations generated by
constraints within the Hamiltonian theory, but the choice we make here does not have to be
invariant under the transformations generated by the flatness constraint.

In the remainder of this section, we are going to study in more detail the singular and flat
gauges for the electric field. Our goal is to study the gauge freedom for the basic variables on
the continuous phase space, and to construct explicitly the electric field as a functional of the
discrete variables hy and X,.

4.4.1 Singular gauge

The singular gauge is a gauge in which the electric field E vanishes outside of the graph T
Since the spatial metric is a function of FE, this implies that there is no geometry outside
the graph in this gauge. In this section, we show by an explicit construction that it always
possible to make such a gauge choice. More precisely, we construct explicitly continuous fields
A(hy) and Eg(hy, Xy) which are such that Eg(z) = 0 if ¢ I', and which satisfy the property
Z(A, Es) = (h¢, X¢) under the action of the map .

In order to prove this, let us first introduce the following form:

ml

1
Am |z

w(z,y) = w'(z — y)epda? A dy*, with  w'(2) (4.72)
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This object is a (1,1)-form, i.e. a one-form in z, and a one-form in y. This form satisfies a key
property, which is summarized in the following lemma.

Lemma 4.4.2. There exists an a(z,y) which is a (2,0)-form (i.e. a two-form in x and a
zero-form in y), such that

dyw(z,y) + dya(z,y) = d(z, y), (4.73)
where d, = dz0,:, and §(w,y) is the distributional (2,1)-form
5(x,y) = 6(z — y)eypda’ A da? A dy” (4.74)
vanishing outside of T =y.

Proof. First, it is straightforward to show that d;w(z) = 0 for 2 # 0. Moreover, it is possible
to show by a direct computation in spherical coordinates that:

/ wi(z)epdad A da® = 2, (4.75)

£

where S is a sphere of radius . Since this integral is also equal to:
2/ o' (z)d3r, (4.76)

where B. is the ball of radius ¢, we obtain that d;w’(z) = d(x). By a direct computation we
can now get that:

dyw(z,y) = s Ady" (0,0) (z — y) — 55 A dy* (Ope?) (& — y), (4.77)

with:
s = geijkdx A dx”. (4.78)
The lemma is therefore established by introducing a(z,y) = w'(z — y)s;. O

Given this lemma, it is now a straightforward task to construct a singular flux field. For
this, we first construct a flat connection A on ¥ following the construction of subsection m
and then we define the singular flux field as:

Ei(z) = da (Z oy (2) ™ X, () /E ( )w(a:,m) . (4.79)

Ler

The integral entering this definition is a one-dimensional integral over the link ¢ parametrized
by the variable y, which implies that the term inside the parenthesis is a one-form in x.

The proof that this flux satisfies all the desired requirements is straightforward. First,
it is obvious that the Gauss law d4Es = 0 is satisfied on Y\I'* since d4 = F[A] = 0 on this
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space. Moreover, using the previous lemma and the definition of the holonomy, we can compute
explicitly the covariant derivative:

Es(x) = hry(2) ' Xohr,(2) <54(x) —a(z,s(0)) + a(z, t(f))) : (4.80)
l
where:
oe(x) = / o(x,y). (4.81)
£(y)
The last two terms in (4.80) can be reorganized in terms associated with the nodes to find:

Es(@)= ) hr,(2) Xohn, (2)50(x)
L

= a(@ (@) | Y. Xe— > by Xohy | ha(2), (4.82)

Ls(£)=n Lt(£)=n

where hp(x) is the holonomy going from the node n to the point . Now the last term vanishes
due to the discrete Gauss law (3.60|). Therefore, we finally find that the singular electric field
is:

Es(x) = hry(2) " Xohr, (2)80(x). (4.83)
0

This electric field is obviously vanishing outside of I', and is such that X,(A, Eg) = X,. It is
interesting to note that the integral of the two-form a(z,y) along S,

1 . .
/a(w,y) = — / w'(z — y)epdad A da, (4.84)
s 87 Js
is simply the solid angle of S as viewed from y divided by 4.

4.4.2 Flat cell gauge

The flat cell gauge is a choice of electric field with vanishing intrinsic and extrinsic curvature
within the cells, i.e. with the Ricci curvature R = drI' = 0 (where here T is the spin connection)
and the extrinsic curvature K = 0 in each cell ¢,. This gauge choice requires that we be within
the SU(2)-gauge invariant phase space since we use fields which solve the Gauss constraint.

We are about to prove that it is always possible to find a gauge transformation, generated
by the flatness constraint, which takes an arbitrary electric field E € P& to a flat electric field
E. In the following we assume the frame field e is invertible.

Let us begin with two lemmas:

Lemma 4.4.3. Eztrinsic curvature is zero if and only if the frame field is torsion-free.
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Proof. Torsion is given by:
dae=de+I'+vK,e] =v[K,e], (4.85)

where by definition, the spin connection I' is the solution to de + [I',e] = 0. This equation
shows that K = 0 implies dge = 0. To show that the reverse is also true, we use (4.85)) in
index-form to write:

1 , .

;e“bCDbeiC = "% Kl = (dete) K7 (ef el — elel), (4.86)
where D, is the covariant exterior derivative in index notation and we used the identity
€e; ke = (det e)(efeg - e?ei’) in the second equality. Contracting both sides of this equation
with e leads to an equation on the trace of the extrinsic curvature:

K? = ——— %%l Dye,;. (4.87)

Now using (4.87)) in (4.86)), we find

, 1 1. . o
K! = S(deto) (26262 — e&efl) ¢ Dyee;. (4.88)
This shows that dge = 0 implies K = 0 and establishes the proof. ]

Lemma 4.4.4. A flat connection, together with vanishing extrinsic curvature, imply that in-
trinsic curvature is zero.

Proof. Using the definition A =T + vK of the Ashtekar-Barbero connection, we can write its
curvature as:

2
F[A] = R+ vdr K + %[K, K]. (4.89)

Setting F[A] =0 and K = 0 implies that R = 0. O
We showed previously (see (4.40) and (4.44)) that the gauge-invariant fields (A, E) are

written in each cell ¢, in general as
A = apda?, E = a,dZ,a,*, (4.90)

where we have used a Lie algebra-valued one-form Z, € Q! (cn,s5u(2)) to write X,(z) = dZs ().
Since a flat triad must be torsion-free by the above lemmas, we can similarly write a flat triad
in general as:

é =apdz,a? (4.91)

n o

for some Lie algebra-valued function zn € Q°(cn,5u(2)). The function z, provides a set of flat
coordinates in ¢,. Requiring the triad to be invertible places the following condition on z,:

eabceijk&lzf] D2 0.2F > 0. (4.92)
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The electric field constructed from this triad is given by:
E = a, [dz,,dz,]a; . (4.93)

Consider that we are given a pair (an, Z,) defining an electric field E within a cell cp.
Looking at (4.31)), we seek a gauge field ¢n € Q' (cy,5u(2)) such that:

da¢pn = E — E = a, ([dzn,dz,] — dZ,)a; L. (4.94)
Using a;ldA(bnan = d(a;ld)nan), we can solve for ¢, to obtain:
Gn = an ([2n,d2zn] — Z,, + dgn) an_l, (4.95)

for g, € Q° (cn,su(Q)). For z € T the value of g,(x) is fixed up to an overall constant by the
condition ¢n(x) = 0:

gn(z) = /x (Zn — [2n,dzn)) , (4.96)

where the integration is along an edge e in the boundary Of, of the face f,.

We have shown the existence of a gauge field ¢, taking us from an arbitrary electric field
E € 7719* to a flat electric field with vanishing intrinsic and extrinsic curvature in a cell. The
next question to ask is whether this choice unique. Since gy is fixed only on I'* (and even there
only up to a constant), and it is not fixed in ¢, or the faces fy, there are many choice of ¢, which
give the transformation E — E. Moreover, any z, satisfying gives a flat, invertible triad,
so there is not even a unique choice of flat electric field. Therefore the transformation to the
flat cell gauge is not unique.

Having found a gauge transformation to a flat electric field in a single cell, we now consider
how this transformation affects the geometry at cell boundaries when performing this transfor-
mation in all cells of the cellular space. The requirement of continuity of E and e at the face
f.er gives conditions at the face:

mlim dzp(2') = xgrer;/ ho s dze(w)hee, Il_l}m dZ.(2') = xllgjc, hoydZ(2)hee,  (4.97)
for x € . and 2’ € ... Using these relations and requiring ¢ (') to vanish on the boundary
of the face adds another condition:

lim dge(z') = lim h_ldge(z)hee. (4.98)

/
/ cc
e, T—>€../

Together, these relations imply that lim ¢u(2') = lim ¢.(x), so that the gauge field is
z’—e s

e T—re, .t

continuous across faces.
Finally, we close this section with a reconstruction of the flux elements X, starting from

the flat frame field €. The flux elements in this gauge are given by the simple form:

1 on skp—1 L j kL 1k
X; = 2eljk/f£hm,ej Nehy, = QEij/fedzf] Ndzi = iezjk /8fg zhdzy, (4.99)

-1

where we have used the fact that hr, = a, .
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4.4.3 Regge geometries

The previous calculation shows that we can think of the phase space Pr as the phase space
of piecewise (metric) flat geometries on ¥\I'*. Such geometries possess an invertible locally
flat metric, with curvature concentrated on the edges of the cellular space. This description
is reminiscent of Regge geometries. However, it is known that the phase space of loop gravity
is bigger than the phase space of Regge geometry [73]; Regge geometries appear only as a
constrained subset. This fact has triggered the search for the proper geometrical interpretation
of the loop gravity phase space, for instance in terms of twisted geometries [52].

We can now clearly understand the key difference between the phase space of loop gravity
and that of Regge geometries. In the flat gauge, the loop gravity phase space corresponds to
a cellular space of the spatial manifold ¥ where the extrinsic curvature is zero within each
three-cell ¢, but non-zero on the faces ey. The faces do not need to be flat two-surfaces, and
may be arbitrarily curved so long as they do not self-intersect and only intersect with other
faces along common boundaries. The difference between this setting and a Regge geometry is
the arbitrariness in the shape of the faces; the faces are all flat in a Regge geometry.

In order to see how the loop gravity phase space (in the flat gauge) may be reduced to a
Regge geometry, we must ask how can the faces be made flat? A necessary condition for a face
fy to be flat is that the boundary Jf, is composed of flat links. Since I'* is the union of all face
boundaries, I'* must consist entirely of flat links in order to obtain a Regge geometry.

Let us go back to the formula for the fluxes that we have derived in the previous subsection:

. )
Xp = e /af Z A dzF, (4.100)
2

where z, is the flat coordinate in the cell ¢,. One sees that if the links ¢ € 0f; are chosen to be
flat, then z, is linear and dz, is constant over df,. This simplifies the expression drastically.
Recall that due to the Gauss law, the fluxes are independent of the choice of faces for
fixed I'*. This means that is independent of the choice of face, so that we obtain the
same flux whether the face is chosen curved or flat, so long as the boundary of the face is
composed of flat links. Indeed, a Regge geometry is given by a unique set of link lengths which
can be reconstructed from the fluxes and dihedral angles between links, independently from the
choice of faces. Imposing that I'* be composed entirely of flat links implies that the fluxes can
be constructed, using , entirely in terms of a discrete piecewise flat geometry a la Regge.

In the twisted geometries construction [52] the geometry is seen as flat polyhedra glued
together along faces. While two faces that are glued together have the same area, they may
generally have different shapes. This means the metric is discontinuous across faces, although
it is still possible to define a spin connection [56]. The reduction to a Regge geometry is done
using gluing constraints [73]. These constraints impose that the shapes match by enforcing that
corresponding dihedral angles on the face boundaries agree.

In our cellular space there is only one face between neighboring cells, so there is no notion of
pairs of faces that must be made to fit together. Once the links of I'* are made flat, the gluing
constraints are automatically satisfied by construction. This means that the set of holonomies
and fluxes on a graph can be implemented as a piecewise flat geometry on X\I'* by making
a particular gauge choice, and corresponds to a Regge geometry if we impose the additional
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constraint that the links of I'* are straight with respect to the flat structureﬂ The phase space
of full loop gravity then corresponds to piecewise geometries where this additional restriction
is not imposed. In other words, the links of I'* do not have to be flat when mapping from the
loop gravity phase space to the continuous phase space using the flat cell gauge.

4.4.4 Cotangent bundle

The result of our construction is that after a choice of gauge, we can express the elements of
Pr as a connection A and an su(2)-valued frame field e, which are solutions to:

F[A](z) =0, dae(z) =0, Ve X\I' (4.101)

Since 0F[A] = d4dA, this is nothing but the cotangent bundle of the space of flat SU(2)
connections on X\I'*. That is:

Pr = T* My, (4.102)

where Mp+ denotes the moduli space of flat connections modulo gauge transformations. This
means that at the quantum level we can represent the quantization of holonomies and fluxes
in terms of operators acting on holonomies of flat connections. This interpretation has already
proposed by Bianchi in [59]. It is interesting to note that this is reminiscent of the geometry
considered by Hitchin in [74].

4.4.5 Diffeomorphisms and gauge choices

We have seen in subsection that diffeomorphisms &, connected to the identity that do
not move I'* or the nodes of I' leave the construction of the holonomy-flux algebra invariant.
We have also seen in the beginning of this section that the singular gauge and the flat gauge
are diffeomorphism covariant. In general, the construction of hy and X, depends both on I"
via the choice of ¢, and on I'* via the choice of a two-cell f,. Now, because of the flatness of
the connection, the holonomy does not really depend on the choice of link ¢, but solely on the
choice of the homotopy class of ¢, which itself is left unchanged by diffeomorphisms that are
connected to the identity. For the isomorphism between PFG* and P, it is interesting to note
that the choice of the singular gauge is invariant under a diffeomorphism that does not move
I', whereas the choice of the flat gauge is invariant under diffeomorphisms that do not move
I'*. Indeed, in the singular gauge the frame field depends on the choice of an link ¢ € T'; and
we have ®*E = E if (') = I'. Moreover, under an infinitesimal diffeomorphism ¢, the flux
becomes:

0 X = /8f te (P, (z) E(2)hr, (:L’)_l) , (4.103)

where hr, () is again the holonomy going from the source node of the link ¢ to the point x in
fo. We clearly see that this expression vanishes for all £ when the electric field is in the singular

5This means that dz, is constant on the links of T'*.
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gauge. In the flat gauge, the flux does not depend on I', and the construction is therefore
invariant under diffeomorphisms leaving I'* invariant. This shows that there is an interesting
duality between the two gauges. While the singular gauge respects diffeomorphism invariance
with respect to I', the flat one respects diffeomorphism invariance with respect to I'*.

4.5 Cylindrical consistency

Recall from Chapter 3 that an important property of operators in LQG is that of cylindrical
consistency associated with a projective family of graphs [24]. In a projective family of graphs
we have an ordering such that we may write for any two graphs in the family that ' < I if T”
contains all the links of I" in addition to other links. A cylindrically consistent function is such
that the pull-back from Pr to Pps is identified with the function on Pr.

In this section we give a proposal for extending the notion of cylindrical consistency to
functionals O[A, E] of the continuous fields. We analyze to what extent the knowledge of a
collection of functions on Pr for all I' determines a continuous functional. Given a collection
of functions Or € Pr, we now propose an extension of cylindrical consistency to continuous
functionals.

Definition 4.5.1. Suppose that we are given a collection of functions Or € Pr. We say that
such a collection of functions is cylindrically consistent if there exists a continuous functional
O[A, E] such that its restriction on the constraint surface C is equal to Or. That is

Ol [A, E] = Or [he[A], X,(A, E)]. (4.104)

The results presented in the previous sections show that such a continuous functional O[A, E]
is characterized by the following property:

Proposition 4.5.2. O[A, E] is a cylindrical functional if and only if its restriction to the
constraint surface C is invariant under the gauge group Fr- X Gr for every pair of dual graphs
(T, T%).

Indeed, suppose that we have a functional O[A, E| defined on the phase space P such that
its restriction to the constraint surface C is then O|c¢[A, E], where the field configurations now
satisfy F(A) = 0 outside of the dual graph I'*, and d4 E = 0 outside of the nodes np. O[A, E|
is a cylindrically consistent functional if and only if:

Olelgr> A, (¢,9)> E] = O|,[A, E|, (4.105)

which necessarily implies that O[A, E] = O[hy[A], X,(A, E)].

This proposition gives us a powerful criterion to check wether a continuous functional can
be represented as a collection of functions associated with Pr. For instance, we can analyze
the status of geometrical functionals such as area and volume. We know that the continuous
expression for the area functional is:

A(S) = /S \/ ELES. (4.106)
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One can easily see that even when we restrict this functional to the constraint surface F(A) =0
outside I'* and dgFE = 0 outside of nr, this functional is not invariant under the translations
E — FE + da¢. Therefore, this functional is not expressible purely in terms of holonomies
and fluxes associated with the graph I'. However, in loop quantum gravity, the area operator

is expressed as an operator acting on the graph I', and is the quantum version of a function of
the fAuxedft

Ae(S) = Y /XXy (4.107)

£16nS£0

Our proposition therefore shows that the LQG area operator does not come from the continuous
area functional. This means that we have

A(S)le = Avaa(S) # 0. (4.108)

So in that sense, the LQG operator is not a proper approximation of the continuous area
functional.

This is puzzling since the LQG area operator has been used extensively and derived in
many ways. This result thus raises the question of the exact relationship between these two
objects. To what extend does the LQG operator capture information about the continuous
area functional? Now, since we have the exact relationship between the discrete and continuous
phase spaces, we can investigate this question a bit further.

First, let us recall that the continuous and LQG areas are not unrelated. In fact, for any
product hr of holonomies supported on the graph I'; they satisfy

[A(S)le — Avau(S). hr} =0, (4.109)

So even if Al¢ — ALqe does not vanish, it belongs to the commutant of the holonomy algebra.

The second key remark is that if we have a non-gauge-invariant functional like A(S), we
can promote it to a gauge-invariant functional under Fp+ by picking up a gauge. This can be
done by working with A7 (S) = A(S)(E(X,)) instead of A(S)(E), where T is a gauge choice
as described in section [£.4] Such a functional is by construction invariant under Fp-, since it
depends only on the fluxes. Moreover, the difference between two functionals that differ by a
choice of gauge belongs to the commutant of the holonomy algebra:

[AT(S) — AT'(S),hr} = 0. (4.110)

This implies that the LQG area operator is the quantization of the continuous area functional
written in a particular gauge, and as described in section [4.4] the interpretation of geometry in
LQG is given by the singular gauge. This explains why it can be expressed purely in terms of
fluxes.

So far in we have considered the covariant flux rather than the usual definition
(4.13). Does this analysis hold for an area operator defined from the traditional definition of

5For the moment we shall use the covariant fluxes (4.16)) in this definition, even though the traditional LQG
area operator descends from a functional defined using 1} ‘We shall comment more on this below.
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flux? In the singular gauge the electric field is given by , and the integral defining the
covariant flux receives a contribution only at the point of intersection between the surface
S and the link ¢. The dependence on h; is traced out in the definition so that in the
singular gauge, the area functional is the same whether one uses the covariant flux or the usual
definition. Therefore, the above analysis is valid for either form of the flux.

Now, what is unclear is to what extent the knowledge of a function in a given gauge allows
reconstruction of the continuous functional. Also, if one chooses another gauge, like the flat
gauge of spin foam models, we are going to construct a different family of area functions
associated with graphs, which will differ from A;qc by an element of the commutant of the
holonomy algebra. It is not clear which family of operators (if any) we should use to capture
in the most efficient way information about the continuous volume operator.

4.6 Discussion

In this chapter, we have shown that the discrete phase space Pr of loop gravity associated
with a graph I' can be interpreted as the symplectic reduction of the continuous phase space
of gravity P with respect to a constraint imposing the flatness of the connection everywhere
outside of the dual graph I'*. This allows us to give a clear interpretation of the discrete flux
variables as labeling an equivalence class of continuous geometries. The point of view that
the discrete data represents a set of continuous geometries has already been advocated in [43].
Our approach gives a precise understanding of which set or equivalence class of continuous
geometries is represented by the discrete geometrical data (hy, Xy) on a graph. It provides a
classical understanding of the work by Bianchi [59], who showed that the spin network states
can be understood as states of a topological field theory living on the complement of the dual
graph. It also allows us to reconcile the tension between the loop quantum gravity picture, in
which geometry is thought to be singular, and the spin foam picture, in which the geometry is
understood as being locally flat. We now see that both interpretations are valid and correspond
to different gauge choices in the equivalence class of geometries represented by the fluxes. It
gives us a new understanding of the geometrical operators used in loop quantum gravity as
gauged fixed operators, and allows us to investigate further the relationship between these
operators and the continuous ones. Finally, it opens the way to a classical formulation of loop
gravity. We can now face the question of whether the dynamics of classical general relativity
can be formulated in terms of these variables.
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Chapter 5

Spinning Geometries

In the previous chapter, we established an isomorphism between the discrete phase space Pr
parameterized by holonomies and fluxes on a graph, and a reduction of the continuous phase
space Pr -+ parameterized by fields (A, E) subject to certain constraints. If we impose the
Gauss constraint everywhere on 3, then we also obtain an isomorphism between gauge invariant
phase spaces PFG ~ PFG*. This tells us that an equivalence class of continuous geometries
corresponds with a single point in Plg . What we would like to do now, is to select a member of
the equivalence class of continuous geometries which is convenient for working with, i.e. to make
a gauge choice for the fields (A, E) which corresponds to some data (hy, X,) for all £ € I'. We
would like to make a choice which simplifies the scalar constraint and allows us to rewrite the
continuous Hamiltonian in terms of holonomies and fluxes. There are two such choices that we
presented which satisfy the condition of gauge covariance, meaning that choosing this gauge and
then performing a diffeomorphism yields the same geometry as first doing the diffeomorphism
and then choosing the gauge. The singular gauge has support only on the graph I', and the
distributional nature of the geometry make it difficult to apply to the continuous Hamiltonian.
The flat cell gauge on the other hand has support on all of ¥ so that it is a good candidate for
a continuous representation of the discrete phase space. The flat cells have the nice properties
of vanishing extrinsic K = 0 and intrinsic ¥ = 0 curvature. Notice that this already leads to
a great simplification in the scalar constraint:

E¢E®
- N1
= VIE|
Since the scalar constraint vanishes within each cell and on each face, the dynamics is generated
solely by terms associated to the edges in the one-skeleton! This is very promising for being
able to write this in terms of holonomies and fluxes, since fluxes are defined on the faces and
holonomies give the curvature of loops which circle the edges.
This chapter presents the work of [75], which goes deeper into the flat cell gauge to learn
more about it. So far we know that the intrinsic and extrinsic curvature vanish within cells,
as is the case for Regge geometries [42] and twisted geometries [54]. A Regge geometry is a

set of polyhedron-shaped cells which are glued together along faces in a continuous manner,
while a twisted geometry is a set of polyhedron-shaped cells glued together in a discontinuous

S(N) (eiijfb 21+ 72)KfaKg]) . (5.1)
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Geometry 3-metric faces edges

Regge continuous flat torsionless
Twisted discontinuous flat torsionless
Spinning continuous curved torsionfull

Table 5.1: Regge, twisted and spinning geometries are cellular spaces composed of flat, torsion-
less three-cells. This table contrasts their differences.

manner. For the flat cell gauge, we have a continuous gluing of the cells, but we do not know
anything about the cell shapes. In this chapter we shall address this ambiguity, and discover
that edges in the flat cell gauge must take the form of helices. Moreover, we shall find that
these edges carry an angular momentum, which motivates the name ‘spinning geometries’ for
a cellular space composed of cells defined by the flat cell gauge choice.

In this chapter we also want to make clear the relationship between spinning, twisted and
Regge geometries. All three of these geometries are composed by the gluing of flat cells with
curvature being present on the cell boundaries. We can understand their differences by consider-
ing the continuity and torsion of each type of geometry. A twisted geometry is the most general
cellular space composed of flat cells that admits a torsionless connection but is discontinuous.
Each cell is itself continuous so that the discontinuities arise only at the faces where cells are
glued together. Conversely, the spinning geometries that we shall introduce are a piecewise-flat
cellular space that is continuous, but carries torsion. Each cell is itself torsionless, and torsion is
supported only on the edges in the cell boundaries. A Regge geometry is at the intersection of a
twisted and spinning geometry, being a flat cellular space that is both continuous and torsion-
less. In that sense both spinning and twisted geometries are natural generalizations of Regge
geometries. The obvious advantage of the spinning geometries is that they are continuous and
do not require an extension of what we demand geometries to be in gravity.

We can now appreciate the differences between spinning geometries and twisted geometries:
one is continuous while the other is discontinuous; one is piecewise-flat, the other is piecewise-
linear-flat, one is torsionfull, the other is torsionless. A summary of this comparison is presented
in table One of the key differences that explains the existence of spinning geometries is
the relaxation of the demand that the geometry be linear. This extension is possible since we
allow torsion to be non-vanishing along the edges within cell boundaries. If we have a linear
geometry it is then necessarily flat, but the converse is not true. There exist flat geometries
that are not obtained by linear gluing. An example of such a space as we will see is an helicoidal
space obtained by gluing a wedge supported on an helix with a general Poincaré transformation
admitting a translational component along the wedge. The main result presented in this paper is
the equivalence between the truncated loop gravity phase space PFG and the spinning geometries.
Now, since twisted geometries also represent points in the PFG phase space, this implies an
equivalence between spinning geometries and twisted geometries. They represent the same
holonomy-flux data, and we can therefore think of a twisted geometry as a regular, continuous
spinning geometry.

We begin in the next section by recalling the definitions of twisted and flat-cell geometries,
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using this context to discuss how these relate to Regge geometries. Following this, we look
more closely at the gluing rules for the coordinate functions z¢ associated to cells in the flat-cell
geometry, and discover that these gluing rule imply that each edge of the one-skeleton is a helix.
The axis of each helix is determined by the holonomies around each edge. In order to see what
role the fluxes play, we trade the fluxes associated to faces for angular momenta associated
to edges, an extension made possible by the Gauss law. Using these variables, we write an
action composed of a sum over the edge lengths with a constraint to hold edge momenta fixed.
Studying deformations of this action shows us that helices arise naturally as the minimum
length edges for a given set of edge momenta. Using an action allows us to derive equations of
motion which parameterize the helices, and reveal how fluxes come into play for determining
the shapes of helices.

5.1 Definitions

In this section we provide definitions of the twisted, flat-cell and Regge geometries. This
discussion is relevant for the calculations which follow, but also serves to explain the relationship
between these geometries.

This chapter is essentially an exercise in the geometry of cellular complexes, and with the
isomorphism established in Chapter 4, we can work entirely within this context and leave behind
the notion of graphs. We use the correspondence between faces f of the two-complex and links
£ in the dual graph to label each face with a holonomy and flux. We denote in bold letters
an element A € su(2), which can be identified with a vector in R through A* = —2Tr(A7T?),

where 7! is an su(2) basis given by —i/2 times the Pauli matrices. This basis satisfies the
algebra [1;, ;] = eijkrk. We will use also the vector notation of a dot-product for a trace
A - B = —2Tr(AB), and a cross-product for an su(2) commutator A x B = [A,B]. A

n}&gnitude is denoted by dropping the bold font A = |A|, and a unit vector is denoted by a hat
A=A/A.

5.1.1 Twisted geometry

A twisted geometry is a set of polyhedra-shaped three-cells ¢ which are ‘glued’ together along
faces f according to certain rules. To each face oriented outwardly with respect to the cell ¢, we
attribute an su(2)-valued flux X and an SU(2)-valued holonomy hs (see [47, [67] for a related
discussion). The face areas are given by the magnitudes X¢ and the orientations are given by
outward pointing unit vectors X¢ which are normal to the faces. In order that each polyhedron
is closed, the fluxes satisfy a closure relation:

> Xe=0, (5.2)
f

where the sum is over all the faces of the polyhedron. By a classical theorem of Minkowski [76],
the reverse is true: A set of flux operators satisfying the closure condition defines a polyhedra.

A face f.» on a cell ¢ is glued to a face f. on a neighbouring cell ¢/. Each face possesses
an orientation such that f.. is oriented oppositely to f... Holonomies come into play for gluing
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polyhedra together. For faces that are glued together the areas are the same, i.e. X, = Xy,
however the orientation is generally different. A consistent gluing requires that:

Xee=—h_ Xcwhee. (5.3)

The non-zero extrinsic curvature at the intersections between cells is manifest in these gluing
conditions.

A twisted geometry does not form a continuous geometry. This is because the shape of a
face f. that comes from the polyhedral geometry of ¢, is in general different than the shape of
for. which it is glued to. For example, f.. may have three sides while f.. can have four. Even if
each face possesses the same number of sides, the faces still have different shapes in general, so
that the boundary edges of each face do not match. In order to form a continuous geometry,
one may impose conditions [58] which force the shapes of faces to match when they are glued
together. These extra conditions restrict the degrees of freedom in the loop gravity phase space
and reduce a twisted geometry to a Regge geometry. We now explore another option which
provides continuous geometries without having to reduce the number of degrees of freedom.

5.1.2 Flat cell geometry

A Regge geometry is a piecewise-linear-flat cellular complex [42]. This means that it is obtained
by gluing together polyhedra along their faces with piecewise-linear maps [77]. We define a
spinning geometry as a generalization to a piecewise-flat, regular cellular complex. This is
a geometry which is obtained by gluing cells homeomorphic to polyhedra, but we relax the
condition of the gluing maps to be piecewise-linear (see fig. We demand instead that the
resulting geometry is flat. A spinning geometry is the same as the flat-cell geometry defined in
Chapter 4, but we give it a more appropriate name here due to the results we uncove

First of all, recall from Section our definition of a regular cellular space, composed of
cells ¢, with faces that are glued together in a continuous manner by maps s.». These maps are
such that the boundaries of each face Of.~ is glued to the boundary of the face of a neighbouring
cell Of .. We give the following definition:

Definition 5.1.1. A spinning geometry is a regular cellular space A together with a (not
necessarily piecewise-linear) embedding of ¢ into R3. That is we have a set of injective maps:

2¢:¢— R (5.4)

These maps define a flat metric (9¢),, = 0,2 - 0,2° on each cell c. We demand these metrics
to be compatible with the gluing maps:

(scc’)*gc’ (x) = gc(m)a Vo € Fc- (5.5)

LOur initial thoughts were that spinning geometries were a subclass of flat-cell geometries for a given choice
of edge shapes, but we shall find below that in fact the helix is the only choice that satisfies the gluing maps
around an edge!
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) Twisted geometry ) Flat cell geometry

Figure 5.1: On the left are two cells of a twisted geometry with the shared face shown filled
in blue — notice that each cell is a polyhedron, and that the blue face on one cell is a different
shape than the corresponding face on the other cell, even though the areas are the same. On
the right we have two cells of a flat cell geometry — notice that each cell here is a deformed
polyhedron, and that the shape of the face on one cell matches the corresponding face shape
on the other cell. The illustration does not show that each edge of the flat cell (or ‘spinning’)
geometry is actually a helix, which follows from the analysis presented in this chapter.

The key point to appreciate here is that even if ¢ is equipped with a flat metric, it does
not have to coincide with the polyhedral metric on ¢.(¢) = P.. In particular we do not assume
that the induced metric on the faces of ¢ is flat. That is we allow an arbitrary value of the (2d)
extrinsic curvature tensor on the faces of ¢.

The condition of compatibility of the metric with the gluing maps can be expressed
more explicitly in terms of the flat coordinates z¢. Indeed it implies that the coordinates z¢
and z¢ are related by a Poincaré transformation when evaluated on the boundary of the cell.

Consider two neighbouring cells ¢ and ¢/. From now on we will denote by f.~ the face shared
by ¢ and ¢ viewed from ¢, and by fo. = s (feer) the same face as seen from ¢/. We assign to
each face their outward orientation so that f.» and f.. have opposite orientations. Under the
gluing maps we obtain a continuous metric on cell faces with the requirement:

lim dzy(2)) = lim sdze()hee, Vrzee o' €d, (5.6)

' —=f, z—f,.

where h.s € SU(2) is a group element associated to the face f.» such that hy. = =h} -~ This
implies that the coordinate functions are related by a Poincaré transformation:

lim zs(z') = lim h ( () + beer) heer, Vzee 2/ ed, (5.7)

' —=f. z—f o

where b, € su(2) is an algebra element corresponding to a translation. While (5.6)) implies
(5.7), notice that the reverse is not trueﬂ This suggests the following definitions:

21f 2° and 2 are related by a Poincaré transformation, only the differential tangential to the face satisfies
(5.6). This equation also expresses that the derivative normal to the face has to be continuous. This condition
gives us information about the shape of the faces as embedded in the three-cells. We will postpone the detailed
study of these conditions, since here we focus on the shapes of the edges.
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Definition 5.1.2. A Regge geometry is a piecewise-flat cellular space such that the induced
metric on all of the faces is flat. A spinning geometry is a piecewise-flat cellular space such that
the image of edges of ¢ by z¢ are helices.

We will study in the following sections how the helical shape of the edges in a spinning
geometry arise from the definitions we have given.

The spinning geometry is continuous; the shape of a face .- is the same according to the
local coordinates in ¢ and ¢’. As for twisted geometries, one can define a holonomy and flux
pair (X¥, hf) assigned to each face, and these variables satisfy the closure and gluing
relations. As with Regge geometries, curvature is non-zero only at intersections between cells
of the spinning geometry, i.e. on faces and edges.

Note that twisted and spinning geometries are each isomorphic to the SU(2) gauge invari-
ant loop gravity phase space Pr. This implies an isomorphism between twisted and spinning
geometries, which we can see by looking at each cell separately. Each cell of both geometries
has vanishing intrinsic and extrinsic curvature, so the only difference is in the cell shape. Each
of the faces in a spinning geometry has an associated flux, and these fluxes satisfy the closure
constraint . A theorem by Minkowski [76] proves that a set of fluxes satisfying the closure
constraint is isomorphic to a unique polyhedron. This means that one can obtain a twisted
geometry from a spinning geometry by taking the spinning geometry apart cell by cell, then de-
forming each cell into the associated polyhedron. Turning this argument around, one can view
a spinning geometry as a way to form a continuous three-geometry from a twisted geometry.

We have two isomorphic interpretations of the loop gravity phase space which possess dif-
ferent attributes of a Regge geometry. On the one hand, the spinning geometry is a continuous
three-geometry which can represent a spatial hypersurface of spacetime. However, the cell
boundaries take curved shapes rather than the neat form of polyhedra. On the other hand,
cells of the twisted geometry interpretation do take the form of polyhedra, but we lose the
ability to describe a continuous three-geometry.

5.2 Edge shapes

Twisted geometries rely on the Minkowski theorem [76], which states that any set of fluxes
satisfying the closure condition represents a unique polyhedron (up to translations). Because
of this theorem, we know that it is always possible to choose only straight edges for a single
cell. However this is no longer possible when we start to glue the cells together in a continuous
manner. The question is then, under what conditions on compatible holonomy-flux data can
we consistently glue cells together, and what is the form of the gluing maps s¢e?

We have seen that consistency of gluing requires that the coordinate functions satisfy the
relations . Let us now consider an edge e which is common to all the cells ¢y, - - - ¢,,, that is
we assume that e =f,, N---Nf,, under the gluing maps. This means that for x € e., we have
a map Seye;(T) = Seyep +* Ses_yc;(T) € €, for i = 2,---  'n which maps a point in e, to a point
in e;, and these two edges are identified under the gluing maps. We can then use repeatedly
the previous identity along a path v = (cica-- - ¢,). If we define HE . = heyey -+ ey _yc;r HE

cic; cic1
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its inverse and B¢, ., = > ;o HS . ac, 10 HE ., We get:

29 (Se,c;(x)) = HS . 2V (x)HE . + BS

cic1 C1C; C1C;”

(5.8)

If we take the path to form a closed loop (¢; = ¢;), we get that for any edge e. and every point
x € e, there exist gluing maps S¢, holonomies H¢ and translations Ag such that:

z°(S5(x)) = HEz(x)HS + Be. (5.9)

Let us first choose a parametrization of the edge e, in terms of a parameter ¢ proportional
to the length from a given point. Now, for some constant of proportionality w, the induced
metric on the edge is given by ds? = (dz€)? = (w®)? d¢?. Since S(¢) takes a point on the edge
to another point on the same edge, this map has to be an isometry of the edge is therefore
necessarily a translation in the length parametrization: S&(¢) = ¢ + 6, where 6 is a constant
associate to the edge e as seen from cell c.

What is remarkable is that the helix is a solution of . The holonomy around the edge
H? is a rotation of angle #¢ around some fixed axis w¢, and the translational component is given
by Bf = K®0°w{ for some constant K €. Note that since the angle of rotation is the Samdﬂ for
any holonomy H¢ which loops once around the edge e (and only that edge), we do not need a
cell-label on the angle #¢. The proportionality constant K€ in the translation gives a measure
of the ‘pitch’ of the helix, i.e. how far along the axis one travels when going around the axis by
an angle 6¢.

From the analysis done in three-dimensional gravity [78] we know that we can interpret HE
as the discrete curvature, while B¢ represents a discrete torsion. We see that if the geometry
is non-Regge then the torsion does not vanish. This was already conjectured in [52), 60].

Looking carefully at the gluing maps around an edge shows us that each edge of a spinning
geometry must be in the form of a helix. This implies that a given set of twisted geometry data
(Xcey heer) can be represented in terms of a spinning geometry by twisted together the to form
helices. Holonomies determine the axis wj of each helix, given by the axis of rotation defined
by the composition of holonomies around the edge HS. We have found how the holonomies
help to determine the edge shapes, but to understand the role that fluxes play, we will need to
attack this problem from a different angle.

5.3 Angular momentum

We would like to determine how the fluxes in Pr help to fix a spinning geometry. In loop gravity,
fluxes measure the areas of surfaces and play an important role in determining local geometry.
In the quantum theory, length [36], area [34] and volume [35] operators are constructed from
flux operators. In twisted geometries, the flux variables completely determine the shape of cells,
but in spinning geometries, fluxes only partially fix the cell shapes. Fluxes are associated to

3The holonomy H¢ which loops around the edge e with base-point in the cell ¢ and the holonomy H¢, looping
around that edge with base-point in cell ¢’ are related by HS = hcc/thc_cl,. The angle of rotation comes out in
the trace TrHS, = TrH; = 2cos6° and is the same for both loop holonomies. Note however that the axes are
different: &% = heow@h

cc’ "
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cell faces, but we want to know in particular how they determine the helices which make up
the boundaries of these faces. To help us with this task, we now introduce angular momentum
variables on each edge which can be mapped to a set of fluxes. The precise role that fluxes play
in fixing a spinning geometry will be more clear at the end of the next section.

In addition to the relationship between fluxes and the areas of surfaces, these parameters are
also closely related to angular momenta. This is because they satisfy the angular momentum
Poisson algebra:

{X?,X{} — ¢, X, (5.10)

In this section we uncover another way in which flux is related to angular momentum.
Recall that each cell within a spinning geometry is assigned a set of flat coordinates z¢ €
su(2). In terms of these coordinate functions, the flux is given by:

1
ch’ = 2/ [dzc,dzc], (511)
f

cc!

where the direction of integration is clockwise as seen from inside the cell ¢, and the bracket
on the right hand side implies taking both the wedge product and su(2) commutator between
elements]

Recall that each face possesses two orientations so that the flux appears to have a different
orientation from each of the two cells which share the face. The flux X .. determined by 2¢ is
given by:

Xy = —% /f | [d2¢,dz¢] = —h_} Xowhee, (5.12)
in agreement with above. The negative sign comes from reversing the direction of inte-
gration.

In the case when the edges bounding the face are straight, z¢ is linear along each edge and
&S = 2°(w) for all © € e is a constant vector associated to each edge in the boundary of ¢. For a
closed face these vectors span a plane, the face is flat and we are in the Regge case. In general
this is not true, but we can still assign a vector to each edge in the boundary of c¢. This follows
from a very simple but extremely important remark: If we integrate by parts in we can
write the flux as:

1
Xo= Y2 = / (2°, dz"], (5.13)
eceafcc/ <

which shows that we get a contribution J¢ from each edge e. € 0f.». This means that we can
in fact decompose the flux in terms of a sum of contributions associated with each edge of the
face.

Let us parameterize an edge e(s) by the proper length s to write:

1
JS = / ds[z¢, 2], (5.14)
2 Je,

*In coordinates this means X', = %e”k J; Lz Ndzg
cc
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where 2¢ = 052¢. If we interpret s as a time coordinate, then the integrand is a cross product
between position and velocity, i.e. an angular momentum. Each J¢ is the angular momentum
of a point particle in a 3d Riemannian ‘spacetime’, integrated over the ‘worldline’ given by the
edge e. We shall refer to each J$ as a edge momentum. In light of this, the flux associated to
a face is given by the sum of the edge momenta around its boundary.

In order to maintain agreement with , the momentum associated to an edge as seen in
cell ¢ is related to the momentum seen in cell ¢ via:

/

Jo = _hc_c}(']g + [beers De])heer - (5.15)

where D¢ = ztc(e) — zg(e) is the difference between the coordinate function evaluated at the
terminal ¢(e) and starting s(e) endpoints of the edge.

As with the fluxes, edge momenta are related to the oriented area of a two surface. When
an edge is straight one can perform the integral in to obtain:

Je = Sl D) (5.16)
In this case we see that J¢ is the oriented area of a two-surface bounded by the edge e and two
straight edges joining the endpoints of e with the origin of the coordinate function z¢. Since
this is the edge momentum when the edge is straight, this is the value one obtains for an edge
in a Regge geometry.

If the edge is not straight it is no longer true that we can express simply J¢ as a cross
product with D¢. If one thinks of D¢ as a total displacement vector, we see that the Regge
contribution is analogous to the expression for the orbital angular momenta. If one pushes this
analogy further, it is natural to interpret the case where the edge momenta is not Regge as being
similar to the case where the total angular momenta contains a spin contribution. That is, in
general we can decompose J into an orbital or Regge component L, and a spin contribution S:

Je— LS+ 8,  Li- %[zg(e), Del. (5.17)
The spin contribution measure the deviation from Regge and vanishes when the edge is straight.
We will see that the spin contribution literally corresponds to a spinning trajectory.

The decomposition of the fluxes X, in terms of edge angular momenta correspond to a
general solution of the Gauss relation. We can interpret the Gauss law ), X.» = 0 as a discrete
differential identity (6X ). = 0 whose solution is given by X.» = (0J)c 0r Xew = 5¢ o, Je-
This solution follows from the fact that the discrete operation ¢ acts as a differential, i.e. §2 = 0.

This solution is however a local solution valid around every cell. Moreover, a priori the
number of faces differs from the number of edges, so it is not obvious that we can always trade
face fluxes for edge momenta. For instance in a triangulation we generically have more edges
than faces. Let us do an analysis to help understand this better. If we take the three-geometry
to be homeomorphic to S3, the number of edges |ea|, vertices |va|, faces |fa| and cells |ca
satisfy the relation:

lcal = [fal + leal = |va| = 0. (5.18)
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Recall that the fluxes satisfy a closure relation . This constraint is applied in each cell
except one, since the last one is redundant. Therefore the total number of degrees of freedom
in the fluxes of a spinning geometry is | Xa| = 3 x (|fa] — |ea| + 1).

There are |Ja| = 3 x |ea| degrees of freedom in a set of edge momenta. The counting of
extra degrees of freedom in edge momenta versus fluxes is |Ja| — |Xa| =3 x (Jva] —1). These
extra degrees of freedom are accounted for in the kernel of the map which is invariant
when each of the edge momenta undergoes the transformation:

Jo — I+ Cie) — Cotes (5.19)

where th( o) is a vector at the terminal vertex of the edge and CSC( o) is a vector at the starting
vertex of the edge. Over the entire cellular decomposition there is one such independent vector
at each vertex, which accounts for the remaining 3 x (Jva| —1) degrees of freedom. The —1 here
comes from the fact that one of these shifts can be accounted for by an overall translation. This
analysis shows that there are as may degrees of freedom in a set of fluxes subject to the Gauss
constraints as there are in the edge momenta, modulo an invariance related to the translation of
vertices. Indeed, The transformation in is defining an equivalence class of edge momenta,
where each member of the class maps to the same set of flux data. If we specify a particular
set of edge momenta we are choosing one member of this equivalence class.

Note finally that the kernel of the map in is related to shifts in the coordinate
functions. Looking at , if we translate the coordinates z¢ — z¢ + b the edge momenta
transform as:

(& C 1 C 1 (&
Je — Je+5b 2] = 5[b, 2. (5.20)

This implies that the vectors transforming the edge momenta in ([5.19)) are given at each vertex
by ¢ = 31b, 2]
n by ¢; = 5[b, z5].

5.4 Minimizing edge lengths

With the edge momenta, we can now address the question of how fluxes determine edge shapes.
In Chapter 4 we showed that any piecewise flat geometry is isomorphic to an equivalence class
of holonomy-flux data which represents a single point in the SU(2)-gauge invariant loop gravity
phase space Plg . We now know that each edge of the flat-cell gauge, which we are now calling a
spinning geometry, must in fact be a helix. But let us now forget about each edge being a helix
and return to the perspective of Chapter 4 where the edge shapes were unknown. This will
allow us to consider arbitrary deformations of the edges. From this perspective it is possible to
deform the geometry of each individual cell without altering the edge momenta. Notice that if
we make deformations which leave the edge momenta unchanged, then the fluxes remain fixed
as well. Any two geometries related by such a deformation correspond to the same point in
Plg . Our main goal is to explore this freedom and study the extent to which the edge shapes
can be fixed by extra geometrical requirements. Is there a way to unambiguously fix the cell
shapes to select a unique geometry to represent a point in Plg ?
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The Gauss law of loop gravity implies that the flux associated to a face depends only the
edges on the boundary, i.e. if one fixes the edges on the boundary, any choice of face bounded
by these edges will yield the same flux. This is shown explicitly in the expression of the flux
given in . What this means is that we need only consider deformations of edges in the
one-skeleton, and can ignore what is happening to the faces as long as we do not examine the
continuity of the normal component of the frame field across faces

Now, the one-skeleton of a Regge geometry is composed of straight edges, so that each edge
is the shortest path between the vertices at its endpoints. Let us use this idea to try to reduce
the ambiguity in the choice of one-skeleton for a spinning geometry by minimizing the length of
each edge while keeping the vertices fixed. At the same time, let us impose a constraint which
keeps the edge momenta fixed so that we maintain a correspondence with the same point in the
phase space PFG . This can be achieved by introducing the following action which sums over all
of the edge lengths and includes a constraint to fix each edge momentum:

A=Y 4., A, = /|z’§\ds bt (Jg _ % /(zg x z'g)ds> , (5.21)

e

where w¢ € su(2) is a Lagrange multiplier implementing the constraint which fixes JS. In
section we used w¢ as a proportionality constant and w¢ as a unit vector along the axis of
the helix. We will see below why we are again using this notation. Notice there is only one term
per edge although each edge e is attached to several cells. This is why we introduce a subscript
on the coordinate functions z¢ to denote a choice of which coordinates are to be used for each
term. Using the relations , this action does not depend upon this choice, so long as
we identify that the Lagrange multiplier defined in one cell is related to that of a neighbouring
cell by:

wl = —h_jwlhee. (5.22)
Varying the action we find:
SA=Y" /5zg (08 — W x 28)ds (5.23)
e e
where v$ = Ijezl is the ‘proper velocity’, treating s as the proper time and drawing upon our

analogy with 3d point particles. Setting this variation to zero provides an equation of motion
for each edge:

Ve = wg X Z¢. (5.24)
Let us now study the equation for a single edge.

5.4.1 Analysis of a single edge

Since we are analyzing a single edge for some choice of coordinate function z¢, we drop the
super- and sub-scripts ¢ and e for simplicity. Let us first assume that w # 0. If this is not
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satisfied the equation of motion simply tells us that the edge has to be a straight line and we
are back to the Regge case. When w # 0 it will be convenient for us to chose a parametrization
of the curve s = ¢ where ¢ is w times the proper length, that is:

tg=w . (5.25)
In this parametrization the equation of motion is simply:
ﬁqg =wx 7;’45. (526)

This equation can be easily solved. First of all, it implies that we have the following three
conserved quantities:

K=& 2, w= 2", r =3y (5.27)

Moreover r4y = —Z4 is a vector orthogonal to w and a solution of the equation 7y = & X 74.
Since this implies that 7y = @ X rgy = —ry, we have:

ry = cos¢ry+sing (@ x ry). (5.28)

The solution to ([5.26) is therefore given by:
zy = c+ Kow + 1y, (5.29)

where ¢ € su(2) is a constant. This is the parametric equation for a helix! This alternative
approach of minimizing the edge lengths is also telling us that each edge is a helix, separately
from the analysis of gluing maps around an edge done in section [5.2}

In order to visualize the situation and understand the meaning of the different parameters,
let us recall that a helix can be drawn on the boundary of a cylinder, wrapping around it. This
cylinder possesses an axis given by the direction w, and a radius given by r. The parameter ¢
is the angle, counterclockwise about w, elapsed from the initial point zg to the point z4. The
radial vector 74 is the position of the point on a circle perpendicular to the axis of the cylinder.
The parameter K is related to the height H of the cylinder by H = |K¢|. Finally, the point ¢
is on the axis at the ‘bottom’ of the cylinder. See fig. for an illustration.

The normalization condition implies a relation between w, K and 7:

1= (Kw)*+ (rw)*. (5.30)

Kw represents the linear velocity along the cylinder axis and rw the angular velocity.

There is a redundancy in allowing ¢ and K to take either sign. First of all, notice from
that K is positive when the axial component of the velocity is directed along w, and
negative when it runs opposite to w. Now, the helix generated by a positive angle ¢ is different
than the one generated by a negative angle. However, since ¢ is defined to be counterclockwise
about w, the transformation ¢ — —¢ is equivalent to w — —w with K — —K. We eliminate
this redundancy by taking ¢ > 0 while allowing the axis @ to point in any direction.
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Figure 5.2: A helix (in blue) wrapping around a cylinder. The various parameters are labeled
to show their geometric meaning.

We can express the displacement vector Dy = z4 — 2o which is connecting the start of the
helix to the point z4 along a straight line in terms of the helix parameters:

D¢ = qu)(;)—{—’l“qg—’l"o. (531)
This allows us to express the position and velocity as:
zy =20+ Dy Zy = D¢. (5.32)

These equations allow for a simple calculation of the edge momentum in terms of a minimal
set of helix parameters.

5.4.2 Helix parameters

We are now in a position to give the parameters of the helix. In order to do this, we first develop
an expression for the edge momentum in terms of the quantities introduced above. Recall that
the edge momentum is given by: J = %fe(z x Z)d¢. Using ® > 0 to denote the total angle
elapsed from the start to the end of the helix, i.e. ¢ € [0, ®], a direct evaluation gives:

1

J = 2/O¢d¢<z0xb¢+D¢><D¢)

1 [® :
= 2/ d¢<z0XD¢+K¢F¢—K7’“¢+KGJXr0+(r¢—r0)><i¢,>
0

1

(]
= 2/ do (2:0 X D¢ + 8¢(K¢f’¢) + K((;) X rg — 2I"¢) + ro — ro X I"d)) . (533)
0
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Now, performing the integral and using the above expression ([5.28)) for rg, we obtain:

1 1
J = 5zoxD¢,+§(K<1>nI>+K<I>¢:;><ro—zK(rq>—r0)+r2<1>cu—r0><r<1,),
1 1
= 5zo><D<1>+51"2((I’—sin<13)0'0
P | o o .
+rK 1—cos<I>—§sm<I> o1 +rK §+§cosi>—31n¢> o2, (5.34)

where we have introduced a shorthand notation for the orthonormal ‘helix basis’:
o; = (w,fg,w x fp) . (5.35)

With the help of some trigonometric identities we can write the above expression in a more
simple form:

1
J = L+S8S, L= 570 X Dy, (5.36)
S = rzf@ao +2rKpg,o,, (5.37)

where ¢ = ®/2 is half of the total angle, o, = (—sin o + cos o) and we have defined two
functions of this angle:

fo =@ —cospsing, Gy = COSQ — . (5.38)
¥

The Regge contribution L is the edge momentum one would obtain for a straight edge as in
, and the non-Regge contribution S is giving the deviation from this value. The non-
Regge contribution is invariant under translation z — z 4 b while the Regge contribution is
not.

Note that we can express the displacement vector in the helix basis:

Dy = 2K o + 2rsinpo,. (5.39)

From the above equations , it is apparent that a minimal set of parameters for
determining J is given by (2,7, K, ) and the helix basis o, which is given by a pair of
orthogonal unit vectors (w, fo).

Following Penrose and Rindler [79] we call the pairs (w, o) a flag, where @ is the pole of
the flag and ry the direction of the flag. Using the Hopf fibration, a flag is equivalent to a point
in S3 /Z where the Zy action is the inversion. This can be seen as follows. We can label a
point in S by a pair of complex numbers |x) = (z¢, 1) satisfying the normalization condition
|zo|? + |21]?> = 1. We can label a point in S? by a vector |y) = (yo,y = y1 + iy2) € S? where
yo € R and y € C satisfy the condition y3 + |y|> = 1. The Hopf fibration is a many-to-one map
which sends circles in S to points in S2. It is given by 7(|z)) = (Jxo|? — |21|?, 22071). We can
extend this map to a map from S to a flag (&, 7). The kernel of this map is the Zy inversion
and it is given by:

w = (‘l’o|2 — |£L'1|2,2£L'0i’1), fo = (l’ol‘l + i’o:fl,.’i‘% — l‘g) (5.40)
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It can be checked explicitly that &? = ?8 =1 and fy - @ = 0 as required. The knowledge of a
flag (w, ) determines (zg, 1) only up to a global sign, accounting for the Zy symmetry noted
above. Notice that there are three degrees of freedom in a flag.

We can also write a flag in term of three angles 6% that are relative to a fixed basis 7; as
shown in fig. The first of these is the angle 0 < #° < 7 between @ and 79; the second
0 < 0! < 27 is the angle between 71 and the projection of @ onto the (71, 72) plane; the third
angle 0 < 62 < 27 gives the orientation of f( in the plane perpendicular to @. With these angles
the flag can be written as:

@ = cosf'1 +sind° cos ' + sin 60 sin Oy (5.41)
o = sinf° cos %1 + (sin 0 sin 62 — cos 6° cos 0 cos 62)

—(cos 8" sin 0' cos 0% + cos 6 sin 62) 7.

These angles are related to the complex parameters above via:

== <cos 9;) exp <;(91 + 92)> ., a1 =% <sin 9;) exp <;(92 — 01)> : (5.42)

T0 ‘\

Figure 5.3: The flag (@,%) (in blue) with respect to a fixed basis 7;. To measure 2, one
projects @ down the direction of 7y into a plane perpendicular to @. #? is the angle from this
projection to rg, measured within the plane perpendicular to w.

There is yet a third way to represent the flag data. Notice that the angles 6 are giving the
helix basis o; in terms of the fixed basis 7;. The two bases are related by a (passive) rotation,
ie. T, = eijaj where e; = 7; - 67. The transpose (eT)ji =7t o = eij is the inverse rotation
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Tiejt = exd(eT);* = 6t. Knowledge of this flag matrix allows one to determine

and satisfies (e
the angles 0, implying that e;/ is equivalent to the flag data.

The passive rotation of a basis is equivalent to an active inverse rotation of the vector
components. Given the six helix parameters (7, K, p,#") one can determine the fixed-basis
components Dg - 7¢ and S - 7¢ using the flag matrix and equations :

S.tt = ¢(8-a%), (5.43)
Dcp'Ti = eij(quO'j). (5.44)

We have shown that there are nine degrees of freedom (2q, 7, K, ¢, ") in the edge momentum
J. We call this data the helix parameters since they define a unique helix via equation ({5.32]).
Using the six equations ([5.43] [5.44)) along with ([5.36] , we can determine J from the helix

parameters. In other words, these equations provide a map:
(Z077’7K7<P79i) — <z07D<I>;S)7 (545)

where the data on the right hand side determines the edge momentum J. But to what extent
does knowledge of Dg and S in a fixed basis allow us to determine the helix parameters? Given
(20, Dy, S), can we invert this map to find a corresponding helix? This question is at the heart
of what we hope to accomplish, and we address it in the next subsection.

5.4.3 Determining the helix parameters

Let us now take take (zg, D, S) as given for a single edge (dropping the subscript from Dg),
and from this data determine the helix parameters.

First of all, we remark that if S = 0, then the edge is straight (a trivial helix) and the edge
momentum is given entirely by the Regge contribution J = L = %zo x D. The parameters
(r, K, p) no longer play any role so that the data defining the edge is simply the position of the
vertices (zg, D). In this way the inverse mapping is trivial for a straight edge.

The interest/ir& analysis is for S # 0. In this case, we can choose a convenient fixed basis:

70=D,7 =D x 8,7 = 7 x 71. In this basis we have:
D.-t = (D,0,0), S .71 = (Scosd,0,—Ssind). (5.46)

Here S is the modulus of S, Scos¢ is the portion of the edge momentum which is parallel to
D while Ssind = |D x 8| is the perpendicular component. Squaring (5.37) and (5.39) gives
the following equations for K and r in terms of D, S and ¢:

D? = 4K?p* + 4r%sin ¢, (5.47)
S? = f£r4+4K2cp2rzgi. (5.48)

Solving the first equation determines K only up to a signﬂ which we shall determine below.
Substituting the value for K in the second equation we obtain a quadratic equation for r2.

.. 2 _4r2sin?
SExplicitly K? = (%).
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Only one of the solutions yields a real positive value. This gives us the expressions of r and K

as functions of ¢:
2 [ 4 2
2 D2 Oty AR,

2 = i~ , (5.49)
2 .2 2 /
) , fo—2sin®p (gw +1/9% + 452A@>
K2 = D 174 , (5.50)
%)

where we have introduced a dimensionless parameter s = S/D? and the function A, = ( f; —
4930 sin? ¢). Note that since ( fé - 4g<2p sin? @) > 0 for all ¢ > 0 the right hand side is always real
and well-defined. See fig. for a plot of this function. Note that for small s we have:

80+
60 -
40

20+

0 T T T T 1
0 2 4 6 8 10

Figure 5.4: A plot of A, = (fg — 4932 sin? ¢), which is positive for all ¢ > 0.

S2 D?
2 2 2

This leaves us to solve for the angle ¢ and the flag matrix. In order to do so we introduce
the following angles (v, 8,), solutions ofﬂ

T . K,po\ 29
tana = L > sin ¢, tanf = <“0> =2, (5.52)
<Kg090 Ty fe

These angles give us the decomposition of the edge momentum and displacement vector in

terms of the helix basis from (5.43] |5.44)) along with ([5.37} |5.39)):
D = D(cos aoqg + sinaoy,), S = S(cos fog + sin o). (5.53)

Let us denote by R(7,a) a rotation about the 7 axis by an angle of a. It is defined by
0o R(T,0)(0) = [1, R(T,a)(0)]. We can express the previous relations as:

D = DR(oy, ¢)R(o1,)(00), S = SR(oo,¢)R(o1,8)(00). (5.54)
6 . 2K, p . 27y, sin T?pfnp . 2ro Kpege
More precisely we demand that cosa, = =3, sina = =#5— and that cos B, = ,8in 8 = =,

J
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This shows that the rotation R = R(op,¢)R(01, @) maps the helix basis onto the fixed basis
(15.46]).

Now that we have determined (K, r) and the flag in terms of ¢ and (D, .S), the only task
left is to determine ¢ in terms of (D, S). This follows from the equation § = o — 3 where
S - D = SD cosé which gives us the final constraint:

S-D = 2(7“3]('@@)(]‘80 + 2g, sin ). (5.55)

This equation gives us ¢ in terms of (D, S). We have checked that f, +2g,siny > 0 for ¢ > 0
(see fig. for a plot), which allows us to determine that the sign of K is sgn(K) = sgn(S- D).

104

Figure 5.5: A plot of f, + 2g, sin ¢, which is positive for all ¢ > 0.

We checked numerically for solutions to this equation of a range of values for the parameters
—1000 < scosd < 1000 (excluding scosd = 0 since this is inconsistent with ¢ > 0 in ,
as required for a non-trivial helix) and 0 < ssind < 1000. We find in all cases that there is at
least one intersection, and in general there actually many possible values of ¢ which solve this
equation. See fig. for a typical plot of . In minimizing the action, we have in fact
found multiple local minima rather than a single global minimum.

This analysis shows that we can always invert the equations ; given (29, D, S), or
equivalently (zg, D, J) since J = D + S, there always exists a discrete set of helix parameters
(r, K,,0"). The inversion is not one-to-one since there are usually multiple helices which
correspond to a given (zp, D, S). We can fix the ambiguity by always choosing the helix with
the minimal length. This means that once the end points are given, there exists a one-to-one
correspondence between a choice of edge momentum and a choice of helix stretching between
these end points. In other words, if we fix two vertices and specify an edge momentum J, we
can always take the edge to be in the form of a helix whose total angular momentum % J(zx2)
is J.

5.4.4 Fluxes and helices

Now that we have completed our analysis of a single edge, let us extend this analysis over the
entire one-skeleton of a spinning geometry to examine the role that fluxes play in determining
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Figure 5.6: A typical plot of 2(7“;[(@90)(1‘90 +2g,sinp) — 8- D where scosd = ssiné = 1. Notice
there are seven solutions for .

the helix parameters. The analysis of a single edge presented above applies independently to
each e € I'*, and shows that one can deform each edge of the one-skeleton into a helix without
changing the edge momenta. Recall that such deformations also leave the holonomies and fluxes
unchanged, so that the resulting geometry where each edge is now a helix corresponds to the
same point in PFG . Again we have found that these spinning geometries can be seen as a way
to join the polyhedral cells of a twisted geometry into a continuous three-geometry, achieved
by twisting the edges of polyhedra into helices.

Let us now restore the edge e and cell ¢ super- and sub-scripts. The quantities that were
labeled (D, J) above shall here be denoted (D¢, JE), where e denotes the edge and ¢ denotes
the reference frame attached to the cell ¢. Now, since DS = z(t(e)) — z(s(e)) is the difference
between the start and terminal vertices of the edge, the data (up to an overall translation)
associated to a network of connected helices is a pair (DS, JS) for each edge e € I'*. We have
seen that given (D¢, J¢) compatible with the fluxes such that > .co¢ , J& = X on each face
of cell ¢, we can construct for every edge e C ¢ a helix that is compatible with this data. This
means that we can construct a map z¢ : ¢ — R® for every cell ¢. This map is such that the
one-skeleton of its boundary consists of helices, while the shape of the faces are undetermined
at this stage. In fact, there are many possible choices of boundary helices which are compatible
with a given sets of fluxes. Once we choose an origin for each map z¢ we have a one-to-one
correspondence between a set of fluxes Xy attributed to faces, and a set of edge momenta Je
associated to edges.

The role that fluxes play in determining the helices is now becoming clear. The set of fluxes
gives the set of edge momenta J¢ up to some arbitrary choice of origins for the coordinate
functions z¢ and modulo the relations:

JS = —hoJidhee . (5.56)
The edge momenta J¢ fixes three of the six degrees of freedom (7, K, ¢, ") defining the helix
on the edge e as seen from the cell c. However, the displacement DY also plays a role, and the
helix is fixed by a combination of the data (DS, JS). The map from this data to a set of helix
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parameters is complicated and we can so far not separate what is fixed by J¢ from what is fixed
by Dg.

5.5 Discussion

The SU(2)-gauge-invariant phase space of loop gravity PFG can be represented by either twisted
geometries or spinning geometries, which are both generalizations of Regge geometries. Twisted
geometries have the advantage that each cell takes the form of a flat polyhedron, but the
disadvantage that they do not form continuous geometries. Spinning geometries are continuous
at the price of having cells with curved boundaries.

As we have seen, the loop gravity data consists of a set (X v, her) € su(2) x SU(2) for
each pair of cells. We studied spinning geometries in order to learn how this data fixes the
shape of cells. We first found that helices appear necessarily from the consistency of the gluing
determined by the holonomies. The axis of the product of holonomies which loop around an
edge e is parallel to the axis of the helix, and there is an angle 6S encoded into the composition
of gluing maps along the edge. Each loop of holonomies on the dual graph I' then parameterizes
two degrees of freedomﬂ for each edge e € I'*.

We performed a longer analysis to see what role the fluxes play. Noticing that straight
edges, as in a Regge geometry, are the shortest paths between a set of vertices, we looked at
minimizing the (a priori arbitrarily shaped) edge lengths of a spinning geometry while keeping
the vertices fixed. We found again that this results in each edge taking the form of a helix. The
fluxes determine a set of edge momenta J¢ which, together with the Dg, fix a helix. (There
were actually several choices of helices corresponding to this data, but we can select the one of
minimum length for concreteness.) Of the six degrees of freedom in each helix, the fluxes fix
three of them.

From this analysis we learned that the cells of spinning geometries are similar to polyhedra,
except that the edges are helical rather than straight. Allowing for the edges to be helical
accounts for the extra degrees of freedom in the loop gravity phase space which are not present
in a Regge geometry. Each helical edge has six degrees of freedom; two are fixed by the
holonomies and three are fixed by the fluxes. The question that we haven’t resolved yet is
whether we can always construct a closed network of helices for arbitrary holonomy-flux data.
Since we still have one degree of freedom per helical edge to play with, we believe this to be
very likely but a proof is necessary.

Another question that needs a deeper understanding is whether we can reconstruct the
geometry of the faces from the requirement that the boundary edges are helices and that the
normal components of the frame fields are continuous. Omne natural conjecture is that the
shapes of the faces have to be minimal surfaces. This is what happens for bubbles separating
two domains of equal pressure due to the Laplace equation [80].

An interesting outcome of this analysis is the appearance of non-trivial torsion along the
edges of the cells. The connection A in question is the Ashtekar-Barbero connection, related

7 Although there are several &¢ attached to each edge, these are related by @S = —hec@Ehee so that only two
degrees of freedom are associated to the axis on an edge.
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to the spin connectiorﬁ by A =T + K where K is the extrinsic curvature. The torsion of A is
therefore a measure of K. However, one usually expects this torsion to be supported on the faces
and come entirely from the holonomies. Here we see that on top of the holonomy contribution
we have an additional contribution supported on the edges. This seems to be an intrinsic
property of the three-geometry stemming from the gluing rules. A deeper understanding of this
is clearly needed.

Finally one of the most exciting outcomes of this work is that it may give new insights into
how to formulate a consistent dynamics on the discrete geometry of loop gravity. If we could
assign a continuous connection and triad to a given set of loop gravity data, we would be able
to write the continuous scalar constraint in terms of these fields. Spinning geometries provide
these continuous fields and provide an attractive choice for the representation of holonomy-
flux data within the continuous phase space. We can take these as the continuous kinemtical
solutions, but the question we need to address is: does the dynamics of a spinning geometry
represent the dynamics of the corresponding holonomy-flux data? Since these geometries are
both piecewise-flat and piecewise-torsionless with curvature and torsion being present only on
the one-skeleton of the cellular space, we anticipate that the continuous dynamics will become
drastically simplified in this gauge. If we can find a discrete dynamics on PFG that agrees with
the continuous dynamics of a spinning geometry, we would have for the first time an anomaly-
free way to relate the dynamics of loop gravity with the dynamics of general relativity. We
shall look further into this in the next two chapters.

8The spin connection I' is the metric-compatible connection determined entirely from the metric.
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Chapter 6

Truncated dynamics

With the developments we have made on the kinematical side, we can now begin to address the
most challenging problem of loop gravity: dynamics. We have established that each PFG = Pg*
is a truncation of the continuous phase space P, and we understand the equivalence class of
geometries represented by this truncation. The main issue we must now face, is that Pr has
a finite number of degrees of freedom while the continuous phase space has infinite degrees
of freedom. Obviously the dynamics for a finite dimensional phase space cannot reproduce
that of a continuous theory. In order to have a discreteE] dynamics consistent with general
relativity, we will need to use the full projective family of phase spaces associated to graphs.
The advantage of this approach for quantization is that we can work separately on each graph
phase space to formulate a dynamics in terms of holonomies and fluxes, and these are the basic
building blocks for the quantum theory. We would then have a dynamical theory of gravity
suitable for quantization using the already well-established methods of loop quantum gravity.
The key idea that allows this to work is that each Plg is a truncation of PE, as opposed to an
approximation or discretization, meaning that the holonomy-flux data represents exactly the
degrees of freedom in a certain class of geometries; one needs to consider the entire projective
family of graph phase spaces Plg in order to describe arbitrary spatial geometries. This is in
contrast to taking the holonomy-flux data as a discretization of the continuous fields, which
gives an approximate representation of arbitrary fields (A, E'), and only becomes precise in the
continuous limit where the discretization scale vanishes.

The holonomies and fluxes defining a point in Plg correspond to an equivalence class of
geometries defined by the relations A ~ gAg~!+gdg and E ~ g(E+d¢)g~! for some g € SU(2)
and ¢ € su(2). A point p in Plg is mapped to a unique equivalence class of geometries, and each
member of this class gives a precise representation of p as a continuous geometry. To study
the dynamics we need to select a single member of the class (A, E), and we are free to use
a criteria of convenient properties to make the selection. On the kinematical side, we would
like the gauge map to be diffeomorphism covariant so the choice of fields behaves appropriately
under the action generated by the vector constraint. On the dynamical side, we want the
choice of (A, E) to allow us to write the scalar constraint (with this gauge choice) in terms of

!By ‘discrete’, we mean that the phase space has a countable set of variables, as opposed to the infinite-
dimensional continuous phase space.
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holonomies and fluxes, so that we may formulate a discrete dynamics that is consistent with
the evolution (A, E) generated by the continuous scalar constraint. Let us explain this point
in more detail. Consider a set of (hy, X;) data on a graph I' defining the point p € PFG , and
take this as initial data. Let us then map this to a gauge choice (A, E). Now, we have a
continuous scalar constraint in terms of the shift function and field variables S[N, A, E], and
we want to find a scalar constraint Sp[Ny, hy, X,] associated to the graph which acts on the
phase space Plg . The choice of gauge is key to this program, and we require it to be such that
the holonomy-flux dynamics agrees precisely with the evolution of the gauge choice, i.e.:

he = {hg,spm,he,xzn:{e@ / A,S[N,A,EJ}, (6.1)
X, = {Xg,Sp[Ng,hg,Xg]}—{/f hW[A]Ehgl[A],S[N,A,E]}. (6.2)

This ensures that the map from the holonomy-flux data to the gauge choice of continuous fields
is consistent with the equations of motion for both the discrete and continuous variables. Note
that this consistency is only for an instant of time as the continuous data will evolve away
from the gauge choice so that it no longer corresponds to the point p € Plg , but rather a
point in some other phase space p’ € PS. In order to handle this behaviour, we will need to
address the evolution between phase spaces supported on different graphs. This is somewhat
expected and welcome, since in a theory of pure gravity the dynamics we describe will be for
the propagation of gravitational waves, and one expects this to be manifest in graph changes
[40]. The formulation of dynamics between phase spaces of different dimension presents an
interesting challenge that has not been addressed in the literature. See however [81] for related
work in this direction which provides a consistent set of rules for stepwise evolution between
phase spaces of different dimension.

We have established that spinning geometries satisfy the kinematical requirement for a
gauge choice, providing a diffeomorphism-covariant mapping of points in PFG to continuous
geometries. The key properties of this gauge choice are that intrinsic and extrinsic curvature
are supported only on the one-skeleton dual I'* to the graph. This implies that the dynamics is
concentrated on I'*, which greatly simplifies the evolution equations for these geometries. Let
us take a closer look at this. Spinning geometries are defined as a pair of fields (A, E) which
have a vanishing curvature of the Ashtekar connection d4 A(x) = 0 and a vanishing extrinsic
curvature K (z) = 0 for all z ¢ I'*. The scalar constraint is the generator of dynamics,
and we can write this using differential form notation as:

S[N] = /Ne/\F(A) + (1 +9Heijre’ A KA KF (6.3)

where the frame-field e is a function (2.58)) of the electric field E, and the extrinsic curvature is
given in terms of the phase space by K = %(F — A), recalling that I'(E) is the spin connection
(2.83). The second term in the scalar constraint is difficult to handle, but we note that having
K = 0 within cells will help to simplify the picture. For now, let us look at the complex
Ashtekar variables and consider the self-dual case where v = 7% This choice simplifies the

20One can also consider Riemannian gravity with a choice of ¥ = 1 to obtain this simplified form of scalar
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scalar constraint by eliminating the second term. In this case, the dynamics generated on the
fields of a spinning geometry inside the cells is:

{A(z),SIN]} =0,  {E(2),S[N]} = da(Ne)(z), Va>T" (6.4)

where we used that F(A) = 0 for a spinning geometry. Now, what does this mean for the
holonomy-flux variables? From the above equations we find:

he = %ﬁlAﬁWG:Q (6.5)

X, = {/fhwE’h;l,S[N]}: afNe, (6.6)

This is an exciting result! While the holonomies stay constant, the fluxes evolve according to
a motion only on their boundaries, i.e. the edges in the one-skeleton e € I'*. The evolution
of these fields is supported on a finite number of edges, suggesting we may be able to rewrite
the continuous Hamiltonian (for this particular gauge) in terms of holonomies and fluxes, so
that the continuous dynamics of a spinning geometry (A, E) agrees with the dynamics of the
holonomy-flux variables on a graph in the manner described in equations .

Let us now consider a model which mimics the situation we have just described within a
simple model using a pair of fields on the real line. We shall use a notation which makes the
analogy clear. The model is that of a continuous phase space (A, F) € P and a Hamiltonian H
which generates dynamics. On top of this, we consider a class of smeared ‘flatness’ constraints
which reduce the continuous phase space to one of finite dimension Ppr, as we have done for
full gravity to find the spinning geometries. The reduced phase space is parameterized by a
discrete set (hn, X,) of variables. We show that there is a gauge choice for a representative
pair of fields in the constrained space (A, E) € Cr«, such that the dynamics in Pr agrees
with continuous dynamics in Cp«. With this consistency established, we use the dynamics to
study how we can evolve data from one reduced phase space Pr to a different phase space
Pr« of different dimension. To help us understand this better, it is useful to understand the
geometrical structure underlying the classical dynamics between phase spaces. There is a nice
way to characterize classical dynamics in terms of geometrical structures associated to phase
spaces. We begin in the next section by reviewing these ideas before moving on to study the
truncated dynamics of our model in this context.

6.1 Definitions

Dynamics within a phase space is a canonical transformation from a point (a set of phase space
variables) at one time, to a point at another time. There is a geometrical representation of
dynamics as a subspace embedded within a symplectic manifold that is built out of a pair of
phase spaces. This is a useful framework for constructing the dynamics between phase spaces
of different dimension. In this section we provide the necessary definitions to build up to a
description of the geometry underlying phase space dynamics, and using this we propose a
definition for truncated dynamics.

constraint.
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6.1.1 Symplectic vector spaces and their distinguished subspaces

We begin by defining a Lagrangian subspace within a vector space. Let V' be a 2n-dimensional
vector space, and w a symplectic structure on V. Now, for a subspace W C V the symplectic
orthogonal (or symplectic complement) W of W is defined by:

W« = {x eV]w(z,y =0, Vye€ W}
Then we have the following situations defining the distinguished subspaces:

o If W C WY, then W is an isotropic subspace of V', and dimW < n. W is an isotropic
subspace if and only if w|y = 0 identically.

o If W D WY, then W is a co-isotropic subspace of V.

o If WNW<Y = {0}, then W is a symplectic subspace of V, and V =W @& W¥. W is a
symplectic subspace if and only if w|y is non-degenerate.

o If W = W« ie. if the subspace is self-orthogonal, then W is a Lagrangian subspace of
V. A Lagrangian subspace is therefore at the same time isotropic and co-isotropic.

Because w is non-degenerate, we have (W*)¥ = W and:
dim W +dim W* = dimV = 2n.

We see therefore that a Lagrangian subspace is an isotropic subspace of dimension (dim V')/2 =
n, i.e. of maximal dimension.

6.1.2 Canonical transformations as Lagrangian submanifolds

We are interested in the characterization of Lagrangian submanifolds. Let us consider a symplec-
tic manifold M = (M,w), that is, a 2n-dimensional manifold M together with a non-degenerate
closed (dw = 0) two-form w. For a submanifold N C M, we have the following situations:

e If each tangent space T, /N of IV is an isotropic subspace of T, M, then N is an isotropic
submanifold. Equivalently, we say that IV is isotropic if the symplectic two-form vanishes
in all the tangent spaces T, N, i.e. if w(u,v) =0 for all u,v € T, N and all x € N.

e If each tangent space T, N of N is a co-isotropic subspace of T, M, then N is a co-isotropic
submanifold.

e If NV is an isotropic or co-isotropic submanifold of M of maximal dimension, i.e. dim N =
n, then N is a Lagrangian submanifold.

An embedding (immersion) ¢ : N — M is said to be Lagrangian if ©*w = w|y = 0 and
dim N = n.

We call M = (M, —w) the symplectic dual of the symplectic manifold M = (M,w). Ev-
idently, a symplectic manifold and its dual share the same distinguished submanifolds. The
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product of a symplectic manifold together with its dual defines a new symplectic manifold
M x M= (M x M,w© w). Let us denote by:

m: MxM — M
(x1,22) +— @,

for i = 1,2 the projection maps from the product manifold to M. The symplectic structure
w = w S w on the double manifold M x M is then given by

w=Tjw — THw.

A canonical transformation is a map ¢ : M — M that preserves the symplectic structure
¢*w = w. We now have a nice way to describe this within the double manifold.

Lemma 6.1.1. A map ¢ : M — M is a canonical transformation if and only if its graph
L= {(a:, gb(w)) | z € M} is a Lagrangian submanifold of (M x M, w).

It is indeed easy to see that the submanifold L is isotropic and of maximal dimension, i.e.
dim L. = 2n. Isotropy can be checked by computing the induced symplectic structure. The
restriction of the symplectic structure on the product manifold:

1 1
WO w = §ww(x1)dx’f Adzf — 5“#V(x2>dwg A dzsg,

to the submanifold L, is given by:

06 06"
Oxf Oz

1 1
wowlp = fw“,,(xl)d:r‘f Ndx] — zwu (gb(ml)) daf A dzxf,

2 2
and is therefore vanishing if ¢ : 1 — z2 = ¢(z1) is a canonical transformation. The La-
grangian submanifold L has the property that m(L) and me(L) are of maximal dimension.
They are therefore isomorphic to M, i.e. m;(L) ~ M.

The advantage of using this definition in terms of Lagrangian submanifolds is that it allows
us to define generalized canonical transformations that map between symplectic manifolds of
different dimension. Let (Mj,w;) and (Ms,ws) be two symplectic manifolds of dimension 2n,
and 2ny respectively, with the associated projection maps:

T - M1><M2 — Mz
(xlaxQ) — X,

and symplectic structure:
— * *
W =W Owy = MW — TyWws.

A canonical relation between two symplectic manifolds M7 and My of different dimension is
a Lagrangian submanifold of (M; x Ma,w). We define a generalized canonical transformation
as a Lagrangian subspace that satisfies certain conditions on the projections of this subspace.
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Definition 6.1.2. A generalized canonical transformation ¢ between (Mj,w;) and (Ma,ws)
is defined as a Lagrangian submanifold Lis C M; x My = (M x Ma,w) which satisfies the
irreducibility condition that m(Li2) ~ M; and mo(L12) ~ M. If the Lagrangian submanifold
does not satisfy the irreducibility condition, we call it simply a canonical relation between M;
and MQ.

Now given two canonical relations Lia C Dy = (M X M, w1 © wy) and Leg C Dag = (Ma X
M3, we S ws), we can use their composition to define a new canonical relation, denoted Ly o0 Log,
which is a Lagrangian subset of Di3 = (M; X M3,w; © ws). It is defined as the set of points
(r1,23) € My x M3 such that there exist xo € My satisfying (x1,x2) € L12 and (z2,23) € Los.
In other words,

Ligo Loz = {(m,xg) € My x Ms ‘ dx9 € My such that ($1,1‘2) € L1s and (xg,xg) S ng}.
Another way to characterize this composition is to first define the intersection:
Lo XM2 Log = Lio X Log N (Ml X Ag X Mg),

where Ay is the diagonal of My, that is the subset of My x My defined by (x2, y2 = x2). It is easy
to see that this relation is first class, or in other words that the subset (M; x Ag x M3) C D1 X
Do3 is co-isotropic. We can therefore define the symplectic quotient D13 = (D12 X Da3)//As.
The composition is then defined as the projection:

Lig o Loz = m (le Xnt, L23) ;

where 7o is the projection from Dio X Do3 to Dy3. In general however, this projection is not
a manifold, unless some additional transversality conditions are satisfied. Indeed, we know
from the theory of symplectic reduction that if P/C is a manifold and if L is a Lagrangian
submanifold of P which intersects C' transversally, then ¢ : LNC — P//C is a local embedding
(an immersion) which is Lagrangian. This shows that if Lo sty Los and (M7 x Ay x Ms)
intersect transversally, then Lqs o Log is a Lagrangian immersion in D13.

6.1.3 Reduction

Suppose that a Hamiltonian dynamics is defined on a symplectic manifold which is the phase
space (P,w) of some theory. According to our discussion in the previous section, we know
that we can characterize this dynamics by a one-parameter family of Lagrangian submanifolds
Ly C (P x P,w©o w). Now let us suppose that we have a collection of first class constraints
¢; € C. We denote by C; C P the subset of P defined by the constraint ¢; = 0. The fact
that the constraints are first class means that the constraint subspaces are co-isotropic, that
is C¢ C Cj. These constraints are such that the symplectic reduction P; = P//C; is a finite
dimensional phase space. We also suppose that the set of constraints is complete under union,
that is, if C;,C; € C, then C; UC; € C and C; N Cj € C. The set C of constraints is then a
partially ordered set (a poset) under inclusion, i.e. we say that i < j if C; C Cj.
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Let us suppose that L; intersects each C; transversally. This condition of transversality
is the condition that the constraints c¢; are not preserved by the Hamiltonian evolution, i.e.
0¢ci(t) # 0. In this case, we know that:

LY =L;,nC; x Cj C Py x P, (6.7)

is a Lagrangian immersion of P; X ?j — P x P. In this way, we can always use L; to define a
dynamics between constrained subspaces, so that the full dynamics of the theory can be encoded
in a collection of truncated dynamics, provided the set C of constraints is large enough. By
this we mean that there is a sequence of constraints C;y1 > C; such that a continuous theory
is recovered in the projective limit lim; ., F;. The question which we would like to answer is:
when is the reverse true? That is, given a collection Ly’ of Lagrangian submanifolds in P; x E-,
under which conditions can we reconstruct the full dynamics, i.e. a Lagrangian submanifold of
P x P?

6.2 An example

We now study a toy model which mimics the situation in full gravity. Consider a pair of
conjugate fields {A(z), E(y)} = d(z — y) defined upon a one-dimensions space ¥ that is home-
omorphic to the circle S'. These fields parametrize an infinite-dimensional, continuous phase
space P. The continuous dynamics is generated by a Hamiltonian:

H:/EdSUE(.T,t)A/(I7t), (6.8)

where A’(z) = 9, A(z). This Hamiltonian will play the role of the scalar constraint for gravity.
The equations of motion are:

A={A H}= A, E={E H}=F, (6.9)
and these are solved by:
Az, t) = A(x +t,0) E(z,t) = E(x +1,0). (6.10)

Given any initial data (A(x,0), E(z,0)), the system simply moves around the circle in a coun-
terclockwise manner without any change of profile. Notice that both fields satisfy the same
equation of motion.

Within this simple Hamiltonian system, let us study the effects of truncation on the dynam-
ics. To define a set of truncated phase spaces, we now introduce a set of ‘flatness’ constraints.
Consider a set I'* of points v € X which define the smeared flatness constraint:

Fr+[¢] := /degb(a;)A’(a;), o(x) =0, Vel (6.11)

which sets the ‘curvature’ A’ to be zero everywhere except the points in I'*. These constraints
generate gauge transformations on the field variables:

§A(z) = {A(z), Fr+[¢]} = 0, SE(z) = {E(z), Fr«[¢]} = ¢ (). (6.12)
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As with gravity, these transformations leave the ‘connection’ A invariant while generating a
wide class of ‘electric fields’ E.
We define a constrained subspace as:

Cr- ={(A,E)eP | A(z)=0 Vzel*}. (6.13)

Notice that the constraint does not Poisson commute with the Hamiltonian:
Frele] = {Frlo). H} = [ daof(2) 4 0) (6.14)

so that the constrained subspace Cr- intersections the full dynamics L; transversally. This
implies that the dynamics leads to a violation of the constraints at the points v € I'*. This
violation is in some sense mild, since it does not occur everywhere in 3 but only a finite number
of points. This is a feature that will allow us to find a dynamics that is consistent between the
full and truncated phase spaces. This is analogous to the truncation of the continuous phase
space for gravity by a flatness constraint. Here the constraints also do not Poisson-commute
with the generator of dynamics, which is related to the discussion above where we argued
that the evolution of a spinning geometry is dictated by what happens along the edges of the
one-skeleton.

There is a set I' of points n € X that we can define as ‘dual’ to I'*. We select the points n
such that each is at the midpoint of the edge e,,, = e, between neighbouring points v and v/
in I'*. We say that the point n is dual to this edge. If there are N points in I'* then there are
also N points in I'. Within the constrained space Cr+, the A-field is constant along each edge
so that we have NN distinct values given by A(n) for each n € I'.

If we now form equivalence classes by identifying F-fields that are related by gauge trans-
formations generated by Jr+, we obtain the truncated phase space:

Pr = Cr+«/Fr+ = P/ Fr=. (6.15)

A set of variables parameterizing the truncated phase space must be invariant under the gauge
transformations. We introduce a pair of ‘holonomy’ and ‘flux’ variables on each edge e, defined
by averaging the fields:

hn = L dzA(x), (6.16)
Hn Je,
1

X, = ,u/ dzE(x), (6.17)

where p, is the length of the dual edge e,. Using that the smearing function ¢(z) vanish
for x € I'*, one can check that the ‘fluxes’ X, are invariant under the gauge transformations
generated by the flatness constraint, while the ‘holonomies’ h,, are trivially invariant. For the
Poisson algebra we find trivially that:

{XmaXn} = {hmyhn} =0, (6.18)
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and for the last bracket:

1 1 1

{hm,Xn} = {/ dzA(x), / dyE(y)} = —dmn. (6.19)
HEm Jepn Hn Je, Hn

These variable parameterize a phase space (hn, X,) € Pr which is symplectomorphic to the

truncated phase space Pr. We can see this as follows. Each point in Pr is given by a pair

(modulo gauge transformations) (A, E) (A, E + 0;¢) which satisfy the constraint Fr=[¢]. The

equations (6.16}, [6.17)) provide a map:

Ip : Cr — Pp

(A E) > (hn, Xn), (6.20)

This map is invariant under gauge transformations and also defines a map [Z]r : Pr- — Pr.
Now, we can show that the symplectic structure of the discrete phase space is equivalent to
that of the continuous phase space evaluated on piecewise-constant A-fields. Beginning from
the symplectic potential for the continuous phase space:

Q = /d:cE(SA
b

= > / dzES A,
n “€n
= ZMandhm (621)

where we used that § A is constant over each edge e,, and that the A-field is equal to its average
along each edge, i.e. A(x) = h, for all z € e,. The last line is the symplectic potential which
generates the Poisson algebra in . Since symplectic forms are invertible by definition,
we have shown that the map [Z]r is invertible, and therefore Pr = Pr«.

We have shown that each Pr is symplectomorphic to a truncation of the continuous phase
space Pr« as we have for full gravity, but the analogy does not end here. We can also recover
the continuous theory from the truncated phase spaces in the projective limit. In other words,
if we increase in a prescribed way the number N of points v € I'* used to define the truncation,
we obtain the continuous functions (A4, E) and the symplectic potential. Let us define this limit
as follows. Consider a set of points I'] consisting of a single point v. If we add another point
v/ at the midpoint of the edge (from v to v around the circle), we obtain the set I's = v UTY,
which is greater than I'] in the partial order. I'; is obtained by adding points at the midpoint
of edges defined by I';, and so on. In the limit N — oo, we obtain an infinite refinement of the
real line given by the Bohr compactification. Notice that since our variables (h,, X,) are the
average values of the fields over the edges between vertices, we have:

lim h, = A(n), lim X, = E(n), (6.22)
N—o00 N—o0
so that the continuous fields are recovered. We also regain the continuous symplectic potential

in this limit,

N—o0

lim " pin Xndhn = / dzESA, (6.23)
n ¥
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since in the limit, the sum becomes an integral with the p, becoming dx. We have just shown
that (P,w) is recovered in the projective limit of graph phase spaces Pr. Notice that the phase
space obtained in the projective limit is bigger than the continuous phase space, since there is
no restriction on how much fields can change over any ‘small’ neighbourhood of a point on the
compactified line. In particular, the projective phase space permits the fields to be given by
step-functions.

6.2.1 Gauge choice

We now have a continuous phase space P of infinite dimension and a discrete phase space Pr
of dimension 2N, along with a map Z : Cp» — Pp. This map sends all of the continuous field
configurations (A4, E) which have the same average value of E over the edges to a single point
in Pr. We need to choose a single configuration (A, E) in the equivalence class in order to
represent the discrete data in the continuous equations, i.e. we need to make a gauge choice:

7-F : Pr — CF*

(haeXa) — (A, E), (6.24)

The gauge choice is a right inverse of Zr, i.e. Zr7r = id, but not a left inverse. Placing the
gauge choice after the truncation map takes a pair of functions (A4, E') whose averages over the
edges are (hn, X,), to a different pair of functions (A4, ).

We want to make this gauge choice in a way that is diffeomorphism-covariant and allows
us to formulate a discrete dynamics that is consistent with the continuous dynamics in that
gauge. A choice satisfying these conditions, as we will see below, is given on each edge by:

A(x) = hn, E(z) = X,, Va € ep. (6.25)

In this gauge choice, both fields are flat along the edges, and make discrete jumps at the points
xy € I'*. That is:

A(x) = hny + Y O(x = Vi) (hnyy — hn,), (6.26)
E(ZL’) = XnN + Z 6(:6 - Vi)(Xni+1 - X”i)? (627)

where the point v; € I'* is between the points n; and n;;; in I'. Here we are using a step
function ©(z) defined to be centred on the origin such that ©(0) = 3, O(e) = 1, and ©(—¢) = 0
for any € > 0.

Now, diffeomorphism-covariance implies that for any diffeomorphism ® : 3 — ¥ connected
to the identity, if we first shift the points of 3 and then make the gauge choice, we get the same
result that we would get for doing these operations in reverse order, i.e. (®*A(z),®*E(z)) =
(A(®(z)), E(®(z))). We can see that our gauge choice is diffeomorphism-covariant as follows.
If we choose a gauge according to the set of points I'*, we then have fields that are constant
along the edges between these points. A diffeomorphism will shift these fields around so that
they are constant between a different set of points I'"*. Since the new set of points is related
to the original set by a diffeomorphism I'"* = ®(I'™*), we could have alternatively arrived at this
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field configuration by making the gauge choice according to the set of points I'"*. This shows
that the gauge choice is diffeomorphism-covariant.

Let us now look for a consistent dynamics. Keeping track of the different lattice spacings pn
quickly becomes cumbersome, so let us work on a fixed lattice u, = p. The results we obtain
will generalize to arbitrary lattice spacings. The evolution equations are A(x) = A’(x) and

E(x) = E'(x), and from the gauge map given in (6.26} [6.27) we have that:
Am) = ) 6@ —Vi)(hnyy — hny), (6.28)
i

B(a) = 38 —vi) (X, — X)), (6.29)

where we used that the derivative of the step function is a delta function 9,0(z) = §(z). For
consistency with our definition of the step function defined above, we have a delta function that
is symmetric about the origin:

/ dzs(x / dzo(x (6.30)

Using this definition we find from the continuous equations of motion that:

. 1 = 1
hoe = — | dzA(z) = —(hn.., — hn. ) =t Dby, 6.31
7 M/;[] x (;U) 2,[,L( +1 7 1) I3 ( )
. 1 - 1
X, = - E(z) = —(Xn.., — Xn. ,) = AXp.. 32
7 /.L/e'n dx (x) 2/,1/( i+1 7 1) 7 (63 )

As for the continuous fields, the discrete variables h, and X, satisfy the same equation of
motion.

What we seek now is a discrete Hamiltonian in terms of the (hn, Xn) variables which gen-
erates this dynamics via the Poisson brackets in - Because we know the continuous
gauge choice in terms of the discrete variables (A(hn), E(X,)), we can derive the discrete Hamil-
tonian by writing the continuous Hamiltonian in terms of the fields defined in :

Hp = / dzE(z / ZE Vi) (Pngsy — hny)- (6.33)
Now, with our definition of the © function at the origin, we have E(v;) = % (Xni+1 + Xni) at

each point v = e, Ney,,,,. This yields the result:
Hp =) XnAhy. (6.34)
n

With this Hamiltonian, the discrete equations of motion are:
hn = {hn, Hr} = Ahy, X, = {X,, Hr} = AX,. (6.35)

These are the same equations we found using the continuous Hamiltonian on our gauge choice
of fields . This shows that the gauge choice we have made provides a dynamics
that is consistent between the discrete and continuous frameworks. Note that if we consider a
non-uniform lattice, the result can be written as a modification to the definition of A.
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6.2.2 Discrete dynamics

The discrete equations of motion (/6.35]) are solved by exponentiating the action of the Hamil-
tonian:

hin(t) = e hn(0), Xo(t) = e X,(0). (6.36)

Now, we can use a fourier transformation to write the equation in a form that does not depend
on the difference operator A. Since both variables satisfy the same equation of motion, we
solve for only the hn(t) variables as the X, (t) equations are solved identically. Using 6 as the
continuous transform variable of the discrete index n, we have the transformation:

1 /7 '
ho(t) = — dfe=™0 £(9, ¢ .
(1) =5 [ a0 50,0, (637
and the inverse transform:
w .
FO.6)= )" e™hn(t), (6.38)

where we use the identification h, = hpyn. Using the fourier transform, let us calculate the
action of A:

Ahn(0) = % / : dge=ind <21u> (e—i" - ei‘)) £(6,0)
1

= = ﬂd@e_ine(—ifsiHH)f(Q,O), (6.39)

2 J_,

where ¢ = t/u. Comparing (6.36) and (6.39), we write the equation of motion as:

ha(t) = i deefi(nOJrfsinO)f(g,O)

27 J_,

o0

= 5= > B0 / " dfe—i0-m)+1sin0)

= Z Jm—n(f)hm(())v (6'40)

where we substituted the fourier transform of f(6,0) to get to the second line, and Jm_n () is a
Bessel function of the first kind. This same equation holds also for X, (¢). From this equation
we can define a propagator Gmn(t) = Jm_n(t) taking data from point m at time ¢ = 0 to point
n at time ¢. The time ¢ = ¢/u is scaled properly so that the velocity of propagation is constant
as one increases the number of points on a circle of fixed circumference.

We showed above that the discrete equations of motion for (h,, X,) agree with the contin-
uous equations of motion for the gauge choice (4, E) at a particular value of £. It is difficult to
see this from the discrete solution written in terms of Bessel functions, but never-the-less the
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correspondence holds as demonstrated in the video file This file shows an animation gen-
erated by Maple of the discrete data h, evolving according to the discrete equations of motion.
Note that the endpoints of the abscissa are to be identified. The animation demonstrates that
while the initial dynamics corresponds exactly, as time evolves errors creep into the discrete
dynamics as the profile of points h, changes, indicating a disagreement with the continuous
evolution of the gauge choice A, which does not change profile dynamically. Note that these
errors are mostly due to the discrete evolution equations rather than coming from errors in
the numerics. If enough points IV are used the errors become suppressed and the discrete and
continuous dynamics will continue to coincide for arbitrarily long times, up to small errors.
However, maintaining the dynamical correspondence between discrete and classical evolutions
up to small errors is the idea of an approximation, which is not what we are considering in this
chapter. What we want is to find a way to use the discrete phase space for finite IV to describe
the exact evolution of certain classes of continuous data. This is the topic of the next section.

6.2.3 Truncated dynamics

Let us now generalize to consider arbitrary lattices. As mentioned above, this results in a
redefinition of the difference operator A in the discrete equations of motion, and the solutions
are no longer given in terms of Bessel functions. However, the idea that the discrete dynamics
is consistent with the continuous dynamics at an instant of time still holds.

Now, consider two different constraints Fp« and Fr~. We can apply these to the full phase
space P to obtain two different constrained phase spaces Cr~ and Cr~. From these spaces, we
can mod out the gauge transformations to obtain truncated phase spaces Ilp : Cr« — Pp, and
likewise for IV. We would like to develop a truncated dynamics Urr/(t) : Pr — Pp from one
reduced phase space to the other. If we label the full dynamics U(t) : P — P, we can draw the
following diagram:

Fr Ut Fro-
o T p VO p T
Mr T
(T
Pr Ve () - P

This suggests a form of dynamics from one reduced phase space to another reduced phase space
can be obtained by mapping to the constrained phase space with the gauge choice Tr, placing
the constrained fields in the full phase space using the inclusion map (denote by F; 7*1), using
the full dynamics, and then reducing again with a new constraint .7-}_*1 and the projection Iy,
ie.

UFF’(t) = HF’ ]:F’* U(t) ]:1:*1 71" (641)

Let us apply this dynamics to our model. We begin with some initial data (hn(0), X, (0) for
all n € I';. Our definition of truncated dynamics allows us to evolve this data into any other dis-

crete phase space. The first step is to use our gauge choice to define the fields (A(z,0), E(x,0))

107



according to equations . These fields are within the constrained phase space Cr:,
defined as the continuous phase space restricted to data which satisfies JFrx = 0. The continuous
dynamics governed by U(t) will take these fields and shift them counterclockwise around the
circle to obtain (A(x,t), E(x,t)) = (A(x +,0), E(z +t,0)). Notice this is the same as acting
on the initial data with a diffeomorphism that satisfies ®;(x) = x + ¢, i.e. shifting the fields
counterclockwise is equivalent to shifting the points clockwise. This dynamics takes the fields
out of the constrained space Cry, since we no longer have dA = 0 along the edges e, € I'f. At
this point we can project down to any truncated phase space we like using the constraint Fp-
and the projection Ilf». Notice however, that the continuous data at time ¢ is sitting within
the constrained space Cry defined by the points v+ ¢ € T’} for all v € T'j. This is a preferred
truncation. If this truncation is used, the stepwise profile of (A, ') is maintained under this
map, and no data is lost or reorganized when we project down after the continuous evolution
to Pr,. Since this dynamics is given by a diffeomorphism of the points, and our gauge map is
diffeomorphism-covariant, we have for this model the nice property that:

Ur, 1y, (t2 — t1)Ur, 1y, (t1) = Uy, 1y, (t2). (6.42)

There are other choices which allow for this property, namely, any choice of ‘larger’ graphs in
the partially ordered sense so that I'y, > ®;,I'g and I'y, > ®4,_4,I'y,. With any such preferred
I't, the gauge choice Tr, is an inverse of the truncation: 7r,Zr, = Zr,Tr, = id. However, this is
an artifact of the simplicity of the model, as a more complex dynamics which changes the field
profiles would not allow for these preferred choices of truncation.

What will happen for other choices of I"* used to project down to the continuous phase
space from the data (A(z,t), E(x,t)) ? For an arbitrary set of points I'* enforcing the flatness
constraint, we will project down to the truncated phase space P by averaging the fields over
the edges e, between the points in I'*. In this general case the gauge choice is not the inverse
of the truncation map TrZr # ZrTr. Wherever a point v € I'* lies on an edge e, between
points v € I'*, we get a reorganizing of the data, i.e. different level values of (A(z,t), E(x,t))
are combined in the averaging used for the map Zr as defined in . Evidently, the
‘nice’ evolution property no longer applies when the gauge map 7r is not the inverse of

the truncation Zr.

6.2.4 Geometrical picture

Now what does this mean in terms of the geometric structures underlying Hamiltonian dynam-
ics? The Poisson algebra {A(z), E(y)} = d(x — y) defines a symplectic two-form w, and the
‘doubled’ symplectic manifold in question is P x P = (P x P,w © w). Dynamics within this
symplectic manifold is a Lagrangian subspace L;, and we would like to construct this subspace
from a collection of truncated dynamics.

The truncated dynamics Urr/(t) as we have defined it is the full dynamics restricted to
constrained subspaces. We showed above that any constraint Fr« is not preserved by the
dynamics, so that we have L; intersecting each constrained subspace Cr transversely. The

truncated dynamics define a Lagrangian submanifold within the symplectic manifold defined
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from two truncated phase spaces:
L™ = L,n (Cr« x Cr+) C Pr x Ppv. (6.43)

In this way, the continuous dynamics L, is allowing us to define a set of truncated dynamics for
any initial and final phase spaces Pr and Ppv. Each L} I covers a portion of the full Lagrangian
subspace L;. The question then is, can we reconstruct the full dynamics from the set of all such
truncated dynamics?

We showed above that the continuous phase space is contained within the pro-
jective limit of truncated Pr phase spaces. These same arguments apply also to the projective
limit of constrained phase spaces Cr+, that is:

P C lim Cp-. (6.44)
I'—oo

Using the projective limit, we can consider the entire projective family of constraints to formally
reconstruct the full dynamics:

lim lim L7 =L,n (lim Cr+ x lim CF/*> = L. (6.45)
I'=ooI"—o0 I'—oo I"—o0

This suggests that the projective limit is key to defining the dynamics for a continuous theory
in terms of truncated phase spaces.

6.3 Conclusion

The phase spaces Pr of loop gravity are finite-dimensional truncations of the continuous phase
space defined by a connection and electric field (A, E). The full phase space is obtained in the
projective limit of these graph phase spaces, and we would like to use these phase spaces to
describe the full dynamics of general relativity. Since the phase spaces Pr are each defined on a
different graph, and generally have a different number of holonomy-flux pairs, this will require
a formulation of dynamics that is capable of describing an evolution between phase spaces of
different dimension, i.e. a truncated dynamics. Within the gauge of a spinning geometry, the
scalar constraint is supported only on the one-skeleton dual to a cellular decomposition. This
generates a dynamics on the fluxes defined on the boundary of each face, which is a promising
sign for the development of dynamics in the discrete phase space that is consistent with the
continuous dynamics.

In order to better understand truncated dynamics, we make use of the geometrical picture
underlying dynamics within a phase space. We reviewed how one can construct a double
manifold from two copies of a symplectic manifold (M x M, w), within which dynamics takes
the form of a Lagrangian submanifold. This provides the framework for a generalization to a
dynamics between symplectic manifolds of different dimension (M; x Ms, w).

We studied truncated dynamics using a simple model that mimics the case of full gravity.
Here a continuous phase space (A, E) was defined upon S!, and the dynamics was found to
shift the fields counterclockwise around the circle without change of profile, equivalent to a
diffeomorphism ®; which shifts each point x — x + t. We imposed a set of flatness constraints
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and found a reduced phase space (hn, X,) € Pr, which contains the continuous phase space in
the projective limit. We defined a truncated dynamics for initial data (hn, X,) € Pr by using
a gauge choice to represent this data within the continuous phase space. Then the continuous
Hamiltonian was used to evolve this data for some time, before truncating down to the final
phase space Prv. If the zero-skeleton I'* imposing the final truncation by Fp« was chosen
to be a diffeomorphism of the initial zero-skeleton ®.I'*, then this definition reproduces the
continuous dynamics exactly for the subclass of data that exists in the constrained space Cr.
Using an arbitrary truncation generally leads to a change in the profile of the fields. Never-
the-less, we showed formally that the full dynamics L; is obtained in the projective limit of
truncated dynamics L} .

In 4d gravity, we do not expect a preferred truncation such as we had for this model.
The gauge choice we propose is that of a spinning geometry, where curvature is concentrated
along the edges of the one-skeleton. The continuous dynamics leads to a dispersion of this
curvature, but the hope is that the localization will make this problem manageable so that we
can construct a set of truncated dynamics L} I Notice that since the full theory of loop gravity
has a projective limit, the formal construction given in equation applies here as well. The
framework of loop quantum gravity is built upon spin network states which satisfy the condition
of cylindrical consistency, so that a state defined on a graph I is also well defined in a larger
graph IV and has the same behaviour under the action of operators in both Hilbert spaces. A
truncated dynamics for loop gravity will need to take this into account. We conjecture that
this is possible as long as we have the relation LtF ils - Lf 2l's if Cr: C Cry, so that the dynamics
between two constrained subspaces agrees with the inclusion of the initial data into a larger
constrained subspace.
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Chapter 7

Point particles in 3d gravity

In the previous chapters we have gone a long way toward developing a theory of classical
loop gravity. We began by developing a Hamiltonian theory in terms of a continuous phase
space P. We showed that a certain symplectic reduction (truncation) of this phase space by a
flatness constraint Jr is isomorphic to the loop gravity phase space associated to an embedded
graph Pr, and we showed also that the SU(2)-gauge invariant phase spaces are also isomorphic
Plg e = PFG . We looked in particular at a spinning geometries as a candidate to represent the
discrete data as a continuous spatial geometry. With this gauge choice, we hope to recover
the full dynamics of gravity in terms of a collection of truncated dynamics Upr/(t) between
truncated phase spaces. Let us now consider a model of 3d gravity which encompasses all of
this and demonstrates what we would like to accomplish in four dimensions.

Three-dimensional gravity has often served as a useful testing ground for the 4d theory.
Without matter, the model does not possess local degrees of freedom and would be too simple
for our purposes. We add complexity to the model by including a number of point particles
which give rise to a finite number of topological degrees of freedom associated to the particle
positions. The study of point particles in 3d gravity has a rich history. Static solutions for one-
and two-body models were first found by Staruszkiewicz in 1963 [82]. Over twenty years later,
interest in the field began to grow after the seminal work by Deser, Jackiw and 't Hooft [83].
This work presents a clear understanding of dynamical point particles as conical singularities,
described on a flat hypersurface by cutting out ‘wedges’ of space and identifying sides of the
wedges. More recently there have been models [84] 85, [86] which divide space into polygons in
order to describe the system. This is closely related to the approach we take here.

We consider 3d gravity coupled to a number of spinless point particlesﬂ We start from the
first order action which parameterizes the continuous phase space in terms of a connection A
and a frame-field (or dreibein) e. As in the 4d theory, the Hamiltonian formalism yields a Gauss
constraint, but here this constraint implies that the connection is piecewise-torsionless. We also
find a flatness constraint which imposes that the connection is flat everywhere except at the
particle locations. In addition to these constraints, we impose a constraint on the holonomy
around each particle in order to fix the curvature associated to particles. We fix a gauge (A, €),
choosing a particular geometry from the equivalence class of fields which satisfy the flatness

!See [87] for a precursor to this work.
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and Gauss constraints, and are related by the gauge transformations which these constraints
generate. This gauge is the 3d analog of a spinning geometry, and is chosen by defining the
spatial manifold as a 2d-cellular complex with particles sitting at the vertices. This leads
naturally to a description of the theory in terms of the discrete phase space associated to a
dual graph I'. In both the continuous and discrete theories, particle mass and momenta are
described by the holonomies around the particle locations. We find a discrete dynamics in
terms of holonomies and fluxes, and show that it is consistent with the continuous dynamics.
The theory can be described exactly in terms of Pr phase spaces, with dynamics appearing
as a time-dependent embedding of a graphs, similarly to the model of Chapter 6, but here
we have the additional feature of discrete graph changes. These occur whenever one of the
2d-cells collapses to zero area, and causes an adjacent triangle to split into two, along with
the corresponding changes in the dual graph and its associated phase space. This work sets
the stage for a quantization using the well-established framework of loop quantum gravity,
making an interesting toy model for the full four-dimensional theory. This model has been
quantized according to the path integral approach of spin foams (see the papers by Freidel and
Louapre in [78]), and it would be very interesting to compare results between the Lagrangian
and Hamiltonian quantization techniques.

7.1 Hamiltonian analysis

The first order formalism of general relativity parameterizes the gravitational field in terms of
a connection A and a frame-field e. We write the spacetime manifold as M = R x ¥ where
¥ is a spacelike surface homeomorphic to S3. Recall that in a 4d Lorentzian spacetime the
field variables take values in the su(2) algebra. In this three-dimensional setting, we choose to
work with a Riemannian rather than a Lorentzian spacetime since the field variables are then
su(2)-valued as in the 4d Lorentzian caseﬂ providing a theory that bears more similarity to the
case of full gravity.

We use su(2) basis elements ¢ (for i = 0,1,2) which are given by —i/2 times the Pauli
matrices. Our notation is such that elements of su(2) are written as A = A'7?, for example, and
all internal indices are written as superscripts. Where coordinate indices are explicitly shown,
we shall use Greek letters u = 0,1,2 to label spacetime indices and Latin letters a = 1,2 to
label space indices. We work in units such that 87G =c¢ = 1.

7.1.1 Pure gravity

The singular nature of point particles requires some special treatment, so we shall begin with
an analysis of pure gravity before bringing matter into the picture. We postpone an analysis of
boundary terms and conditions until after we have introduced particles.

The first order action for pure gravity is:

1 .
S = 3 /M dgxe‘”’peLFﬁp, (7.1)

In a 3d Lorentzian spacetime the field variables take values in the so(1,2) algebra.
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where F) /il, = 9,A!, — 6,,AZ + eijkA{LAl’f is the curvature of the connection. By splitting the
coordinate indices into 0 and a, the action is decomposed into time and space components as
follows:

1 .y o
S = 2/dt/2d2m (egabeéng—&—%“bDeZFgO)
_ 2/ﬁéﬁ%ﬂﬂ%ﬁﬁ4%(%Mrih%+éﬂ%A@}
= /dt/ d%ze® [GZAZ + ieBFéb + A} (8(16%) + eljkA{lelg)}
)
o ab | iji o Lagigi o Lyig
= dt . d €LE ebAa + §N Fab + 5)\ ab (72)

where the over-dot denotes a derivative with respect to the arbitrary time parameter ¢, e**? is
the completely antisymmetric, metric-independent tensor density and €*® = €"*®. The boundary
terms arising in this decomposition will be discussed in section The time components
of the fields are Lagrange multipliers, written in the last line as N* := ¢} and \' := A}
corresponding respectively to the flatness constraint:

Fi = 0, AL — 0y AL + €98 AT AF, (7.3)
and the Gauss constraint:
Gl i= Dael — el + TR (AT el — ATk, (7.4)

Notice that the Gauss constraint in 3d is equivalent to a zero-torsion constraint. The flatness and
Gauss constraint have the same form, setting the covariant derivatives of both the connection
and the triad to zero, and putting these variables on the same footing.

We choose AY as the configuration variable and find that the canonical momentum is €.
The Poisson brackets are:

{Ai@). 4w} = {ch@).ew)} =o. {A@). W)} = et (@ —y).  (75)

These variables parameterize a continuous phase space (A, e) € P for general relativity. There
are 2 X 3 x 2 = 12 degrees of freedom per point, and the two constraints completely constrain
these variables leaving no degrees of freedom in the case of pure gravity.

We write the smeared constraints as:

1 .y .
F(N):= - / A% NI F!, = / N'F?, (7.6)
2 /s b
1 .y .y
G(\) == / d%e® )G, = / NG (7.7)
2 Jx )
where we have used differential form notation to write the curvature and torsion without coor-
dinate indices, e.g. F' = Fi,dz® A da’. If we also use our notation for elements of su(2), e.g.

F = F'7%, the curvature is written simply as F = dyA = dA + %[A, A], and the torsion as
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G = dye = de + [A, e]. Here the notation [-, -] implies taking the su(2) commutator and the
wedge product between the elements within the bracket.
With appropriate boundary terms and conditions, the constraints form a first class algebra:
{Fav), 7} = o,

{FIN),GN)} = F(N,A],

{a.60} = (i), (7.8)
Again we leave a discussion of the boundary terms and conditions for after we have included
particles in the system.

The Gauss constraint generates SU(2)-gauge transformations. The infinitesimal transfor-
mations are:

dg Al = {A,G(N)} = —daN, dge' = {e',G(N)} = eiFei\F. (7.9)
For a function g(z) € SU(2), the finite transformations are:

A — gAg~! +gdg7t, e — geg L. (7.10)

These are the Riemannian analog of Lorentz boosts and rotations.
The flatness constraint generates the following infinitesimal transformations:

srA"={A", F(N)} =0, ore’ = {e', F(N)} = daN". (7.11)

Notice these transformations do not affect the connection. For an su(2)-valued one-form ¢ €
Q! (su(2)), the finite gauge transformations are:

A— A, e —~e+dag. (7.12)

This shift of the triad is equivalent to a translation.
From the action (7.2)) we read off the Hamiltonian to be a sum of constraints:

Hy = —/ (N'F"+ \'G") . (7.13)
by

Up to possible boundary terms, this is the Hamiltonian for pure 3d Riemannian gravity param-
eterized by a connection and frame-field (A, e) € P.

7.1.2 Gravity with particles

It is well-known that point particles manifest themselves as conical singularities on spatial
hypersurfaces of a 3d spacetime [83]. This makes defining the field variables problematic at
these locations. We handle this problem by excising the particle worldlines from the spacetime
following the method used in [85] 8§]. Let us now bring a number |va| of point particles into
the picture. Excising the particle worldlines from the spacetime corresponds to treating each
particle location on Y; as a puncture, topologically equivalent to an open disc. The closure of
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an open disc is a circle, which can be parameterized by a radius r and an angle ¢. In the limit
r — 0 the boundary B, of the disc shrinks to have a vanishing circumference, but here we shall
not identify points on this boundary with different values of ¢. The only identification we make
is ¢ = ¢+ 27 so that the boundary maintains its S' properties in the limit of vanishing radius.
We associate such a boundary B, to each particle on ;.

A spatial hypersurface Y is then homeomorphic to S? with |va| punctures. The boundary
of ¥; is the union of a boundary B, for each particle:

9%, = LB, (7.14)

As is commonly done, we shall adopt a slight abuse of notation and drop the subscript ¢ labeling
spatial hypersurfaces.

In order that a particle boundary B, appears point-like in a hypersurface X, the component
of the frame-field that is tangent to B, must be zero [85] [8§] so that its circumference vanishes.
We can use a variable s = [0, 1] to parameterize the loop B, (s) such that a vector tangent to
the boundary is given by (BV)“, where the over-dot represents a derivative with respect to s.
We ensure that each particle boundary appears point-like by introducing a boundary condition
at each B,:

(B,)%% = 0. (7.15)

a

Notice this condition also sets to zero any variation of the tangential frame-field component,
ie. (B,)*e: =0.

In this treatment particles do not have independent degrees of freedom, but rather are
defined as singular configurations of the gravitational field. Properties of the particles are seen
in the field variables (A, e) outside of the particle locations. Since the particle positions g,
are su(2)-valued, the momenta p, are also su(2)-valued. Up to SU(2)-gauge transformations,
the momentum of a particle determines the value of a holonomy around a loop encircling the
particle (and only that particle). The holonomy defined on a path - is given by the path-ordered
exponential of the connection:

h. = &xp, A. (7.16)

Calculating the holonomy around a loop requires the specification of a base-point b where
the path integral begins and ends. If we choose the path around the particle to be the boundary
B, we have:

hs,» = 1cos % — ngu\,gl;1 sin %, (7.17)

for some g(x) € SU(2) that depends upon the gauge choice. See appendix for details.
Taking the trace of this equation defines a Wilson loop associated to the particle |val:

W, = Trhg,;, = 2 cos %, (7.18)

where the dependance on the base-point via has been traced out, i.e. W, is the same for any
choice of base point.
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We now use Wilson loops to introduce mass-shell constraintsﬁ for each particle, written in
terms of the trace of the holonomies hp,:

Yy = 2cos ! % — My (7.19)
These constraints are the covariant analog of |py|? = |my|?, imposing that the connection
A encodes the deficit angle m, associated with the mass of each particle. Through these
constraints, each particle adds a point of curvature to the spatial hypersurface giving it the
geometry of a polyhedron, which implies that the total mass of all particles must be equal to 47
[83]. Note that the upper limit on the deficit angle for any single vertex of a polyhedron implies
that each mass m, < 27, which leaves no ambiguity in the inverse cosine in the definition of
the mass shell constraint.
We close this section by stating the Hamiltonian for gravity and a number of point particles
with masses m,:

Hy=> awp — F(N)-G(N), (7.20)

where «ay, is the Lagrange multiplier associated to the mass shell constraint 1/,. This is a sum
of constraints as is the case for pure gravity. The phase space is given by (A, e) € P, but now
these fields are defined on a sphere with punctures ¥ 2 52\ {g,}. The mass shell constraints
impose conditions on the fields, imparting them with topological information associated to the
particles. Note that the mass shell constraints are not first class with the Gauss constraint, so
we shall need to do some additional work to obtain a first class constraint algebra. We discuss
this in detail in the next section.

7.1.3 Boundary terms and conditions

In calculating the various Poisson brackets and variations of the fields in order to find a con-
sistent Hamiltonian theory, one generally finds that boundary terms appear which must be
properly dealt with in order to avoid an ill-defined variational principal and/or a second class
constraint algebra. There are two ways in which such anomalous boundary terms can be dealt
with: 1) add cancelation terms to the Hamiltonian; 2) place boundary conditions on the field
variables and Lagrange multipliers which set the anomalous terms to zero. There is generally
some freedom in this process. We shall make a particular choice and stick with this choice for
the remainder of the chapter. We point the interested reader to similar calculations done for
the case of a bounded region of 4d Lorentzian gravity in terms of the Ashtekar variables [89].

Preserving the variational principal

We begin by looking at the boundary terms and conditions necessary to preserve the variational
principal. Variation of the Hamiltonian ((7.20)) results in a boundary term associated to each

3We borrow this name from [85] B8] although our constraints are written slightly differently.
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particle:
5H‘B\, = figv (SiIl(WQLV)Tr (hngq-l) 4 N(a;)1> (SA(x)l + fgv )\(1‘)1(56(,91;)17 (7.21)

where hp, ; is the holonomy around the loop B, with base—pointﬁ at the point of integration x.
The second term vanishes due to the condition , which also sets to zero the variation of
the frame field in a direction tangent to the boundary. In order to eliminate the first term, we
impose a condition at each particle boundary:

Gy

sin(%)

N(z)' = - Tr (hg, =" , Yz € B,. (7.22)

Using the equation (A.17)) we can write this as:
N(z) = —ayuy 4, Vx € By, (7.23)

where u, is the axis of rotation for hg, .. As we move around the boundary B,, the vector
N (x) will point in different directions although its magnitude \oz\,|2 remains constant. Recall
that N? := 66 is the time component of the frame-field so that the choice of oy, has implications
on the evolution of hypersurfaces. We shall make an appropriate choice once we have derived
the equations of motion.

Obtaining a first class constraint algebra

Next we study the constraint algebra to determine which boundary conditions and/or addi-
tional boundary terms are required so that the constraints are first class. Since the mass shell
constraints and the flatness constraint do not contain the frame-field, the following Poisson
brackets vanish trivially without need for additional boundary conditions:

(Yo, Yo} = {1, F(N)} = { F(N), F(N) } =0, (7:24)

As mentioned above, the Gauss constraint has a non-trivial Poisson bracket with the mass-
shell constraints:

{GN), v} = 2% Tr (g(@)uy(x)g(a)"'7") (dad(z)"), (7.25)
where g(x) € SU(2) and u, € su(2) is a unit vector which points in the direction of particle
momentum. Details of this calculation are given in appendix In order to obtain a first
class constraint algebra, we set the right hand side of the above equation to zero by imposing
a condition at each particle boundary:

(B,)H (0, \! + €9k AT Nk = 0, (7.26)

“Note that variation of a holonomy along a path « splits the path into two, i.e. 6hy = h., §Ah., where 71 is
the part of the path before the variation, and 2 is the part of the path after the variation.
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where (B,)® is the vector tangent to the boundary. This condition imposes that the covariant
external derivative of the Lagrange multiplier A, in a direction tangent to the particle boundary,
vanishes at each boundary. In other words, A is covariantly constant around each boundary B, .

There are still two more Poisson brackets to check. Using the condition along with
the flatness and Gauss constraints, we find as desired that:

{(F(N), 60} = {90, 60} =0. (7.27)

We can now summarize the results of our analysis. The full Hamiltonian with boundary
terms is parameterized by the fields (A,e) € P defined upon a sphere with punctures ¥ =
S2\ {q.}, and is given by:

Hf = Zavwv_‘/—:(N) _g(A)v (728)
where we restate the constraints for convenience:
Wy
vy = 2cos - where W, := Tr | exp A, (7.29)
By
. A

F(N) = / N? (dAZ - 56”’243 /\Ak> : (7.30)

)
o) = [ N (del+ainet). (7.31)

)

The field variables (A, e) and Lagrange multipliers N and X are subject to conditions at each
particle boundary:

N(z)' = —ayuy z (7.32)
By (2)%(8uA(2)! + €9 A(z)I A (2)F) = 0, (7.33)
B, (x)%(z): = 0, (7.34)

for all points around the boundary xz € B,. With the boundary terms and these conditions, the
variational principal is well defined and the constraint algebra is first class. Having established
a consistent Hamiltonian, we move on to the next task: fixing a gauge for the field variables.

7.2 Gauge fixing

In this section we choose a gauge for the field variables, i.e. we specify a pair of fields (A, &)
such that F'(z) = G(z) = 0 for all z € ¥. Note that this is a gauge fixing in the usual sense,
since both of these constraints are derived from the action, and the physical behaviour of the
theory is independent of this choice. In developing spinning geometries for the 4d theory, we
also applied a gauge choice of a representative three-geometry, selected amoung an equivalence
class of geometries related by a constraints F' = 0. But in this case the flatness constraint was
not derived from the action, and the dynamics of theory is affected by this choice.

118



In choosing a guage, we will eliminate the kinematical constraints from the Hamiltonian
leaving only the mass shell constraints. These remaining constraints are the generators of
dynamics. The gauge is fixed by defining ¥ as a two-dimensional cellular space such that the
particles reside at vertices of the zero-skeleton. This will allow us to give a piecewise definition
of the field variables within each cell, which can be glued together in a continuous manner.

Consider a two-dimensional cellular space ¥ = S?\ {q,} as defined in Section , which
we take to be the spatial hypersurface corresponding to a level value of the time parameter t.
Each two-cell ¢ is taken to be a triangle equipped with a coordinate function z.. Generally in
d-dimensions, one cannot assume the d — 1 cells to be flat, but d = 2 is a special case where
the flatness of space between vertices permits the use of straight edges and linear gluing maps
between cells. The boundary Oc is composed of three vertices v, and three straight edges e®
which connect the vertices. The number of cells is fixed by the number of particles |va| to
be 2(V — 2) via the Euler characteristic for polyhedra. There is ambiguity in the choice of
triangulation, since there are different ways of connecting a set of vertices with edges. Since
the number of triangles is fixed, the different choices are related by bistellar ﬂipsﬂ Different
triangulations generally lead to different configurations of the field variables, i.e. different
gauge choices.

Recall that on each particle boundary B,, the component of the frame-field tangent to B,
must vanish . This translates into a boundary condition on z.:

By (2)%0a2.(x) =0 Vo € By Ne. (7.35)

We require the functions z. to be single valued in ¢ so that the metric is non-degenerate, except

at the particle boundaries, where this condition is telling us that z. must be constant on the

boundary B,. This means that the functions z. can serve as local coordinates within each

triangle since each point receives a unique value. Degeneracy at B, means that the vertex v,

receives a single coordinate value z.(v.) within a cell even though the boundary is smeared.
The gluing maps between cells are such that vertices are identified:

Ve = Seer (Ve). (7.36)

This implies that the point g, € ¥ is given a different coordinate z.(v.) depending upon which
frame c one uses to describe it, as is to be expected in a general relativistic theory. The maps
along edges are linear, taking the interior of the edge e.» € Oc between cells ¢ and ¢ to the
interior of the corresponding edge e.. € Oc:

7' = s (), Vac€ew, 2 €ey.. (7.37)

Within each triangle ¢, we must find (A.(z), €.(r)) such that F(z) = G(z) =0 forall z € c.

The general solution is given by a pair of functions, a ‘rotation’ function a.(z) € SU(2) and
‘coordinate’ function z.(z) € su(2):

A. = acda; €. = a.(dz.)a;! (7.38)

c

SBistellar flips change two triangles into a new pair with a different adjacency relationship.
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where the subscript ¢ denotes a field restricted to the cell c. We use a piecewise definition to
give the fields over all of ¥: A(x) = U.A. and e(z) = Uce.(z) for all ¢ € . The continuity
of these piecewise fields must be defined by a limiting procedure, where one ensures that the
value of (A, €.) agrees with the value of (A, &) as one approaches the edge e . from either
side. This condition is satisfied so long as there exists a constant gluing element h.» € SU(2)
associated to the edge such that:

lim ag(2') = lim ac(x)hee, lim dav(z') = lim dac(z)her, (7.39)

’ ’
T'—eu, T—€ces ' —eq,. T—re, .

. / . —1 . / . -1
x’l—lglc/c ZCI(x ) - xgrgclc/ h‘cc’ (Zc(.%') + bcc,) hcc,’ z/l—lglc/c dzc, (33 ) - IEEEC/ hce’ dzc(x)h00'7 (7'40)
where the constant b.s € su(2) is a translation. Notice the first equation gives an expression
for the constant gluing elements h.o = a.() tar(z) which is constant for all z € e.u.

7.2.1 Preliminary definitions

In order to define suitable (a.,z.) functions capable of parameterizing fields (A, €) in the
presence of conical singularities, we subdivide each triangle into three regions defined by edges
joining the centroid n. to the vertices v. as shown in fig. Consider one such triangular
region r that has v, V., and the centroid n. in its boundary. We drop the subscript ¢ for the
moment since we are now going to look at this single region. We assign a pair of cartesian
coordinates (x,y) to the region and place the origin at the midpoint of the edge e, between
vertices v and V. In these coordinates, the centroid is at some n = (z,,¥y,), and the vertices
are at (O,i%) where L := 2y, = —2y, is the coordinate length of e,,. See fig. for an
illustration.

Now, we define a function:

— —1g+ —1(pg— +_ 7 Yy  TYn
0(z,y) = tanh (tanh™"(6") + tanh ™' (7)), 0+ = - +2 (L - an> . (7.41)
Over the range of values 6 = [0, 1], lines of constant 6 provide a family of curves connecting the
endpoints of the edge. The line of § = 0 is the edge contained in r, and the line § = 1 connects
the vertices with the centroid.

Let us recall the vector notation we can use for elements of su(2). We denote in bold letters
an element A € su(2), which can be identified with a vector in R® through A* = —2Tr(AT?),
where 7% is an su(2) basis given by —i/2 times the Pauli matrices. This basis satisfies the
algebra [1;, ;] = eijka. We will use also the vector notation of a dot-product for a trace
A - B = —2Tr(AB), and a cross-product for an su(2) commutator A x B = [A,B]. A
magnitude is denoted by dropping the bold font A = |A|, and a unit vector is denoted by a hat
A=A/A.

From the function 6(z,y), one can define a function p(z,y) within r such that lines of
constant p are orthogonal to lines of constant 6. The unit vectors which point along these lines
are:

1

Vi

- 1
P Vv |
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where 7!, 72 € su(2) represent orthogonal (Tr(7!72) = 0) unit vectors corresponding to the
x,1y coordinates of the region, and we have defined the functions:

U= 22 <y3 _ <§>2> e <y2 _ <§>2> , V = 20an(zny — yox).  (7.43)

See fig. for an illustration. The function p is a solution to:
UOyp +VOyp=0. (7.44)

In general the solution to this equation must be found numerically, however, when the centroid
is positioned on the z-axis so that y, = 0, we can find an analytical solution:

e dzgy?

p = Cry*ei ((x—mn)(x—i-mn)—i-W) + Cs, (7.45)
where C1,Cy are arbitrary constants. In the general case, we note that the line of constant
p = pn connecting the midpoint of the edge with the centroid is always straight in terms of
(x,y). We shall denote as p, the value of p along the particle boundary where B, [r.

Recall that particle boundaries are smeared in a polar coordinate system (r,¢) by not
identifying points with different ¢-values in the limit r — 0, except for the identification ¢ =
¢+ 27. In terms of (p, @) coordinates, the smearing implies that we do not identify points with
different #-values when p = p,.

We are now ready to define the fields (ay, z,) in the region. In the following we should
include r subscripts on the functions (6, p) as well, but this leads to a cumbersome notation so
we shall not include these subscripts when the relevant region is apparent from the context.
We define the group-valued field in a region as:

() = ar(6) = exp (—Pr /1 ' f(é)dé> , (7.46)

where we have introduced a bump function f(#) which satisfies fol f(0)d0 = 1 and goes to zero
smoothly as 8 — 0 and as # — 1. An example of such a bump function is:

1
Ce-1*-1 0<6<1
0) = ) =Y =" 7.47
1) { 0, otherwise ( )

where C~1 = fol e<29—1)2—1 d#, although any function which satisfies these properties will suffice.

When 6, = 0, the group function a, defines a rotation about a direction — P, /| P;| by an angle
of |P;|. Because the bump function goes to zero smoothly as # — 0, we have that a,(x) — e~ F*
and da,(x) — 0 smoothly as one approaches the edge associated to r. Since the definition
depends only on 6,, we have that a,(z) = a,(z') whenever x and 2’ are both on the same line
of constant 6,, and in particular a, is constant along the edge where 6 = 0.

Consider two neighbouring triangles ¢ and ¢/, and let us label the regions of these triangles
which include the shared edge e.. as r and r’ respectively. Since a, and a, are each constant
along e.., the gluing conditions are satisfied by a constant group element h.., as required.
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(Zn, Yn)

p = constant

Figure 7.1: A single triangle split into three regions by lines from the vertices (open circles) to
the centroid (filled black circle). The (6, p) coordinates are shown within one of the regions,
with lines of constant # shown in blue, and lines of constant p in green. The line § = 0 runs
between the two vertices at (0, £%), and the line § = 1 connects the centroid at (zn, yn) to both
of these vertices. A straight line p = p, connects the midpoint of the edge to the centroid. In
another region, the line from the midpoint of the edge to the centroid is shown splitting the
region r = sU ¢’ into two sections, with each section shown in a different shade of grey.

Now, the three regions ry,ro, r3 of ¢ intersect along portions of their boundaries 6, = 1 for
all r € ¢, i.e. the intersection ry [ ra[)re is formed by lines joining the centroid with the three
vertices of the triangle c¢. Since a bump function goes smoothly to zero as § — 1, we have each
ar(z) — 1 smoothly as one approaches this intersection for all r € ¢. This property ensures
that within all of ¢, the function a. = |, ar is smooth. Using the connection in a region
is found to be:

A, = —P.f(6)do. (7.48)

We give a piecewise definition of the connection within the cell A, = U,c.A;, which is smooth
due to the properties of the bump function.

The group valued fields can be written as a holonomy from some point z € r to any point
on the line 6, =1, i.e.:

0=1
ar(z) = &P / A, (7.49)

where the choice of path does not matter since the connection is flat. The gluing elements he
can now be seen as holonomies written in terms of the connection A defined piecewise in each
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region. Using ((7.46) and (7.48)), the holonomy associated to the edge e, can be written as:
hee = h} = a; ' (0)an(0), (7.50)

where h.. is the parallel transport from any point on the line 6, = 1 on the boundary of r € ¢
to any point on the line 6 = 1 on the boundary of r' € ¢/. Since each holonomy possesses an
orientation, we label the parallel transport along a reverse path as h...

Let us now work toward a definition of the coordinate functions. In order to satisfy the
condition , we make a further subdivision of the triangle by splitting each region into two
sections divided by the p = p, line which joins the centroid n to the midpoint of the edge e,
as shown in fig. (7.1l We label these sections s 5 v and s’ 5 v/ according to which vertex is
contained within the section. In each section we define:

z=@-z)+y-wy E=at'ae, g=atle (7.51)
This places the origin at the particle position, and causes the function to vanish everywhere on
the smeared boundary B, N's, which also sets the derivative tangential to the boundary to zero
as required by . One can check that this definition satisfies the gluing rules , and
maps to itself under the composition of maps going around the vertex, as discussed in section
. Notice the same pair of basis vectors (&, y) span each section of the region, and that they
rotate as one approaches the edge giving each region a curved geometry. Never-the-less, since
our definitions of (a,) and zs satisfy the resulting connection is flat and the frame-field
is torsion-free.

Defining 2z, = (Jy¢, 2s, the frame-field for x € r is given by e (z) = a; 'dz.a,. We need to
make sure that the frame-field e, is continuous within each triangle. Our definition yields
a smooth frame-field within each of the six sections in ¢, but we need to check what happens at
the intersections between sections. Notice that both sections share the same (z,y) coordinates,
and a single a, function is defined across both sections. Between the two sections of a region,
the definition introduces a translation:

lim zg(7,y) = lim+ (zs(x,y) + bsy Ly) , (7.52)
p—pn p—pn
where bey = z5(v) — z5(V/) = Lg is given the edge vecto, and the limits p — pF imply that the
point x approaches the intersection at p = p, from the relevant section s or s'. The frame-field
however will be smooth at the intersection sN's’ so long as all of the derivatives of zy agree
Zs in the limit given above. Since the function a, is smooth over the region, it follows that
the derivatives do agree, and we have a smooth frame-field throughout the region r. The nice
properties of the bump functions used to define the a, fields also ensure that the frame-field is
continuous at the centroid of the triangle where the three regions intersect. In the case that
ac(x) = 1 for all x € ¢, the connection vanishes everywhere within the cell and we regain the
geometry of flat triangle. In this sense, our definition is a generalization of the flat case, giving
a ‘covariant triangle’ for some choice of a.. These covariant triangles (a.(x),z.(z)) are the
building blocks of the geometry (A(z),€(z)) for all z € X.
With our definition of the coordinate functions, we can now look more closely at the gluing
maps s.» between cells. Consider two regions r and r’ which belong to different cells ¢ and ¢'.
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Let us take each region to have its own cartesian coordinate system (z,y) and (2/,y’) adapted
to the edge as done above. On the edge e, we have z = 2/ = 0, and find the map:

see 2 (0,) = (0,3) = (0, ). (7.53)
Looking at the gluing map for coordinate functions:

lim z.(2,y) = lim h;} (ze(x,y) + beer) heer (7.54)
$,—)eclc T—r€cet
where (2/,y) = see(2,y). With our definition ((7.51]), we have that b, = 0 so that there are
no translations associated to edges, only rotations. These rotations relate the bases of the cells
on either side of the edge:

& (2) = hy@c(x)hee, 9o (2') = h 1 Ge(2)heer T E e (7.55)

We have a cellular space ¥ defined as a collection of triangles in R%, connected by gluing rules
Seer Which identify the edges of neighbouring cells. The resulting topology is that of a sphere
with punctures. On top of this space, we have defined coordinate functions z. and rotation
functions a. which yield a continuous geometry, where by ‘geometry’ we mean a connection
and frame-field (A,&) € ¥. It is important to distinguish between topology and geometry;
our choice of triangulation and fields (A, &) is a single member of a class of topologically
equivalent geometries. The fields (ac, z.) defined upon each cell are glued together along edges
by SU(2) rotations, here being the analog of Lorentz transformations. This geometry bears some
resemblance to the picture presented by Deser, Jackiw and 't Hooft [83], where they study a
system of spinless point particles in R x R?.The spatial geometry is a flat plane, with the deficit
angles associated to particle masses being accounted for by a single wedge or ‘tail’ for each
particle. Each particle lies at the vertex of a wedge running to infinity, and the sides of each
wedge are identified. With the sides identified, the wedges appear as one-dimensional defects
(tails) along an edge that spans a half-line to infinity. This leads to conditions for matching
points on either side of the tail, which in the article are calculated for a single particle, and a
pair where one particle moves relative to the other with the tails on top of each other. In our
description, the gluing conditions on (a., z.) are the analog of these matching conditions.

In order to check that our theory reproduces the matching conditions, we can consider
certain choices of holonomies h. to create the scenarios relevant for these equations. Although
the tails defined in [83] extend to infinity, the edges of our triangulation mimic these in the
neighbourhood of the particles in question. For instance, the tail stemming from a single particle
at rest looks in our case like a vertex v that has a non-trivial holonomy h.» = e™™ on only
one edge e, D v:

2% (800 (2)) = €™ 25 (z)e™ T, (7.56)
which is the SU(2) equivalent of the rotation in equation (5.1) of [83]. For the case of one
particle moving relative to another, with one tail on top of the other, we consider that the edge
e12 joins particles v and V' as in fig. where the holonomy his = €™ is a Lorentz rotation
and hgy = ePv T

is a Lorentz rotation and boost defined by some p,, € su2. We take all
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Figure 7.2: Triangulation in the neighbourhood of two vertices v and v/ with holonomies chosen
appropriately for the matching conditions of [83] to be applied. The holonomies are h1y = ey
and hgy = ePv ™™ , while all others are set to the identity. The particle v/ moves to the right

along the edge e34.

other holonomies on edges connected to these particles to be trivial for this setup. In this case
the coordinate functions associated to the cells satisfy z4 = 2o — X91 and z3 = z1 — X9, where
the translations are given by X192 = 21 (V') — z1(v) and Xo; = 29(V/) — 22(v) = hl_21X12h12. We
can now check our matching condition. At some point = € eg4 which is mapped to z’ € ey3 we
have the gluing relation:

z4(2') = hyjzs(x)ha
2o(2) — Xo1 = h§41 (z1(x) — X12)h3yg
zo(2') = hiy Xiohio + by (z1(z) — X12)has
z(2') = e T (X2 +e P (z1(x) — Xlg)ePV’)emvat. (7.57)

This is the analog of equation (5.8) in [83], so we see that our model agrees with the description
given by Deser, Jackiw and 't Hooft.

We have defined coordinate functions zs in each section of each cell, and used a piecewise
definition to define the function z. = Usec.2zs for each cell. This paints the geometry as a
collection of ‘covariant’ triangles (with rotating bases), that are glued together along edges by
the holonomies h.. according to (7.40). However, we also introduced gluing maps between the
zs within each cell , along the p = py, lines connecting the centroid to the midpoints of the
edge. These maps introduce a translation bsy between the functions zs for s € ¢, which presents
an alternative way to picture the geometry. We can define a ‘cone’ o, = Ussys as the collection
of sections intersecting at a vertex, where each o, is homeomorphic to an actual cone. With
this we can define a piecewise z, = Usc.2s defined over the cone associated to each particle. In
this light, the geometry is cast as a collection of cones which are glued together by translations.
This is similar to the geometry defined in [90] which assigns a polar coordinate system locally
around each particle with transition maps between them. See fig. for an illustration of
the geometry in terms of triangles as compared to the picture given by the cones.

The interpretations discussed above are about the geometry of the cellular space 3 that
is given by the coordinate functions z. and he, but there is another layer on top of this to
consider. The phase space is defined by a connection and frame-field, and our gauge choice for
these fields is given in terms of a. and z.. With these definitions, we have continuous fields
(é.(), A.(x) for x € ¢, and the gluing conditions extend the continuity throughout X.
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(a) Triangles z. (b) Cones z,

Figure 7.3: Two ways of viewing the geometry of X, in this case for 4 particles. Although each
cell ¢ is a flat triangle, the coordinate functions on top of these describe a different geometry,
and this is the picture seen by the metric. One can view the geometry as composed of triangles
using z., or as cones using z,. Edges are in black, some of the gluing relations are denoted by
red arrows, and lines of constant § are drawn in blue with lines of constant p in green. Note that
the particle boundaries are shown with non-vanishing radii for illustrative purposes, but the
metric sees these as points due to the boundary condition (|7.35)) on the coordinate functions.

These fields satisfy the flatness and Gauss constraints for all z € X, and describe a geometry
with a non-zero connection within cells.

We have given the definitions for describing a gauge choice of fields (A, &), but we have
yet to implement this choice in the Hamiltonian formalism. In the next section, we apply a
gauge-fixing procedure to concretely select this choice of field variables using the procedure of
Dirac.

7.2.2 Dirac’s gauge fixing procedure

We now employ the formalism of Dirac [19] to implement the choice of gauge within the phase
space (A,e) € P. We have 6 x 2 degrees of freedom per point to be fixed in the variables
(A% e!), while each of the constraints, F* and G?, can be used to fix 3 x 2 degrees of freedom
per point. We shall do this in two steps, first eliminating the Gauss constraint then the flatness
constraint.

The first condition is:
Ci:= Ay — adpa L. (7.58)

126



This constraint is applied within each region r € X. A good gauge fixing condition must be
second class with at least one of the constraints, and this condition is second class with the
Gauss constraint. The Poisson bracket is:

{(cl)i, /E NG } S (agAj +ejklA’5)\l) , (7.59)

where we do not sum over the repeated index j so that the right hand side is a 3 x 3 diagonal
matrix giving the Poisson brackets between each component of the gauge condition with each
component of the Gauss constraint.

The condition must be preserved dynamically, which means the evolution equation provided
by the Poisson bracket with the hamiltonian Hy must vanish. Calculating this we obtain:

{Cl,Hf} = g\ + [Ag, )\] =0. (7.60)

Setting the right hand side to zero provides a condition on A.
Following the gauge fixing procedure, we now define Dirac brackets. In general, the Dirac
bracket for two functions f and g of the phase space variables is defined as:

{f.9yp = {f, 9} —{f. ®m} (M) {@4, g}, (7.61)

where ®,,, are the constraints, and the antisymmetric matrix M is defined as:
My = { P, Pn}. (7.62)

Notice that the invertibility of this matrix depends upon the set of constraints ®,,, being second
class with each other.

We can set the Gauss constraint and the gauge condition C1 strongly to zero, so long as we
use Dirac brackets instead of Poisson brackets. In doing so, the gauge-fixed variable Ay and its
complex conjugate e, become non-dynamical, and we can eliminate them from the Hamiltonian
since they are now fixed in terms of z, a and the remaining field variables A,, eg through the
Gauss constraint and the gauge condition. The matrix M is easily inverted, and one can check
that for the remaining phase space variables, the Dirac brackets are equivalent to Poisson
brackets.

We have now partially fixed our gauge and can continue using Poisson brackets in our
analysis. The Gauss constraint has been eliminated and the Hamiltonian is given by:

Hyr = ayipy — F(N). (7.63)

We fix the remaining degrees of freedom with the condition:
Co:=ep—a(dpz)a . (7.64)

This is second class with the flatness constraint:
{(cg)g, /E NIFI } — i ((%Nj —i—ejklA’gNl). (7.65)
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The same procedure as above involving Dirac brackets can be applied again, so that we can
set (C2)" and F' strongly to zero to eliminate the remaining degrees of freedom in the field
variables.

Preserving this constraint dynamically provides a condition on the Lagrange multiplier INV.
Using the partially fixed Hamiltonian, the condition is:

{Ca, pr} = 0pN + [Ap, N] = 0. (7.66)
The second gauge choice removes the flatness constraint and reduces the Hamiltonian to:

Hp = Zavwv (767)

The connection A and frame-field e are now completely determined by the constraints and the
gauge choices . The topological degrees of freedom associated with the particles are
contained within the parameters P, defining the a-fields in . Notice the Hamiltonian has
support at the particles so we expect some non-trivial action at these locations.

The gauge fixing procedure places conditions on the Lagrange multipliers, and we now
present a solution which satisfies these conditions. We found above that IN must satisfy ,
while also satisfying at the particle boundaries:

N(z) = —ayuy Va € B,. (7.68)
A solution for the Lagrange multiplier within each region r is given by:
N,(z) = ar(0)Ni(p)ar(8) 7", rer, (7.69)

where N, (p) is a function of p only. Recall that the two particles v,V associated to a region sit
at p, and p, respectively, where p, < py, and p, is an intermediate value defining a line from
the node n to the midpoint of the edge between v and v'. We define at each particle boundary:

Nr(p\,) = —OyUy b, Nr(pvl) = Q' Uy b, (770)

where b (resp. b') is the intersection between the § = 1 line and B, (resp. B,/). To specify this
function over the values of p ranging between the particles, we again use a bump function, this
time taking p as an argument. The function f(p) is normalized so that:

/p f(p)dp =

and goes smoothly to zero in the limits p — py, p — pvw and p — pn. Using a vector ¢ :=
2 x 9 = a,7"a, ! that is normal to the region and define:

Pn
Flp)dp =1, (7.71)
Py

A, p o -
(_avuv,b - t) f(P)dﬂa Pn < p < py
Ni(p) =i+ po (7.72)

o [P
(_av’uv’,b’ - t)/ f(p)dp7 Pv’ < P < Pn
p
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Values of this function vary smoothly from —ay u,/ p to t to —oy Uy as one travels from B/
to the line p = p, and then to B,. With this definition, the Lagrange multiplier in the region
N, = a,N,ar_l satisfies the boundary conditions at B, and B,,. Moreover, one can check that
this definition yields a smooth function defined piecewise over the triangle N, = U,c.IN, and
also over all of ¥ with the piecewise definition N = | cex: Ne. As for o, we shall fix this below
once we have the equations of motion.

The other Lagrange multiplier A must satisfy the condition for all x € X. Any
function of the form aAa™! for constant A € su(2) will do the trick, but for concreteness we
choose:

A= UrarTOar_l = U, t,. (7.73)

We now summarize what we have accomplished with this gauge fixing procedure. We have
triangulated X by placing particles at the vertices v € I'* of the zero-skeleton for a cellular space
A, and have specified the frame-field and connection everywhere on ¥ by giving a definition
in each section s, region r, and triangle ¢. The fields are specified in terms of an su(2)-valued
coordinate function z(z) and an SU(2)-valued field a(z) according to ([7.38)), given by a choice of
bump function f, and rotation parameter P, for each region. The solutions are glued together
along each edge e of the triangulation by a constant h. and the rule , as well as an
additional gluing rule for the coordinate functions between sections. In addition, we
have given solutions for the Lagrange multipliers which satisfy the conditions resulting from
the gauge choice . The gauge fix depends on the choices of cellular space A, and
the bump functions f, and rotation parameters P, in each region. This amounts to choosing a
specific point (A, €) in the constrained subspace

Cr- ={(A,e) € P | Fr-[N] = G[A] = 0}. (7.74)

This constrained subspace contains all of the physical degrees of freedom associated to the
particles.

7.3 Particle degrees of freedom

Now that we have fixed a gauge and reduced the Hamiltonian, the only remaining degrees of
freedom in the phase space are the topological degrees of freedom associated to the particles.
But how can we extract this information from the fields (A, &)?

Let us first consider how to define the particle positions. In a general relativistic theory, one
cannot say anything about position without specifying a frame of reference. We are working
within a spatial hypersurface defined as a triangulation, where each triangle possesses its own
coordinate function. We can use each triangle ¢, or more specifically each centroid n., as a
point of reference for defining the location of the vertices v € dc. Since we have smeared the
particle boundary, we must choose a point on B, at which to define the position. Taking this
point b to be at the intersection of the boundary B, and the § = 1 line, we define the position
in the frame of ¢ as:

q = / hleh, = / dz = z(b) — z(n.), (7.75)
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where 7 is a path from the centroid to the vertex, and h, = a_!. Using the gluing rules, one
finds for neighbouring cells ¢ and ¢ that:

@5 = hqhee (7.76)

Next we turn to the momentum. We want something defined in terms of the connection so
that it has a non-trivial Poisson bracket with gS. The obvious choice is the holonomy around
the particle:

pC = hp,, = eXp A € SU(2), (7.77)
By,b

where we have chosen b as the base-point of the loop B,. Momenta of neighbouring cells are
related by:

p\c// = hc_c}pshcc’- (778)

Only the orientation of momentum is affected by these rules, so that the particle masses are
the same as seen from any cell:

T (&
my = 2cos ! r(QPV), (7.79)

as they should be.
The Poisson algebra of these relative position and momentum variables is given by:

{a¢,q5} = {pS,po} =0, {(@)', pS} = —T'PZow, (7.80)

where we used (7.78) to calculate the last bracketﬂ The variables (g¢, pS) modulo the equiva-
lence relations in ([7.76} [7.78) parameterize the reduced phase space:

Pl =P ) (Fr- x G), (7.81)

where I'* is the zero-skeleton of the cellular space. They provide a position and momentum for
each particle v, in the frame associated to each cell ¢ which contains v.
In terms of this phase space, the reduced Hamiltonian is given by:

Tr(py
H = Zavwv, hy = 2cos r(2pﬁ — My. (7.82)

This has support on each particle boundary, and we anticipate that it will generate dynamics
at the vertices of the triangulation.

SIn defining the last bracket, we also need a precise definition of the Poisson bracket {e(z), ks, ,»} when x is
at the base-point (both the start and end of the loop). Here we define this intersection to be at the start of the
loop. See equation (A.22) and the footnote which follows this equation for details.
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7.4 Dynamics in the triangulation

The first step in the study of dynamics is to define initial data. It should be clear from the
discussion so far that one cannot assign a position and momentum (qy,py) to each particle
without specifying a frame of reference. In our approach, the particle degrees of freedom are
defined from the connection and frame-field, and if we specify these fields (A, €), the particle
degrees of freedom can be extracted as a pair (g¢, pS) for each particle as seen from each cell. In
order to define the cellular space A upon which the fields are defined, we need to give a set of
triangles with adjacency relations that yield a closed manifold that is topologically equivalent
to a polyhedron. Within each cell, we can assign a cartesian coordinate system as used above,
so that we have the gluing maps s.».. Within each region of a cell, we give a rotation parameter
P, and a bump function f, which gives the rotation function a, as in , and also the gluing
elements between cells. With the rotation functions, we can define the coordinate function in
each section zs. With a, in each region and zs in each section, we can piece together a pair
(2, ac) for each cell, which in turn provides a definition of (A, €) over all of ¥.. Once we have
the overall geometry, the particle degrees of freedom are given by the definitions in the previous
section.

The geometry to keep in mind is that of a set of ‘covariant triangles’ (i.e. with non-
zero connections) glued together along common edges. The dynamics will be manifest in the
motion of the vertices, with the equations of motion being generated by the Hamiltonian ((7.82)).
Evidently, the momenta are constants of motion:

p; = {p, H} = 0. (7.83)

For the positions we calculate:

{@)"H} = {(¢)" avthy}
= (), Te(pS)}

in
sin 75

a .
- sinV% Tr (Tlps)

(@) = av(u)". (7.84)

where (u¢)? is the rotation axis associated to pC. Notice that ¢¢ = IN,(b), so that these
equations fit with the idea that IN tells us where points on the spatial hypersurface flow under
time evolution.

The fact that particles have constant momentum imposes a restriction on the choices for
each a,. The spatial hypersurface is described as a triangulation with particles at the vertices,
and in order for this to stay consistent dynamically, the vertices most move along with the
particles according to the equations of motion. The gluing rules ensure that this dynamics is
consistent for all cells which share a vertex. One issue that could spoil this picture is if the
vertices in any given triangle evolve such that the triangle becomes inverted. We can avoid this
by choosing:

oy = (ul-t)7, (7.85)



which normalizes the velocity q¢ -t = 1 of each vertex v € dc in the direction perpendicular
to the triangle. Since the rotation axes u¢ and basis vectors £ each satisfy a gluing rule, this
choice is made consistently around each vertex and normalizes q¢ -t = 1 for each particle in the
frame of each cell.

Given that the vertices of the triangulation are moving, how can we describe what is hap-
pening to the fields? The dynamics is a time dependant diffeomorphism ®;(I'*) of the vertices
v € I'*) and defining the edges of A as straight edges between the vertices, we can extend
this diffeomorphism to act on the cellular space ®;(A). We defined our initial data in terms
of fields (A, &) using a gauge fix that depends upon an initial triangulation Ag, as well as a
choice of bump functions f, and rotation parameters P,. Once these choices are made, we have
a prescription for choosing a unique pair of fields (A, &). The dynamics changes the triangula-
tion Ag — Ay = 4(Ag), leaving the bump functions and rotation parameters unchanged. For
any initial data (Ao, fr, Py) defining (qy,py), the dynamics U(t) depends upon the gauge fix
prescribed by a time-dependant triangulation A;:

U(t) Cr~ — Cq)t(r‘*)
~ AO — @é(Ao), (786)
(A(z,0), e(x,0)) +— (Alz,1),e(z,1))
Because we are using the gauge-fixed Hamiltonian Hpr with the constraints set strongly to
zero, we have obtained a definition of dynamics between constrained phase spaces. With this

definition, we can find a geometry (A(x,t), é(z,t)) at any time ¢ according to the cellular space
Ay

7.4.1 Discrete transitions in the triangulation

We have a nice geometrical picture of particle dynamics within R x 3. Each cell of the space
A is a triangle with dynamical vertices, and the geometry (A, &) comes along for the ride. The
question then is, what happens when a vertex meets an edge? This will bring a change in the
triangulation, and we need to find a way to do this that is consistent with the particle data.
This is a discrete transition that will affect only some of the triangles. We need the particle
masses to be maintained in the transition, and we would like the particle data (g¢, pS) in the
unaffected triangles to be invariant under the transition so that they do not see any change.
There is a consistent set of transition rules that provides this for us.

Consider the setup depicted in fig. where the particle v has a momentum p? directed
toward the edge e. When the particle reaches the edge, we define a discrete change in the
triangulation as follows. The cell A is removed from the triangulation, while the cell B is split
into two along a new edge eq/ps, i.e. we have a bistellar flip. After the transition, we must
define new rotation fields within the cells A’ and B’ by an appropriate choice of the rotation

parameters P,. A consistent transition requires:
—Pl/ — e—Pl €P3€_P4, €_P2’ — e_P26P3e_P4 (787)

Py=Py=0, Py=P;, Py=DF, (7.88)

e

while none of the cells outside of these are affected by the transition. Within the new triangles
A’ and B’ we can then define the new coordinate and rotation functions, which in turn provide
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the frame-field and connection within these cells. The total number of triangles is preserved in
this transition, as is the total number of particle parameters (g¢, p$). In addition, one can check
that the relations continue to hold. After such a discrete transition, the particles
again evolve according to the continuous dynamics until one of the particles meets an edge.
The definition for dynamics can be generalized to include these discrete transitions, by

(a) Before (b) After

Figure 7.4: Before and after a discrete transition in the triangulation. This is known as a
bistellar flip. The centroids and the ‘flipped’ edge are labeled, and the numbers labels the six
regions of the two triangles.

allowing for these in the definition of the diffeomorphism ®; : Ag — Ag.

Let us now check that our definition provides a consistent dynamics. This transition results
in a redefinition for six pairs (¢, p¢) — (qC,pC ), since these positions and momenta are now
defined within new reference frames. Notice that this preserves the dimension of the phase
space. We know that dynamics is a canonical transformation, and one can check that the
Poisson algebra is preserved. As an example, let us check the Poisson bracket for one of the
new pairs. The transition rules are such that:

a)t =hvalthan,  pl =hplthaa, (7.89)

where h4s is the holonomy from n4 to ny at the instant of the transition. Evaluating the
Poisson bracket between these new variables using the Poisson bracket for the old ones, we find:

{@".p} = Rras)i {(@), h3lypithan)
= _R(hAA’)é‘hZ,lqlijClhAA’

= 7'}, (7.90)
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where we used that R(ha A/)g-Tj =hy A/T"hgi, (acting inversely on the basis). We see that the
Poisson algebra is indeed preserved with these rules.

7.4.2 Scattering

Scattering in three-dimensional gravity depends upon the choice of geometry [911, 92 [93]. There
is freedom in choosing a geometry (A, e) to represent the topology, and different choices lead
to different trajectories. Take for example a single particle with mass (deficit angle) m, at
rest in R%. In polar coordinates this can be described by a connection A = —79%d¢ where
0 < ¢ < 27 —m, or alternatively by the connection A’ = —7°(1 —m/27)d¢’ where 0 < ¢/ < 27.
The first connection A is for the geometry of a plane with a wedge cut out, while the second
connection A’ is for the geometry of a cone; both of these correspond to a topological cone.

The geometry described by Deser, Jackiw and 't Hooft in [83] is that of a flat space with
wedges cut out. Both sides of each wedge are identified, which leads to a metric that is multi-
valued along the tails. When one particle passes another, it is deflected if it crosses the tail, or
not if it does not cross the tail. Note that the choice of where to make the cuts is arbitrary,
so that the dynamics depends upon these ambiguous choices. There is no well-defined centre
of mass frame as used for conventional scattering, and we are stuck with this sort of gauge
dependence of particle trajectories. We note that it is possible to find geometries with trajec-
tories that do not depend upon such choices. For instance, one can constrain the asymptotic
motion of the particles by requiring the metric to be smooth and invertible outside of the par-
ticle locations [91]. This allows for an unambiguous perturbative solution of scattering up to
second order in the mass parameters. Alternatively, the authors of [92] use a non-trivial map
from the multi-valued flat metric to a single-valued metric which allows for a non-perturbative
description of scattering.

In this paper, we have developed a specific choice of geometry that provides a clear picture
in terms of evolving triangulations of S?. This setting is not appropriate for discussing the
asymptotic trajectories of particles, so we cannot use this to formulate scattering in the con-
ventional sense. However, a gauge-invariant description is possible in terms of so called particle
exchanges, the action of the braid group on holonomies around the particles [91] [94].

Let us consider such an exchange between two particles vi,ve. We fix a base-point b and
choose two particle holonomies, i.e. holonomies defined on loops 71,72 which go around the
corresponding particle and only that particle. The action of the braid group is to wind these
holonomies around each other. Following [91], we define a particle exchange operator 012 which
acts on the tensor space Vi ® Vo of SU(2) holonomies of the two particles. The action of a
particle exchange is given by:

. hl — hl
0192 - { h2 N h1h2h1_1 (791)

The full monodromy of particle vo around particle vi is gauge-invariant. This is given by the
action of 019091, i.e. braiding twice.

This picture generalizes to any braiding of an arbitrary number |va| of particle holonomies
h.,. For a fixed base-point, we can define exchange operators o; ;1 for ¢ = 1,...,V — 1 which
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act on the tensor space V) ® --- ® Vi of particle holonomies to generate the braid group By .
The braid group provides a useful tool for understanding the Jones polynomial of knot theory
[05] and plays an important role in the quantization of three-dimensional gravity with point
sources (see the papers by Freidel and Louapre listed in [78]). In this classical setting, the
discrete changes in triangulation described above can be written in terms of the action of
generators o0; ;41 on particle holonomies. One can check this by choosing a base point and
writing the holonomies around particles in terms of the rotation functions a, associated to
regions. As particles move, one finds that these holonomies can change under the discrete
changes of triangulation according to the braiding action given above. Note that whether or
not a single braid appears during a discrete transition depends upon the choice of base-point.
Only once a particle has gone completely around the other do we get a result that does not
depend upon the choice of base-point.

This concludes our analysis within the picture of the triangulation. We have given the
particle data in terms of a position and momentum (q¢, p¢) for each particle in the frame of
each cell that contains the particle. Masses are found from the norm m, = |py|. Dynamics lead
to motion of the vertices which causes the triangles to change shape. It may happen that a
vertex reaches an edge and collapses a triangle and splitting another into two. A description
of trajectories depends upon how one chooses the triangulation and fields (A, &), but a gauge
invariant description of scattering is provided by the braid group. Remarkably, all of this can
be described equivalently in terms of holonomy-flux data on a graph. Let us see how this works.

7.5 Point particles in the loop gravity phase space

Point particles in 3d gravity make a nice model for this thesis since they permit a description
in terms of spatial geometries that are the 2d analog of spinning geometries. This allows us to
use the isomorphism between the continuous phase space, reduced by the flatness and Gauss
constraints, and the gauge-invariant loop gravity phase space. The flatness constraint was
imposed everywhere except a set of points v € I'*, which is the zero-dimensional analog of
the one-skeleton used in chapter 4. Within this space then, we can embed a graph I' that is
dual to I'*, and use this to map to an isomorphic phase space PFG that is parameterized by the
holonomies and fluxes associated to the graph I'. This provides insight into how we can describe
four-dimensional gravity in these phase spaces. In this model we can look at how to embed a
graph and which truncations are suitable for given data, and we can see what a gravitational
dynamics looks like in terms of holonomies and fluxes. We have already seen a bistellar flip
within the continuous picture of dynamics, and we can expect this to have implications on
graph-changes in the discrete picture.

Let us now choose a suitable graph and embed it within the cellular space. As hinted at by
the notation, we place a node n at the centroid of each triangle, and choose the links £ between
these nodes so that there is one link in the graph intersecting each link in the triangulation.
See fig. for an illustration.

Now, with the graph and the fields (A, €) defined in the dual cellular space, we can map to
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Figure 7.5: Neighbourhood of a triangulation. Edges (black lines) and vertices (open black
circles) of a triangulation are shown, together with a dual embedded graph I' consisting of
links (blue curves) and nodes (filled blue circles). The vertices of the triangulation compose a
one-skeleton I'* that is dual to the graph I'.

the holonomies and fluxes. For a link . from the node n. to ns we have the holonomy:
hew = eXP A=atay =ePre (7.92)
Loot

where the regions r € ¢ and r’ € ¢ are on either side of the edge, and the rotation functions are
evaluated at the edge. The holonomy for the reversed link EC_C} = lu. is given by the inverse:

hee =h_;. (7.93)

For the fluxes, we require a little more care in handling the smeared particle boundaries.
Consider two vertices v and v/ with an edge e, between them, and let us take the associated
boundaries B, (¢) and B,/(g) to have a finite radius e. We define the flux associate to the link
l. to include integrals over portions of the boundaries in addition to the integral over the edge:

X (€) —/ hﬂehﬂl—i-/ hﬂehﬂl—i—/ hreh !, (7.94)
By (e)Nr €0l B, (e)Nr

cc

where 7 is a path from n. to the point of integration, and the edge e.~ is given by the § = 0
line of the region r. With this definition, the fluxes satisfy the closure constraint (Gauss law):

Z X, =0, (7.95)
£edce

since this is the integral around a closed loop. In the limit that ¢ — 0, each boundary shrinks
to a point and the frame-fields satisfy (B,)%e, = 0 so that the flux becomes:

X = h7r6h7_r1 = / dz‘ = L.y, (7'96)
€o!

cc €cc!
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which is the length of the edge L.~ in the direction ¢ from one vertex to the other. Notice the
2d flux is the relative distance vector from one particle to the other. They satisfy the gluing
relation:

Xy = — / Az = ~h_} Xewhee. (7.97)

€c/c

The definitions (7.92] [7.94) provide a map from the constrained space to the discrete phase
space:

Ip : CF* — Pp
(AL E) — (hny Xa), (7.98)
where the fields (A, F) are determined by the bump functions f, and rotation parameters P,
on a cellular space A. If we retain Ehis information, we have the inverse map from the discrete
data back to the pair of fields (A, F') in the constrained subspace:

Trsp: Pr — Cr-

(hn Xn) — (AE). (7.99)

In other words, knowing (T, f,, P;) allows us to find a gauge choice such that 7r s pZr =
IrTr s.p = 1.
Recall that these variables satisfy the Poisson algebra:

{he,ho} =0, {X[ ho} = —m'hebpr,  {X}, X} = TR X[op. (7.100)

each equivalence class of holonomy-flux data under SU(2)-gauge transformations defines a point
in the gauge-invariant phase space PFG . The phase space PFG is isomorphic to the reduced
continuous phase space 7319*, and contains all of the position and momenta information of the
particles. We commented above that there are different choices of triangulations for a set of
points I'*, and that these choices are related by bistellar flips. Each choice of triangulation leads
to a different embedded graph, and these different graphs are related by two-to-two Pachner
moves. What these choices amount to are different fields (A, €) on the continuous side, or
different sets of (hy, X;) on the discrete side. These are gauge choices since any choice yields
the same physical results.

The Hamiltonian H was reduced according to our gauge choice, and this is a good gauge
choice since Hp is easily written in terms of holonomies in PFG . Consider a vertex at the
intersection of m cells ¢, - - - , ¢;,. Since the connection is flat everywhere outside of the vertex,
we can expand the loop B, — do, to one that runs along embedded links to take a path between
nodes ny, - -+, Ny, Ny, which defines a loop around the cone o,. We then have that:

hao,ni = heiey -+ Regen (7.101)

With this equation we have for the Wilson loop around the particle at v:

W, = Tr([] ko), (7.102)

EGOV
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where the product is ordered counterclockwise around v, and the choice of base-point is washed
out in trace so we need not specify it. Having the Wilson loops in terms of hy, we have also the
mass shell constraints and the Hamiltonian in terms of these variables:
1 WA
Hp = Zvjavwv, dy = 2c057 T — . (7.103)

Each constraint 1, tells us the mass of particle v in terms of the holonomies hy. The question
now is: What evolution does this Hamiltonian generate on the graph data?

7.6 Dynamics on the graph

Let us define a set of initial data for the dynamics in the loop gravity picture. We first require
an initial triangulation >, so that we can define the dual embedded graph. Alternatively, we
could take an unknotted graph and from this define the triangulation that it is dual t(ﬂ Now,
upon each link of the embedded graph, we choose a consistent set of holonomies and fluxes that
satisfy the relations between cells and the closure constraint . This is our
initial data.

The holonomies are constants of motion since:

hy = {hy, Hp} = 0. (7.104)

The interesting dynamics is on the fluxes. These represent the edge vectors of the triangulation,
and changes in the flux correspond to changes in the triangulation. The Hamiltonian is written
in terms of a holonomy hgo, n for each particle v, around the boundary of its cone o,. Where
m cells meet at a particle, let us label the cells such that the loop starts at the node ny as in
(7.101}). From the holonomy-flux Poisson algebra, we have for any cells ¢ and ¢+ 1 in the loop
Ooy:

{Xeer1: W} = {X0ei1, Tr hooyn, }
= Tr (h12 cee hc—l,c(_Ti)hc,c—&-l s hml)
= —TIr hrlﬂov,ncl
S sin(%) (ue)’ (7.105)
while the bracket vanishes if the link £. .41 is not part of the loop do,. Recall that (u\‘j)l is a

unit vector in the direction of particle momentum in the cell ¢. Using this bracket we can find
the equation of motion for the flux associated to the edge between two vertices v and v':

) . W,
{Xé,c—l—laHR} = { é,c—&—lazan COS_l 2\/}
v

—Q . O’ .
= Sin% {Xeern Wo} + @ {Xecrt W}
= ay (U8 —ay (us)", (7.106)

"Note however that in 4d gravity where the spatial topology is S°, an arbitrary graph generally becomes
knotted when embedded, so that one should take the cellular space as fundamental.
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where the «, are normalization constants given by . A flux is the relative distance
between two vertices, and as one might expect, the equation of motion is the difference between
the equations of motion for the endpoints.

The picture of dynamics here appears here as a time dependant triangulation A; within
which the graph I' has been embedded. Given some initial triangulation Ay, the triangulation
at some later time is given by a diffeomorphism A; = ®;(Ap). As we did for the continuous
fields, we can again rely on the evolution of the triangulation to help us define a dynamics
for the variables (hy, Xy). Each set of three fluxes X, for all £ 5 n at the intersection of a
common node define a triangle, and the equations of motion define how this cell evolves via
®,. Now, we have not (yet) defined the graph to be dynamical, which means that the evolution
of A; immediately moves nodes off of the centroids. If the graph does not evolve with the
triangulation, this will eventually result in nodes of I' crossing edges of A, and links of T" losing
their one-to-one correspondence with edges of A;. What we need is dynamical embedding that
preserves the duality between I' and A;. Given some initial holonomy-flux data on a I'g that
is dual to Ay with a node at each centroid, we use the flux equations of motion to find the
triangulation A; at time ¢, and choose the dual graph with a node at the new location of each
centroid I'y = ®4(Tg). In this way, the loop gravity dynamics Uprv(t) appears as a dynamical
embedding of a graph within a dynamical triangulation.

Ut
Cr= ®) Cr+
Tr T
Urr/ (t
Pr Urr (), Pr

where U (t) was defined above for the fields on the triangulation in (7.86]). If we know the bump
functions and rotation parameters on the triangulation, we can invert the maps Z to define the
dynamics between graph phase spaces::

UFF/(t) = I[‘/ U(t) 7}7fr7R' (7107)

With this definition, the discrete dynamics agrees precisely with the continuous picture in the
triangulation. As we shall soon see, we can also incorporate the discrete transitions associated
to graph changes.

7.6.1 Discrete transitions of the graph

When we looked at the dynamics of the triangulation, we found that a bistellar flip occurs
whenever a vertex moved onto an edge. In terms of fluxes, this happens whenever the fluxes
associated to a single node become parallel ([ X, X/] = 0). We need to find the corresponding
rules which describe this transition in terms of Plg phase spaces. These follow directly from
the definitions we gave for the triangulation.

A bistellar flip in the triangulation corresponds to a two-to-two Pachner move on dual the
graph. Consider the holonomies as labeled in fig. under the transition that occurs when
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(a) Before (b) After

Figure 7.6: Before and after a discrete transition in the graph known as a two-to-two Pachner
move. The links are each labeled with a number.

triangle (X7, X5 1. X3) become parallel. This is dual to the transition shown in 1) that we
discussed above for the triangulation. In order for a consistent duality between the pictures we
have for the holonomies that:

hy = h3'hy, hy = hahs, hy =1, hy = hu, hs = hs. (7.108)

This definition preserves the holonomies around particles hgo, n. for each node except the two
which are attached to ¢3. These nodes are replaced by new nodes that are dual to the new
triangles. For the fluxes we have:

Xy = h3' X1hs, X, =h3' X5 hs, Xy = Xy, Xy = Xs. (7.109)
In order to determine X3 we use the closure constraint, taking orientations into account:
Xy =-X,'— X' =-hy' X, hg — X5 (7.110)

One can check that all of the relationships remain consistent under this transition.

This transition takes us from the phase space associated to the graph I', to a different phase
space associated to a new graph I'. However, the number of degrees of freedom are preserved,
and this transition is a canonical transformation. We can check to see that the new variables
satisfy the Poisson algebra of T*(SU(2)). Let us check explicitly for hy, and X7/ as an example.
We have trivially that:

{hy,h1y} = 0. (7.111)
For the fluxes we find:

{X1, X1} = {h3'Xihs, hy' X1hs}
= h3'[X1, X1)hs
(X1, Xv/], (7.112)
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as desired, and the final bracket also checks out:

{Xi b} = Rha){ X 05"}
e —R(hg)}hgl’rjhl
= —7'hy'h

= —7'hy (7.113)

Note that the holonomy hg is not given in terms of holonomies on the ‘before’ graph, but has
been assigned to the identity. Because of this, we cannot use the ‘before’ Poisson brackets to
define the ‘after’ Poisson brackets for this link. We must assign the T * (SU(2)) algebra to
the variables on link £3/ in order to be consistent with the mapping from the continuous fields
(A,e). With this definition, we then have that this transition is a canonical transformation
between the variables in PS, to the variables parameterizing Pﬁ on a new graph.

In the loop gravity picture, we see dynamics in terms of changes in the flux associated to the
relative distances between particles. This is not amenable to a description of particle scattering
in terms of trajectories. However, the action of the braid group is easily given in terms of the
holonomies hy associated to the links on the graph, so the discussion of braiding given above
for the continuous phase space applies here as well.

We have found a dynamics in terms of holonomies and fluxes on a graph I'; that is consistent
with the evolution of the dual triangulation ¥;. We define the graph I'; according to a dynamical
embedding which keeps nodes of the graph on top of centroids in ¥; and preserves the duality
between them. The flux dynamics dictate how the triangulation moves, and tells us how the
graph changes when a triangle in the dual collapses. This causes a change of phase space at
the instant of the transition, as the change in the triangulation tells us how the graph changes
'y — T}. These discrete changes are two-to-two Pachner moves which preserve the number
of links on the graph, and therefore also preserves the dimension of the phase space. This
is expected since the only degrees of freedom in the system are the singular configurations of
the gravitational field (i.e. particle degrees of freedom), and if the number of particles do not
change than the dimension of phase space should not change either.

7.7 Conclusion

Point particles in 241 dimensional Riemannian gravity make a nice test theory for loop classical
gravity. This chapter serves an example for what we have accomplished, and would like to
accomplish, within a 341 dimensional theory of pure gravity. The continuous phase space
is given by a connection and frame-field (A,e) € P, each taking values in su(2). There is
a flatness constraint that arises naturally from the Hamiltonian decomposition of the action,
which restricts the curvature F(A)(z) = 0 for all x # I'"*. Point particles reside at the locations
v € I'* where curvature is supported. In addition to the flatness constraint, there is a Gauss
constraint, which on the 2d hypersurface is equivalent to a zero-torsion condition. We showed
explicitly the gauge fixing procedure of Dirac, which selects a representative geometry (A, &)
that obeys the constraints, and allows us to solve for the Lagrange multipliers. The geometry

141



defined by the gauge choice is the 2d analog of spinning geometries, which also have F(A) =
dse = 0 everywhere within the cells.

After the gauge-fixing procedure, we are left with a reduced Hamiltonian given by a sum
of mass shell constraints, determined by holonomies around the particles. The reduced Hamil-
tonian can be written in terms of a position and momentum (g, pS) for each vertex v and
each frame ¢ which contains the vertex, modulo identifications for the various cells intersecting
at a single vertex. This allows us to describe the dynamics in terms of an evolving triangu-
lation, where the fields (A, &) move along with triangulation. We are able to define how the
geometry changes even under bistellar flips in the triangulation. On the other hand, we used
the isomorphism between PIQ and the reduced phase space PFG* to study this in terms of the
holonomies and fluxes on a graph. We were able to use the holonomy-flux equations of motion
to define the evolution of the triangulation, and keeping this dual picture in mind allowed us to
define a dynamical embedding of the graph I';. This allowed us to define discrete transitions on
the graph, and using the dynamical triangulation we developed the loop gravity dynamics to
correspond exactly with the continuous picture. The result is a theory in terms of holonomies
and fluxes on a graph, that agrees with the continuous evolution of a finite number of degrees
of freedom, and is well-suited for quantization via loop quantum gravity techniques. This is
what we would like to accomplish in the full theory of gravity. A discussion of which aspects
we expect to carry over will be given in the next and final chapter.
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Chapter 8

Summary

The quantization of gravity has proven to be a formidable task as we have been working on
this problem now for nearly a century. Early attempts along the lines of canonical quantization
were pursued by Bergmann, Dirac and others. A key challenge facing this approach was the
development of a Hamiltonian theory for gravity, and time is not easily separated from space in
general relativity. It was a great success when Arnowitt, Deser and Misner managed this feat in
the late fifties, painting gravity in terms of a spatial geometry ¢, and its conjugate momentum
7% (closely linked with extrinsic curvature) evolving in time, This presented the opportunity
to apply a canonical quantization to gravity. Wheeler and DeWitt developed a formal equation
for the dynamics of quantum gravity, but unfortunately in terms of (qqp, 7%°) this equation is
intractable and little progress was made toward finding solutions.

New life was breathed into the canonical approach when Ashtekar introduced new variables
for gravity in 1986. This cast general relativity as a Yang-Mills type gauge theory written in
terms of a connection A and an electric field E. This allowed for kinematical solutions in terms
of Wilson loops, and ‘loop’ quantum gravity was born. In the years since, loop quantum gravity
has made many advances toward the quantization of gravity and stands as one of the leading
candidates for a consistent theory. Yet, difficult problems remain. Perhaps the most challenging
of these is to formulate a dynamics and prove that it is consistent with general relativity in the
appropriate limits.

The continuous, kinematical Hilbert space of loop quantum gravity is built upon a pro-
jective family of spaces Hr, each associated to a different graph I' that is embedded within
a spatial geometry. The key idea behind this thesis is that there are two steps in getting to
the quantum theory from the classical one: first, the embedded graphs are used to define one-
and two-dimensional surfaces upon which the continuous phase space variables (A, E) € P are
integrated, giving a holonomy and a flux (hy, X¢) € Pr for each link ¢ € T'; second, this phase
space Pr is quantized to yield a finite-dimensional Hilbert space Hr. Little is known about the
intermediate, classical theory suggested by the Pr phase spaces, and learning more about this
classical side of loop gravity would be a great help for developing the quantum theory. The
previous sentence is our motivation.

Similarly to the continuous Hilbert space structure, a continuous phase space is obtained by
taking the projective limit of graph phase spaces Pr. We want to find a way to describe gravity
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in terms of holonomies and fluxes in the projective family of phase spaces associated to graphs.
We want to know what kind of continuous geometry can be described by the holonomy-flux data
on a graph. We want to use this geometrical description as a bridge to general relativity, and
rely on this relationship to develop a classical dynamics for gravity in terms of the projective
family of Pr phase spaces. If this can be achieved, then we will have a theory of gravity
based upon a collection of finite-dimensional phase spaces, perfectly suited for quantization by
the well-established methods of loop quantum gravity. And moreover, this theory would be
consistent with general relativity by construction.

8.1 What we have accomplished

We began from the Einstein action, first reviewing the ADM formalism in order to set up a
canonical transformation to the Ashtekar variables, demonstrating the connection between these
two canonical descriptions of gravity. We defined the basic elements of loop quantum gravity,
and then took a step back to introduce the classical phase space structure which underlies the
Hilbert space operators and states.

With the basic framework established, we used a graph embedded within a dual cellular
space to develop the connection between the kinematics of loop gravity and the kinematics of
general relativity. We were able to find a symplectic reduction of the continuous phase space
P by a family of flatness constraints JFp+ permitting curvature only on the one-skeleton I'*
of a cellular space, and a Gauss constraint imposed everywhere except the nodes of the dual
embedded graph I'. The reduced phase space Pr r+ was shown to be symplectomorphic to the
discrete phase space Pr defined on the graph. What this result implies is that for any set of
holonomy-flux data on a graph I' representing a point in p € Pr, there exists an equivalence
class of continuous geometries defined by fields (A, E) which each map to the same point
p € Pr. Furthermore, the symplectomorphism applies also to the case where the continuous
Gauss constraint is imposed everywhere in the continuous geometry, and the discrete Gauss
constraint is imposed in the holonomy-flux phase space, i.e. 7319* = PFG .

We took special interest in a particular member of the equivalence class of geometries
associated to a point in the SU(2)-gauge invariant phase space 73191. This member is a spinning
geometry, defined such that the curvature F(A) and torsion d 4e both vanish within each cell,
and have support only on the edges of I'*. We found that the edge shapes are necessarily helices,
and that the holonomy-flux data serves to fix the helix parameters for each edge. Spinning
geometries have the desirable feature of simplifying the scalar constraint of the continuous
theory, causing it to vanish everywhere except the helical edges. Given a spinning geometry
as initial data, this implies that along a dual link ¢ the curvature will remain zero for a finite
time, and the holonomy along this link will remain constant for this timeﬂ The flux on a face
f of a spinning geometry is given entirely by the fields along the edges e € Jf, and having a
dynamics supported on these edges is much more simple than having to consider the evolution
of fields over the entire face. All of this suggests that the discrete dynamics can be formulated
by relying upon the continuous evolution of spinning geometries, helping us to find a dynamics

LA discrete graph change would be required once the curvature becomes non-zero somewhere on the link.
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for loop gravity that is consistent with that of general relativity.

In working within the projective family (recall the last paragraph of section 3.2, and see
[24]) of graph phase spaces, we need to understand how to formulate a dynamics between
different phase spaces Pr and P+ that may have different dimension, and how the dynamics on
these finite-dimensional, truncated phase spaces relates to the continuous evolution. There is a
geometrical description of phase spaces where dynamics is present as a class of subspaces within
a symplectic manifold. We used this picture to help us formulate a dynamics between truncated
phase spaces, and we demonstrated how this works on a simple model which mimics the case of
full gravity. The continuous model is that of a conjugate pair of fields (A, F) on the circle, and
the discrete picture is obtained by imposing that 0, A = 0 everywhere except a finite set of points
v € I'*. The reduced phase space Pp is parameterized by a pair (hp, X,) on a dual set of points
n € I' embedded between the points of I'*. To represent the discrete data in the continuous
theory, we found a good gauge choice of fields (A, E) which satisfy 9, A(z) = 0, E(x) = 0 for
all points 5 I'*. This allowed us to formulate a dynamics L{F/ between discrete phase spaces,
and we showed that the full continuous dynamics L; can be reconstructed from the truncated
dynamics, at least formally, owing to the fact that the continuous phase space is contained
within the projective limit limr_,, Pr. An interesting feature here was a preferred truncation.
The continuous dynamics is equivalent to a diffeomorphism ®; which shifts the points © — x+t.
Given initial data on I', our definition of dynamics is to map to fields (A(z,0), E(x,0)) and
evolve using the continuous Hamiltonian for a time ¢. At this time, one truncates down again to
a phase space Ppv, and if the shifted graph IV = ®,(T") is used, the truncation respects the profile
of the data (A(x,t), E(x,t)). This preferred truncation is the inverse of the gauge choice, so one
can repeatedly map back and forth between the discrete and continuous frameworks according
to this choice without disturbing the data.

There is a model of gravity which naturally possesses a curvature which is non-vanishing
only upon a discrete set of points I'* on a two-dimensional spatial hypersurface. This is the
case of point particles in 3d gravity, which we studied on hypersurfaces that are topologically
equivalent to S? with punctures, embedded within a Riemannian ‘spacetime’. The Riemannian
choice was made so that the relevant gauge group is SU(2) as in 4d Lorentzian gravity. This
system makes an ideal model for applying the entire program of loop classical gravity. We
began from an action and developed the classical Hamiltonian theory, showing that it can be
described by an evolving triangulation with particles residing at the vertices. It can happen that
a particle moves onto an edge so that one triangle disappears and another is split into two, a
process described by a bistellar flip. The underlying spatial manifold is the 2d analog of a regular
3d cellular space as we have defined it. Using this, we gave an explicit example of the mapping
between the continuous phase space (A, E) € PS. and the discrete phase space (hy, X;) € PS.
Relying on this correspondence allowed us to define a dynamics that is consistent with the
evolution of the triangulation. This requires us to use a dynamical embedding of the graph
where the nodes of the graph stay at the centroids of the triangles as the triangles change shape.
With this idea, we were able to define a discrete two-to-two transition of the graph that mirrors
the bistellar flip. Particle masses are determined by holonomies which loop around them, and
these are neatly described by the holonomies on a graph. The discrete transitions preserve the
number of particles, and maintain the dimension of the graph phase spaces, although the graph
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itself is changed. In this way we found a consistent transition between different phase spaces
of the projective family. It is exciting that we have been able to achieve a description of this
gravitational system using the loop gravity phase space. However, the jump up in dimension
to the 4d theory is likely to introduce some difficult new and difficult challenges.

8.2 What remains to be done

On the kinematical side, spinning geometries make a promising candidate for a continuous
representation of the discrete holonomy-flux data associated to a graph. We know that the
edges of these geometries are helices, and we have uncovered how to map to these helices
from the holonomies and fluxes. There is more work to be done here on how to consistently
glue together the cells of the spinning geometry. We need to know how the entire network
of helices in I'* is joined together, and we would like to have a better understanding of the
gluing maps between faces. However, since the fluxes in this gauge are determined entirely by
the edge geometry and the scalar constraint is supported only along these edges, perhaps an
existence proof for the face maps is sufficient since the faces do not play a role in determining
the holonomy-flux data or the dynamics.

In the point particle model, the masses are defined entirely by the holonomies on a graph.
What will the holonomies tell us in 4d gravity? There is a non-Abelian Stokes theorem [96]
which uses an ordered two-dimensional integral of the curvature, and relates it to the holonomy
around the boundary. Using this, the fundamental loops on a graph give us a number of
holonomies which will tell us about the curvature inside the loop. Perhaps this can lead to a
formulation of quasilocal energy in terms of the holonomy-flux data on a graph?

For the dynamics, we have identified two main challenges and proposed a program that is
capable of overcoming these hurdles. One issue is to find a suitable gauge choice which allows
us to derive a discrete generator of dynamics written in terms of holonomies and fluxes. The 1d
and 2d analogs of spinning geometries were applied within the models we studied to successfully
achieve this goal. Since the 3d scalar constraint is drastically simplified in the spinning geometry
gauge, this seems to be an achievable goal for (3+1)d gravity as well. In the models, we found
that dynamics was described by an evolution in the cell shapes. There is a good indication
that this feature will carry over into the 4d theory, since applying the spinning geometry gauge
choice to the continuous scalar constraint gives us holonomies as constants of motion, and fluxes
which evolve only at the edges. Now, in our simple models, we were able to find a preferred
truncation which preserved all of the information of the evolution so that nothing is lost in
the truncation. However, in 4d gravity the dynamics for one-dimensional defects will lead to a
dispersion of this curvature so that we do not expect a preferred truncation to exist. We will
need to find a way to describe the dynamics using multiple truncations, i.e. we will need to
understand how to use a collection <Ltrr/1 , LSFIQ, e ) to evolve the data on some initial graph I'.
We anticipate that having curvature localized around the edges will help make this a tractable
problem.

Another issue we face is how to evolve between phase spaces associated to different graphs
with generally different dimension, so that we can use the Lfrl for any initial I" and final TV to
reconstruct the full dynamics L; from a collection of truncated dynamics. We have provided a
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definition of this which applies also to the case of full gravity, and we showed that this works
on a simple 2d dimensional model. Since the continuous phase space is contained within the
projective limit of Pr phase spaces, this reconstruction appears to be possible. In the 3d model
of point particles, we encountered graph changes which occur whenever one of the triangular
cells in the dual collapsed to zero area. Graph changes are an expected feature of 4d gravity. It
seems reasonable that the dynamics of a spinning geometry will lead to situations where a face
collapses and changes the topology of the cells which share this face. We may also see that cells
collapse, and new cells must be created for consistency. These scenarios would lead to changes
of the graph, and we can rely on the geometrical picture to help us find a consistent set of rules
for how to change the graph and redefine the holonomies and fluxes.

We have established a solid foundation for the classical theory which underlies loop quantum
gravity, and learning more about this will give us insight into how to approach the difficulties
we face with dynamics in the quantum theory. Indeed, many of most difficult problems pertain
to the truncation rather than the quantization. Studying classical loop gravity is a ‘divide
and conquer’ approach, which allows us to tackle the truncation issues while setting aside the
quantization issues. The classical kinematics is becoming clear, and we have a program for the
dynamics with many hints that it can be applied to the full theory.

I find this approach to be the natural progression from general relativity toward the quantum
theory. The transition from the Ashtekar formulation to loop quantum gravity has perhaps been
too big of a jump, and the program we have begun to develop here aims to fill in the missing
steps. If general relativity can be described in terms of the projective family of phase spaces
Pr, then this would be an incredible result, not just for the loop community but for physics as
a whole. We would have a classical theory of gravity defined in finite-dimensional phase spaces,
and we already know how to quantize these! If a loop classical gravity that is consistent with
general relativity can be obtained, then several of the most challenging problems facing loop
quantum gravity would be addressed, and a fully consistent quantum theory of gravity may be
just around the corner.
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Appendix A

Appendix

A.1 Animation of 14+1 Dimensional Model

This appendix is an animation of the evolution of discrete h, data in the 141 dimensional model
discussed in chapter 6. The initial data is a Gaussian profile defined on a closed 1d lattice with
64 points. The animation was generated using Maple, and the file name is animation.gif.

If you accessed this thesis from a source other than the University of Waterloo, you may
not have access to this file. You may access it by searching for this thesis at http://uwspace.
uwaterloo.ca .

A.2 Holonomy around a particle

In this appendix we review some relevant properties of holonomies and derive an expression for
the holonomy around the particle boundary B, dropping the v subscript since we shall consider
only a single particle. Recall that a particle worldline in spacetime possesses a boundary which is
topologically equivalent to a cylinder; the boundary B as the intersection between this cylinder
and the spatial hypersurface X.

The geometric meaning associated to a holonomy h~ € SU(2) is the parallel transport of a
vector along a path in spacetime. Recall that an element & € su(2) is associated with a vector
through the identification £ = —2Tr(£7%). Under parallel transport along a curve +, the vector
transforms as:

& — hy&h ' (A1)

We may parameterize a path (that does not intersect itself) as (s), where s takes values
over the interval [0, 1]:

v:[0,1] — M
s = at(s) (A.2)

The beginning of the curve is v(0) and the end of the curve is 7(1). The holonomy along this
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path is defined as:

1
hlA] = & /0 dsy(s)“A(s)l, 7 = & / A

v
o0 1 51 Sp—1
= > [ [T [T dsAGE) AGED), ()
—0J0 0 0
where 4(s)* = % is a vector tangent to the curve. Under SU(2)-gauge transformations, the
holonomy transforms as:
hy = gw(O)hvg;(ll)v (A.4)

where g(z) € SU(2).

Path-ordering is required in the definition since the connection generally does not commute
with itself at different points, so two choices of path, say v and 7/, will generally lead to different
results (h, # h.) even if the endpoints remain the same (y(0) = +/(0) and (1) = 4/(1)).
However, when the curvature is zero (F(A) = 0) the holonomy depends upon its endpoints
only:

hy =hy = g'y(O)h’yg;(ll)a (A.5)

so long as v and 7/ are not closed loops, and are in the same homotopy class, i.e. one curve
can be deformed smoothly into the other without crossing any topological defects in M such as
particle worldlines.

Now that we have established the necessary properties of holonomies, let us look at the case
of a holonomy which follows a path around a particle. Consider a single particle with mass m
in the spacetime M, at rest at the origin of a cylindrical coordinate system (t,, ¢). The metric
for this spacetime is given by [83]:

ds? = d® + dr? + (1 — %)dgf)?. (A.6)

This can be related to (the Riemannian analog of) a Minkowski spacetime through the trans-
formation § = (1 — m/2mw)¢. While the coordinate ¢ has the identification ¢ = ¢ + 2, the
Minkowski coordinate has the identification § = 6 4+ 2r — m. This implies that a two-surface
which intersects the worldline transversely has the geometry of a cone with a deficit angle given
by the particle mass.

A frame—ﬁeldﬂ and connection describing the above metric is given by:

e = 7dt+ (cos T + sin q§7'2) dr +r <1 — %) (cos T2 — sin qul) do, (A.7)

1
2

A = —r0de = — = pdg. (A.8)
2

The particle is moving in the direction u = 7% and has a momentum of p = m7%. One can

check that these fields satisfy F' = G = 0, remembering that we have excised the particle world

'The metric is given in terms of the frame-field by eief,.
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linﬂ From now on, we take the path + to be a circular loop around the particle worldline at
some fixed values of r and ¢, with a base-point at b = v(0) = (1). The holonomy h.; is easy
to calculate since the frame field commutes with itself (making path-ordering irrelevant):

2m 1

hyp = exp —/ —pdep = e7P, (A.9)
0o 2

Here the result does not depend on the base-point, but we include it in the notation since the

general result will depend on b.

Since the connection is flat outside of the particle worldline, this result is the same for any
smooth deformation of v that leaves the base-point fixed. To find the holonomy around the
particle boundary, we define a path which begins at b, goes along a path 7 of constant ¢ until
it reaches the boundary at point ¥/, circles the boundary B once, then returns from b along 7
back to the base-point b. This path is a smooth deformation of v which leaves the endpoints
fixed, so we have:

By = ha(b, ) hg b (b, 6) 71 (A.10)

Since the connection does not depend on the radial coordinate we have h(b,b") = 1, and using
(A.9) we have the holonomy around the particle boundary:

hB,b’ =e P, (All)

We have so far considered a particle at rest in the frame defined by the 7! basis. We can
repeat the calculation for a particle traveling in an arbitrary timelikeﬂ direction by rotating the
direction vector u — @ = g7°g~! with an element g € SU(2). The connection and frame field
can then be written in terms of a new basis 7/ = gr'g~! as:

e = i+ (cos q;i'l + sin (57‘2> dr +r <1 — QB) (cos <z~57~'2 —sin &7‘1> d(ﬁ, (A.12)
T
m ~ 1 ~
A = ——7%¢=——pdo. A.13
57 A6 =—5_pdo (A.13)
The coordinate £ is associated to the @ direction, and (7, gz~§) are polar coordinates for any plane
running perpendicular to this. The holonomy associated to a circular loop 7 at fixed (Z,7) is
given by:

hoy=eP. (A.14)

We have defined our spatial hypersurfaces ¥ to be spanned by 7' and 72 in the definition of
the frame-field (A.7)), so the loop #4 is not contained within ¥, while the particle boundary
B € X. However, since the connection does not depend on the radial or time coordinates, we

2There is a delta function contribution to the curvature if we do not excise the worldline. See the second
reference listed in [7§].

3Nothing in the Riemannian theory is fixing the worldlines to be timelike, however, since the purpose here is
to mimic the Lorentzian case we shall adopt these notions.
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can deform the curve 4 while keeping b fixed in a similar manner as done above to find that
hB,l;’ = 6713 .

There is one further generalization required before we achieve our desired result. We have
been using a connection that commutes with itself, but in general the connection may take
on different su(2)-values around the loop encircling the particle. Such fields are related to the
above via SU(2)-gauge transformations, which we recall here:

A — gAg~t + gdg !, e — geg ., (A.15)

for an element g(x) € SU(2). So, any choice of SU(2)-valued field g(x) will produce a new frame-
field and connection also providing a geometry associated to a point particle. Suppose we have
calculated in a particular SU(2) gauge that hpp = e"P. Under an SU(2)-gauge transformation

(A.4) we obtain:
hgp — gbe_pgb_l. (A.16)

The dependence on the choice of gauge and the base-point b is now apparent, and one sees
that the particle momentum fixes the holonomy only up to SU(2)-gauge transformations. Each
choice of base-point gives a momentum p;, = muy, where uy is the axis of rotation for hg;. We
can write this general holonomy in a useful form:

hgp = Lcos % — 2uyp sin % (A.17)

A.3 Detalils in calculating {G(\), ¥}

In this appendix we give a detailed calculation of the Poisson bracket {G(\), ¢} between the
mass shell and Gauss constraints. For notational convenience we consider the case of a single
particle and drop the v subscript. The generalization to many particles follows simply.

From the constraint definitions ([7.4)), (7.19)) we write:

{GN), v} = {/E Ax)" (de(x)i + €Tk AT A ek> ,2cos ! g - m} . (A.18)

Integrating by parts on the left side of the bracket, and taking the derivative with respect to
W on the right side of the bracket, we obtain:

{gu),w}:{/g ,\z‘ez‘_/s,\z‘ei_/zei (dAureijkAj,\k),W} 1_1”’)2 . (A19)
’ -7

Since the Wilson loop is around the inner boundary, the Poisson bracket involving outer-
boundary term vanishes. Using index notation, we write:

{G(N), ¥} =

- < / dsA'B + / dz?e® (aaAUre”’ngA’f)) {e}, Trthp} (A.20)
B by

S1n 35

152



where B® = 0B"/8s and we used that W = Trhg, = 2 cos(m/2) as shown in (7.18).

In order to evaluate the Poisson bracket between the frame-field and the Wilson loop, we will
need to know the bracket between the frame field and the holonomy around B with base-point
b. We write this holonomy as:

hpp = XD 72 dsB(s)°A(s)ir?, (A.21)

The Poisson bracket of e(x) with A(y) is non-zero only where z = y. This splits the holonomy
into two:

{e(@)i, i) = his(b, 2)7 hs(z, b) fi’ dsenB()°0 (B(s), 7) | (A.22)

where hg(b,x) is the holonomy along B from the base point b of the loop to the point z, and
hp(z,b) is the holonomy along the remainder of the loop, from the point x to the base point lﬁ
We substitute this into (A.20)) to obtain:

GV, ¥} = SH} m < /B dsNBP + /E da2eab (aamreiﬂ’mgxf)) (A.25)
2
xTr(hp . T") j{ dsep.B(5)°0% (B(s), ),
B

where we used that hg(z,b)hg(b,z) = hp, is a holonomy around the loop B with base-point
x at the point of integration. The first term is zero by symmetry, and using (A.17) we finally
obtain:

(GO0} =2 f Tr (g )ug(z)~7) (daA(z)). (A.26)

B

“In the case of x — b there is ambiguity in this Poisson bracket. As x approaches the base-point at the
beginning of the loop we have:

lim hg(b,x) =1, lim hg(z,b) = hsp. (A.23)

z—bt z—bt

For the limit taken from the other direction we have:

lim hs(b, .T) = hB,b7 lim hB(SE,b) =1. (A.24)

z—bt z—bt

By convention we make the first choice. Note that either choice gives the same result under a trace.
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