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Abstract

Loop Quantum Gravity is the most developed canonical quantization of General
Relativity! based on Ashtekar’s connection formulation of classical General Rel-
ativity and is as such a diffeomorphism-invariant SU(2)-gauge theory together
with a set of scalar constraints that constrain the total Hamiltonian to vanish.
The elementary degrees of freedom are Wilson lines of the Ashtekar connec-
tion and fluxes of the conjugated electric field through surfaces. The theory is
constructed as a mathematically consistent generalization of lattice gauge the-
ories that supports the diffeomorphisms as unitary transformations. The states
of Loop Quantum Gravity are linear combinations of spin network functions,
which describe microscopic gravity. It turns out that the geometry of the spin
network states is highly distributional: quanta of area are carried on edges of
the spin network function and quanta of volume on its vertices. It is conjec-
tured that fine weaves of spin network functions could give rise to semiclassical
geometries, but this picture is still under development.

This thesis is concerned with the description of macroscopic geometries
through Loop Quantum Gravity, and there particularly with the description
of cosmology within full Loop Quantum Gravity. For this purpose we depart
from two distinct (classically virtually equivalent) ansétze: One is phase space
reduction and the other is the restriction to particular states. It turns out that
the quantum analogue of these two approaches are fundamentally different:

The quantum analogue of phase space reduction needs the reformulation in
terms of the observable Poisson algebra, so it can be applied to the noncom-
mutative quantum phase space: It rests on the observation that the observable
Poisson algebra of classical canonical cosmology is induced by the embedding of
the reduced cosmological phase space into the phase space of full General Rela-
tivity. Using techniques related to Rieffel-induction, we develop a construction
for a noncommutative embedding that has a classical limit that is described by
a Poisson embedding (chapter 4).

To be able to use this class of noncommutative embeddings for Loop Quan-
tum Gravity, one needs a complete group of diffeomorphisms for the quantum
theory, which is constructed (chapter 3). These two results are applied in chap-
ter 5 to construct a quantum embedding of a cosmological sector into full Loop
Quantum Gravity. The embedded cosmological sector turns out to be discrete,
like standard Loop Quantum Cosmology? and can be interpreted as a super-
selection sector thereof; however due to pathologies of the dynamics of full Loop
Quantum Gravity, one can not induce a meaningful dynamics for this cosmo-
logical sector.

IM-theory, as a theory of everything, is also a very far developed quantum theory, which
does however not represent a canonical quantization of General Relativity, but a theory, which
as a conjectured theory of everything has to describe classical gravity in a suitable limit.

2Standard Loop Quantum Cosmology is a loop quantization of classical cosmology that
implements many features of full Loop Quantum Gravity.



The quantum analogue of restricting the space of states is achieved by ex-
plicitly constructing states for Loop Quantum Gravity with smooth geometry in
chapter 6. These states do not exist within the Hilbert space of Loop Quantum
Gravity, but as states on the observable algebra of Loop Quantum Gravity. This
observable algebra is built from spin network functions, area operators and a
restricted set of fluxes. For this algebra to be physically complete, we needed to
construct a version of Loop Quantum Geometry based on a fundamental area
operator. This version of Loop Quantum Geometry is constructed in chapter 8.

Since the smooth geometry states are not in the Hilbert space of standard
Loop Quantum Gravity, we needed to calculate the Hilbert space representa-
tion that contains them using the GNS construction. This representation of
the observable algebra can be illustrated as a classical condensate of geometry
with quantum fluctuations thereon. Using these representations we construct
a quantum-minisuperspace in chapter 7, which allows for an interpretation of
standard Loop Quantum Cosmology in terms of these states and led us to con-
jecture a new approach for the implementation of dynamics for Loop Quantum
Gravity.

ii



Zusammenfassung

Die Schleifenquantengravitation ist die am weitesten entwickelte kanonische
Quantisierung der Allgemeinen Relativitéitstheorie®, die auf der Ashtekar Zusam-
menhangsformulierung der klassischen Allgemeinen Relativitatstheorie basiert
und ist als solche eine diffeomorphismusinvariante SU(2)-Eichtheorie mit einem
Satz von skalaren Zwangsbedingungen, welche bewirken, dass der Gesamthamil-
tonian verschwindet. Die elementaren Freiheitsgrade sind Wilsonlinien des Ash-
tekar Zusammenhanges und Fliisse des konjugierten elektrischen Feldes durch
Oberfliachen. Die Theorie ist als eine mathematisch konsistente Verallgemeiner-
ung von Gittereichtheorien konstruiert, welche die Diffeomorphismen als unitére
Transformationen trégt. Die Zustdnde der Schleifengravitation sind Linearkom-
binationen von Spinnetzwerkfunktionen, welche Mikrogravitation beschreiben.
Es stellt sich heraus, dass die Geometrie der Spinnetzwerke hochgradig entartet
ist: Flachenquanten werden auf Kanten des Spinnetzwerkes getragen, wogegen
Volumensquanten an den Vertizes residieren. Es wird vermutet, das ein feines
Gewebe von Spinnetzwerkfunktionen semiklassiche Geometrie erzeugen kann,
aber dieses Bild ist noch unvollsténdig.

Die vorliegende Arbeit ist mit der Beschreibung makroskopischer Geome-
trien durch Schleifengravitation befasst und zwar insbesondere mit der Beschrei-
bung von Kosmologie innerhalb der vollen Schleifengravitation. Fiir dieses Ziel
verwenden wir zwei unterscheidliche (jedoch auf klassischem Level scheinbar
aquivalente) Ansétze: Einerseits betrachten wir die Reduktion des Phasen-
raumes und andererseits die Beschrankung auf bestimmte Zustdnde. Es stellt
sich jedoch heraus, dass sich die Quantenanaloga dieser beiden Zugéinge funda-
mental unterscheiden:

Das Quantenanalogon der Phasenraumreduktion muss als Aussage liber die
Observablen-Poissonalgebra umformuliert werden bevor sie auf den nichtkom-
mutativen Phasenraum von Quantentheorien angewendet werden kann: Die
zugrundeliegende Beobachtung ist, dass die Observablen-Poissonalgebra von
klassischer kanonischer Kosmologie durch die Einbettung des kosmologischen
Phasenraumes in den Phasenraum der Allgemeinen Relativitatstheorie induziert
wird. Damit konnen wir eine Technik, die von der Rieffelinduktion abgeschaut
ist, anwenden um die Konstruktion einer nichtkommutativen Einbettung zu en-
twickeln, welche sich im klassischen Limes zu einer Poissoneinbettung reduziert
(Kapitel 4).

Um diese Konstruktion der Einbettung auf die Schleifenquantengravitation
anwenden zu konnen benétigt man eine vollstdndige Diffeomorphismengruppe
fiir die Quantentheorie, welche in Kapitel 3 erarbeitet wird. Diese beiden Ergeb-
nisse werden in Kapitel 5 angewendet um die Quanteneinbettung eines kosmolo-

3Die M-Theorie, als eine Theorie von Allem, ist eine ebenfalls sehr weit entwickelte Quan-
tentheorie, welche aber keine kanonische Quantisierung der Allgemeinen Relativitdtstheorie
darstellt, sondern eine Theorie, die als vermutliche Theory of Everything auch klassische
Gravitation in einem geeigneten Limes beschreiben muss.
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gischen Sektors in die volle Schleifengravitation zu konstruieren. Dieser ist, wie
die standard Schleifenkosmologie* diskret und kann als Auswahlsektor dersel-
ben interpretiert werden; aufgrund von Pathologien in der Dynamik der vollen
Schleifengravitation lasst sich aus dieser jedoch keine sinnvolle Dynamik fiir den
kosmologischen Sektor induzieren.

Das Quantenanalogon der Beschrinkung des Raumes der Zustédnde basiert
auf der expliziten Konstruktion von Zusténden, die eine glatte raumliche Ge-
ometrie beschreiben (Kapitel 6). Diese Zusténde existieren zwar nicht im Hilber-
traum der Schleifenquantengravitation, aber als Zustdnde auf der Observable-
nalgebra der Schleifenquantengravitation. Diese Observablenalgebra wird aus
den Spinnetzwerken, den Fldchenoperatoren und einer eingeschrinkten Menge
der Fliisse konstruiert. Um zu zeigen, dass diese Observablenalgebra physikalisch
vollstandig ist benGtigen wir eine Schleifenquantengeometrie, die auf einem fun-
damentalen Flichenoperator aufbaut. Diese Schleifenquantengeometrie wird in
Kapitel 8 konstruiert.

Nachdem die Zustdnde mit glatter Geometrie nicht im Hilbertraum der stan-
dard Schliefengravitation liegen, miissen wir aus diesen Zustdnden Hilbertraum-
darstellungen der Observablenalgebra durch die GNS-Konstruktion erschaffen.
Diese Darstellung kann mit dem Bild eines klassichen Kondensats von Geome-
trie, um welches Quantenfluktuationen existieren, illustriert werden. Ausge-
hend von diesen Darstellungen konstruieren wir in Kapitel 7 einen Quanten-
Minisuperraum, welcher eine Interpretation der standard Schleifenkosmologie
durch diese Zustdande erlaubt. Dieser Zugang gab uns ausserdem den Hinweis
auf eine mogliche Konstruktion einer Dynamik fiir die volle Schleifenquanten-
gravitation.

4Die standard Schleifenkosmologie ist eine Schleifenquantiserung der klassichen Kosmolo-
gie, die viele Eigenschaften der vollen Schleifengravitation besitzt.
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Chapter 1

Introduction

There are two very well tested fundamental theories that are used to describe
modern physics: On one side there is General Relativity (GR) describing gravity
through curvature of space-time, whose source is the energy momentum density,
and on the other side there are Quantum Field Theories (QFTs) describing
elementary particles and their interactions as the dynamics of excitations of
quantum fields. These two theories have rather separated domains of validity
in everyday life: GR describes gravity from sub-millimeter scale up to the size
of the universe, QFTs on the other hand describe the dynamics of sub-atomic
particles. The real world does of course not distinguish between these domains
of validity. The very early universe for example had to go through an era where
the excitations of quantum fields reached very high energy momentum densities,
so the interaction with gravity must have been important at this stage. From a
philosophical perspective one would say there is only one physics and both GR
and QFTs should come out of a theory that describes this physics. This theory
of Quantum Gravity (QG) is however not yet discovered, partly because GR
and QFTs are formulated in two different branches of mathematics:

GR is formulated using differential geometry, particularly pseudo-Riemannian
manifolds and fiber bundles thereon. The inherent diffeomorphism symmetry
of GR is encoded in the coordinate independence of differential geometry. Al-
though there are fundamental difficulties in constructing interacting Lorentz
invariant QFTs in more than 241 dimensions, one has the standard model of
particle physics formulated as a perturbation series for interacting QFTs around
free QFTs which is tested with remarkable precision, so there is good evidence
for the validity of QFTs. The mathematical description of QFTs is however for-
mulated in terms of operator algebras on Hilbert spaces and unitary covariant
actions of the symmetry groups on this Hilbert space. The progress in Noncom-
mutative Geometry (see e.g. [1]) made a description of differential geometry on
Riemannian spin manifolds in terms of operator algebras available, and allows
for the formulation of a classical field for gravity in terms of operator algebras.

There is however evidence form quantum information theory that suggests



that a quantum system can not consistently interact with a classical system?,
so QG is expected to be a QFT as well. Loop Quantum Gravity (LQG) is an
approach to construct a canonical QFT using the SU(2) connection formulation
[2] of gravity (For further information on LQG see [3, 4, 5]). It is formulated as
a Hilbert space representation of an operator algebra built from holonomies of
the SU(2)-gauge field and the fluxes of the conjugate su(2)-electric field. The
ground state is a diffeomorphism invariant generalization of the ground state
of a lattice gauge field theory, which turns out to correspond to a "no geome-
try” state. The guiding principle for the construction of the kinematics of LQG
is the consistent implementation of the group of kinematic gauge transforma-
tions of GR, which consists of the usual SU(2)-gauge transformations and the
spatial diffeomorphisms. There is another set of gauge transformations gener-
ated by scalar constraints, which constrain the total Hamiltonian to vanish. A
phenomenologically acceptable implementation of this set of ”dynamical” con-
straints is ongoing research despite recent advances [6, 7].

Unlike super-string theory, LQG does not attempt to provide a unification
of all matter and force fields coming from one fundamental object, but LQG
can be adapted to carry all standard matter. There are however ideas that
standard model matter and forces may already be present but disguised in pure
LQG [8, 9, 10, 11]. The highly distributional character of geometry in LQG
suggests that a smooth geometry as we experience it in everyday life arises
under some coarse graining that corresponds to the experimental resolution
of geometry; small scale fluctuations that can not be resolved experimentally
can have properties of elementary particles. Before this idea can be put on
a firm basis, one needs to understand smooth geometries in LQG. It is the
purpose of this thesis to contribute to this understanding and providing a general
construction of smooth sectors of LQG and to apply it in particular to extract
a cosmological sector from LQG.

Loop Quantum Cosmology (LQC) has been pioneered by Bojowald [12, 13,
14] and is in analogy to Bianchi cosmology, which is a symmetry reduction of
classical GR, a symmetry reduced model of LQG. It is often presented as a toy
model, but the elementary operators of LQC are constructed by symmetrizing
the respective LQG operators [14, 15]. The particular aim of this thesis is to
provide an embedding of LQC into LQG. This is a nontrivial issue, because the
kinematic quantum configuration space? of LQC can not be embedded into the
kinematic quantum configuration space of LQG [17]. This thesis is concerned
with two approaches for this embedding: The first is concerned with embedding
the observable algebra, which amounts to the direct construction of a reduced
observable algebra; the second is concerned with constructing a Hilbert space
with state vectors that have the desired symmetry properties.

To explain the idea behind the construction of the reduced observable al-
gebra, it is useful to consider the symmetry reduction of a classical Hamilto-

LA quantum system can be coupled to a classical external source, but the back-reaction of
the quantum field onto the source is problematic.

2The quantum configuration space is the spectrum of the C*-completion of the algebra
generated by the configuration observables.



nian field theory: Let us denote the fields on the Cauchy surface ¥ by ¢; and
the canonically conjugated momentum densities 77, so the pairs of field- and
momentum density-configurations (¢;, 77) furnish canonical phase space coor-
dinates. Assuming a Lie-algebra £ of vector fields v* on ¥, one can search for
solutions to £,(¢;, ) = 0, which defines the symmetric subspace I'sy,, of the
full phase space I'. Moreover, let x* be a set of constraint functions on the
phase space, so the constraint surface x* = 0 defines the physical phase space
I'phys. The intersection I'gym, N I'ppys of the symmetric phase space Iy, and
the physical phase space I'yy s is the desired physical symmetric phase space I',
of the reduced theory.

A quantum theory is defined on a noncommutative phase space. To be more
precise, we call a Hilbert space representation (H, 7) of a C*-algebra 2 of quan-
tum observables together with a unitary covariant representation U of the group
of gauge transformations and symmetries on H a quantum theory. The Gel’fand-
Naimark theorem states that any commutative C*-algebra is isomorphic to an
algebra of continuous complex valued functions on a locally compact Hausdorff
space, which is isomorphic to the spectrum of the C*-algebra when endowed
with the Gel’fand topology. The quantum observable algebra 2 is a completion
of the classical observable algebra 20°° = C°°(T") consisting of smooth functions
on phase space. The rays in the Hilbert space H are the sates that the quantum
system can attain, which correspond classically to probability measures on the
classical phase space. The restriction to an embedded subspace ¢ : I', — T’
implies a pull-back of the observable algebra A>° := i*A* to an observable
algebra on the reduced phase space I',. The induced Poisson structure on 2A5°
implies that ¢ is a Poisson embedding. The desired quantum embedding is thus
a generalization of Poisson embeddings for noncommutative algebras.

The direct construction of such an embedding does not exist for noncom-
mutative algebras, but one can take a slight detor that can be applied to the
noncommutative case as well: Consider a vector bundle (E,n,T') over I and
a second vector bundle (E,,,,T,) over ', and consider a vector bundle mor-
phism 7, such that the projection 7 of n(E,) to I' is a Poisson embedding i,
so i is encoded in n. The Serre-Swan theorem states the equivalence of cat-
egories between vector bundles and finitely generated projective modules over
the commutative C*-algebra of continuous complex valued functions on the base
space. Going to the completions reveals that noncommutative vector bundles
are nothing else than Hilbert-C*-modules over the respective noncommutative
(C*-algebra that serves as the noncommutative base space. We thus have to con-
struct embeddings of Hilbert-C*-modules that preserve the algebraic structure
for a dense set of operators, because the commutators of the quantum theory
reflect the classical Poisson bracket.

It turns out that Hilbert-C*-modules for a large class of physically interest-
ing C*-algebras are generated by commutative C*-algebras C'(X). This allows
for the construction of noncommutative vector bundle morphisms through em-
beddings of the spectra i : X, — X in these special cases. It turns out that these
ebeddings preserve the algebraic structures and that a generalization of Rieffel
induction allows for calculating the induced representation for the embedded



algebra. We thus define a quantum Poisson embedding using this embedding of
Hilbert-C*-modules. Moreover, it turns out that the continuous complex valued
functions on the quantum configuration space furnish such a module for many
interesting applications.

However, due to the nonembeddability of the kinematic quantum configura-
tion space of LQC into the kinematic configuration space of LQG it is impossible
to construct an embedding of the noncommutative vector bundles in this fash-
ion. The reduced phase space I', however is the intersection of the constraint
surface I'pnys with the symmetric sector of the phase space I'syy,. The idea is
thus to apply our construction to the diffeomorphism constraint surface. Thus,
after defining a suitable gauge for the diffeomorphisms, we are able to construct
a quantum Poisson embedding for a cosmological sector into full LQG.

The application of this quantum Poisson embedding provides a setting for a
systematic study of the interplay between diffeomorphism invariance and sym-
metry reduction. The non-triviality of this relation is shown by the result that
the extracted cosmological system has configurations variables that are very
similar to the ones of a super-selection sector of standard Loop Quantum Cos-
mology, but its full operator algebra turns out to be different from standard
Loop Quantum Cosmology. The homogeneous isotropic sector of pure gravity
turns out to be quantum mechanics on a circle and a simple matter model turns
out to be quantum mechanics on a torus. The dynamics of our system seems
pathological at first sight, and we give both mathematical and physical reasons
for this behavior and we explain a strategy to cure these pathologies.

The idea behind the construction of states that have expectation values for
geometric operators that satisfy certain symmetry properties is to directly con-
struct the respective positive linear functionals on the full observable algebra
of Loop Quantum Gravity and to perform the GNS-construction to obtain a
Hilbert space representation thereof. It turns out that a slight modification of
the observable algebra of Loop Quantum Gravity, that still contains all con-
nection operators and all geometric operators of the full theory, allows for the
construction of states with vacuum expectation values for the geometric opera-
tors that match the classical expectation values for these geometric observables
in a given classical geometry. The defining equation for these state functionals
is a slight adaption of the state equation for harmonic oscillator coherent states
wal(a) = (a, m(a)a) for Weyl-operators to the adapted observable algebra that
underlies Loop Quantum Gravity. It turns out that the GNS-ground states
Qp, are eigenstates of the geometric observables with eigenvalues described by
a classical 3-geometry FE,.

The GNS-construction from these states yields spin network functions that
are embedded into classical geometric backgrounds. To obtain a unitary rep-
resentation of the gauge- and diffeomorphism transformations, one needs to
consider the direct sum of these GNS representations over all densitized inverse
triads ¢(A~"1E,A) that describe the same geometry as E,. The gauge- and dif-
feomorphism invariant Hilbert space can be obtained using the group averaging
procedure and turns out to contain gauge-invariantly coupled gauge invariant
spin network functions that are embedded into a background geometry modulus



isometries of the background geometry. Moreover, it turns out that the classical
E,-geometry can be recovered from each normalized vector of the GNS Hilbert
space through quantum measurements, which is the reason for calling it the
”essential geometry”.

Using these states, one can consider a classical minisuperspace and take
all occurring 3-geometries E, and build a quantum minisuperspace by taking
the direct sum over the GNS-ground state vectors (g, . It turns out that these
states are in a one-one correspondence to Bojowalds p,-states for Loop Quantum
Cosmology. One is thus able to impose the Loop Quantum Cosmology dynamics
on this minisuperspace. The new feature in this case is however that one has a
representation of the full observable algebra of Loop Quantum Gravity available,
so one can consider genuine ”Loop” fluctuations around these states without
having to model them beforehand. A different approach to the dynamics of
these states can be obtained as follows [20]:

The gauge-variant embedded spin network functions are eigenstates of the
geometric operators, so there is a distributional geometry F, that describes their
geometry. The dynamics of Quantum Gravity is solved by the construction of
the mutual kernel of the constraints. The existence of classical solutions with
particular geometries E5° suggests to construct the mutual kernel as the closure
of the span of the Qp_ states for which there is a point (4,, E,) on the classical
constraint surface. To determine which embedded spin network states lie in the
kernel, one can use the existence of the essential geometry and define it to lie in
the kernel if the distributional geometry describing the embedded spin network
state is attained as the limit of a sequence (A,, E,), of points on the constraint
surface as n — oo.

This thesis is organized as follows:

e In section 1 of chapter 2, we will consider classical Hamiltonian Bianchi I
cosmology as the example of choice for symmetry reduction in this thesis
and make the case for reducing a quantum theory using quantum embed-
dings. This chapter also serves as an introduction into the cosmological
background that is needed for the rest of the text. The rest of chapter 2 is
devoted to explain the problem of symmetry reducing a quantum theory.

e Chapter 3 is concerned with constructing the complete group of gauge
transformations. The main result is that Loop Quantum Gravity should
be invariant under an extension of the group of analytic diffeomorphisms,
that is large enough to map any graph onto any other graph in the same
iso-knot class. This result is necessary for the later construction of the
quantum Poisson embedding.

e We describe the physical ideas behind and the actual implementation of
our construction of quantum Poisson embeddings in chapter 4. A detailed
description of this procedure can be found in [21].

e We construct a quantum Poisson embedding for cosmological sectors in
LQG in chapter 5. The main result of this construction is that there is an



embedding of cosmological sectors into LQG and that the super-selection
sectors in standard LQC can be interpreted as such embedded sectors. An
expanded discussion is contained in [22].

e The construction of the states with smooth geometries is performed in
chapter 6, which contains a discussion of the kinematics of this represen-
tation of Loop Quantum Gravity as well.

e These states are used to construct minisuper-spaces in chapter 7 and the
implementation of the dynamics of standard Loop Quantum Cosmology
as well as an idea for the construction of a fundamental dynamics for these
states are discussed.

e We supplement the construction of smooth geometry states with the con-
struction of a version of quantum geometry that is based on a fundamental
area operator. This version of geometry is essential for the construction
of the adapted observable algebra used to construct the smooth geometry
states in chapter 6 and justifies the adaption of the observable algebra
from a physical perspective.

e These results are summarized in chapter 9.

e We supplement the thesis with appendices that provide the necessary
background on C*-algebras, Hilbert-C*-modules and Rieffel induction (These
mathematical issues are covered in appendix A).

e The necessary background about GR in Ashtekar variables, a useful defi-
nition of quantum field theories and standard Loop Quantum Gravity as
such a quantum field theory as well as standard Loop Quantum Cosmology
is provided in appendix B.

e Geometric operators are essential for a theory of quantum gravity. We
thus devote appendix C to length-, area- and volume operators.

Chapters 3 to 8 contain the individual results of this work and are written with
the intention to present these results as self contained as it is possible in a thesis.



Chapter 2

Explanation of the Problem

To expose the problem considered in this thesis, we give an overview of classical
Hamiltonian cosmology (sections 2.1.1, 2.1.2). Applied to considering observ-
ables, this raises the question of how to impose spatial symmetry on the observ-
ables in General Relativity, which we consider classically in section 2.1.3. We
use the effects of different operator orderings (section 2.2) and the fact that only
a few operator orderings are admissible in quantum field theories to make the
case for applying a symmetry reduction directly to the quantum theory (section
2.3).

2.1 Classical Hamiltonian Cosmology

Cosmology is usually discussed in the Lagrangian setup, however in order to
gain insight into cosmological sectors of LQG we look at canonical GR and its
symmetry reduction.

2.1.1 Hamiltonian General Relativity

Given a globally hyperbolic four-dimensional pseudo-Riemannian manifold X*,
it is topologically equivalent to R x X, where X is a Riemannian manifold. A
foliation X : R x ¥ — X* allows to split the metric g on X* into a spatial metric
q together with a lapse function N and a shift vector field N* on X, such that
the metric g can be expressed (in chart (¢,2%) := X (t,,0%)) as

9= (g N N® — N?)dt ® dt + qup N°dt V dz® + qupda® @ da®. (2.1)

Using ¥ as a Cauchy surface, we use ¢, N, N® as configuration variables and
denote the conjugate momenta by P II,II,, such that the Einstein Hilbert
action S = éfw /—lgld*zR[g] can be rewritten in these canonical variables

a5 S = L o did®o (GuP™ + NTU4+ NoTI, — (NV, + [N|C) + A+ A T17 )
where A, \* are Lagrange multipliers constraining IT and I1%, such that the equa-
tions of motion for N and N® are just integrals of these Lagrange multipliers,



so we can turn them into Lagrange multipliers themselves yielding the ADM
action

s=1 / (4P — (N“V, + |N|C)). (22)
R JrRx®

where N and N® are now considered as Lagrange multipliers and V* and C
denote the vector- and scalar- constraint respectively, whose expression is:
Va = QacDbP be

— 1 Pachd _ 1 Pab 2 _ (23)
\/HQaCde 2v/lal (qab ) Vgl Rlg],

where R denotes the curvature and D the covariant derivative w.r.t. the spatial
metric q. The first summand in equation 2.2 is a symplectic potential im-
plying the Poisson bracket {F(q), P(f)} = —«F(f) and the second summand
denotes the total Hamiltonian that is constrained to vanish, where F(g) =
J5 d*0cF(0)qas(0) and P(f) := [, d*c P™(c) far(0) for a symmetric co-tensor
valued density F' and a symmetric tensor valued scalar f. A classical trajec-
tory g(t) is evolved using the Hamiltonian H = [, d*0 (N*V, 4 |N|C) using
equation 2.1 and treating N, N® as Lagrange multipliers.

2.1.2 Bianchi Cosmology

Many aspects of cosmology are due to spatial homogeneity of the universe.
These geometries are classified in Bianchi types. The notion of homogeneity is
introduced by a group G of isometries ¢ : ¥ — X, i.e. we assume ¢*q = q.
The 3-dimensional symmetry group shall act freely and transitively on X, such
that the spatial manifold equals the group manifold (¥ = G). The invariance
condition can be written as:Lxg = 0, where X denotes the Killing vector-field,
whose action generates the flow ¢y, then it is obvious, that the Killing vector-
fields X generate the Lie-algebra & of G, such that the Lie-algebra & of G is
given by the Lie-bracket of the vector fields X:

[X;, X;] = CF Xx, (2.4)

for i,j,k = 1,2,3. For any globally hyperbolic manifold and three-dimensional
Lie-group, acting freely and transitively on the spacelike hypersurfaces, it turns
out that the unit normal vector n of the spacelike hypersurfaces (now consid-
ered as group orbits) yield a natural choice for a timelike vector-field, which is
constant under orbits of G:

Lxn=0X € &. (25)

Let us then use triads e®, that commute with the Killing-vectorfields [e*, X;] = 0.
Bundling these three vector-fields with n, we obtain four linearly independent
vector fields e,, such that we can use their integrals as coordinates and we
obtain a line-element ds® = dt® — (g;jdx’dz?). It turns out, that all the com-
mutation relations [eq,eg] = 7/ ze, are purely functions of time (which is the
coordinate obtained as the integral of n). This implies that we can classify all



the Bianchi-cosmologies by the commutation relations of the frames e, since
the the e; furnish an equivalent Lie-algebra in each spatial hypersurface. The
standard classification of Bianchi types is then usually stated in terms of the
decomposition:

'y]i-k = e;un’ +a;ol — akéj-, (2.6)

where n, a are constants in the group-invariant frame satisfying n”a; = 0. Type
A cosmologies arise for a; = 0 (no shift) and type B stands for nonvanishing a;.
Using the signs of the eigenvalues n1,ny, n3, we can classify the Bianchi-type A
cosmologies by:

Bianchi type A n; no ng

I 0 0 0
I 41 0 0
Vi, 0 +1 -1 (2.7)
VII, 0 +1 +1
VIII -1 +1 +1
IX 1 41 41,

It turns out, that the type B Bianchi cosmologies are classified on terms of a
the sign of h defined by a? = hnang, where a = (1,0,0), such that:

Bianchi type B ny ng ng3

1 0 0 0

ha% 0 0 +1 (2.8)
VI, 0 +1 -1
VII, 0 +1 +1,

where h stands short for the sign of h.

We can further simplify these models by assuming local rotational symmetry
(LRS) (i.e. rotational symmetry w.r.t one fixed axis) or by assuming com-
plete isotropy (i.e. rotational symmetry w.r.t. all rotations). This is done by
the introduction of symmetry transformations corresponding to the respective
rotations, which amounts to the introduction of one or three additional Killing-
vector fields.

Let us now consider the simplest case: Let ¥ = R? and let the group R? act
on X by translation. Moreover consider the action of SO(3) by rotations on
Y. Taking a global chart (x;), we can consider these two group actions to be
generated by the vector fields:

X;= 0

Yi= ejrxjok, (2.9)

where i = 1,2,3. The combined group is the Euclidean group F(3) and the

vector fields (X;,Y;) are a particular representation of their Lie-algebra acting

on the homogeneous space R®. The E(3)-invariant line-element is then given
by:

ds* = da? + dai + do?, (2.10)



where (7;) denote cartesian coordinates on R3.

Taking the three homogeneous spaces: the flat R3, the open three hyperboloid
H? and the closed sphere S?, which we obtain as the Bianchi types I, IX and
V respectively, which can each be considered in the homogeneous, locally rota-
tionally symmetric and isotropic case. The isotropic line-element is given by:

ds* = dt* — a(t)((1 — kr?)dr? + r?(d6? + sin(0)dp?)), (2.11)

where k£ = 0 represents isotropic type I, £ = 1 isotropic type V and k = —1
isotropic type IX and (r, 8, ¢) denote global coordinates. Throughout this thesis
we are mostly concerned with type I cosmologies to avoid technical difficulties.

2.1.3 Imposing Symmetry on the Observables

The symmetry reduced physical phase space is the intersection of the symmetric
part of the phase space and the constraint surface. In order to be able to transfer
the symmetry reduction of the classical system to the quantum theory, we will
consider the symmetry reduction of the observable algebra, whose noncommu-
tative quantum analogue replaces the classical phase space. We will therefore
proceed as follows: We calculate the symmetric phase space (we denote its ele-
ments (¢sym, Psym)) and evaluate the dependence of a given observable on the
symmetric phase space. This generates equivalence classes of full observables
that depend in the same way on the reduced phase space. This is the quotient of
the full observable algebra by the ideal of phase space functions that vanish on
the symmetric phase space. A Dirac observable depends on the physical phase
space only, so the equivalence classes of functions on the symmetry reduced
physical phase space are labeled by equivalence classes of Dirac observables,
that depend equivalently on the symmetry reduced phase space.

This procedure is usually evaded by constructing a reduced set of constraints
that define the reduced physical phase space as a constraint surface of the re-
duced phase space. This is a classically equivalent procedure, but the quantum
analogue of this procedure is not unambiguous.

Let us consider isotropic Bianchi I cosmology, so the expression for the metric
in the symmetric chart is gsym (t) = a(t)(dz? +dz3 +dz3) and the expression for
the isotropic momentum is in this chart P&, (t) = p(t)6**. A general observable
is a function O(g, P). Let us introduce (local) canonical phase space coordinates
(a,q1,p, P1) such that (a,p) furnish coordinates for the symmetric phase space
and (g1, Py) for the complement of the symmetric phase space, so {a,p} =
—Y and {a,c1} = 0 = {p,cy} for all coordinates ¢, of the complement. A
symmetric observable is a function O(q, P) = f(a,p) and since the symmetric
phase space satisfies ¢, = 0 = P, one has equivalence classes of observables
O(q,P) = >, fi(a,p)gi(qr, P ) which coincide on the symmetric phase space,
ie. Y, £V (a,p)giV (0,0) = 32, £ (a,p)g” (0,0).

Finding Dirac observables in the reduced phase space simplifies significantly
due to the fact that (a,p) Poisson commute with the (¢, ,P,) and the gauge
transformation equations turn into the usual Friedman equations after choos-
ing a suitable matter extension of the phase space, introducing symmetric
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coordinates thereon and using a suitable matter Hamiltonian. The symme-
try reduced observable algebra is given by phase space functions of the form
O(a,q1,p,P1) = f(a,p), but this is the same as the quotient of the full ob-
servable algebra by the ideal of functions on phase space F(a,q,,p,P1) —
F(a,0,p,0), that vanish at the symmetric phase space. The same argument
holds for the constraint surface.

Using an expansion F' = ZinL fijrra'p’ ¢ PE and f := F(a,q1,p,P1) —
F(a,0,p,0) = Zij fijooa'p? for the associated elements of the quotient, where
K, L are multi indices, we can calculate the restriction of the Poisson bracket
of Fy, F, to the symmetric phase space as {F1, F>}r,,,, = {f1, f2}, where we
used that ¢, = 0 = P, on I'yy,,. The symmetry reduction is thus a Poisson
embedding, because the Poisson bracket for the elements f of the quotient
algebra is independent of the particular representative F' in the full observable
algebra. We can thus induce the Poisson structure for the symmetry reduced
observable algebra by defining it as the full Poisson bracket of the equivalence
classes of observables that depend equivalently on the symmetry reduced phase
space.

The time evolution of the Dirac observables is trivial, all Dirac observables
are constants of motion, since GR is a constrained Hamiltonian theory, so we
have solved the symmetry reduced model once we have calculated the Dirac
observables of the reduced system. The quantum analogue of this idea is the
first approach used in this thesis.

2.2 The Case for Quantum Symmetry Reduc-
tion

The main point of this section is that symmetry reduction of a quantum theory
generally differs from the quantization of a classically reduced system, even if the
same quantization map is used. This is due to the factor ordering ambiguities
that are fixed as long as one works purely at the quantum level, but that arise
as soon as one leaves the quantum regime. We will use a very simplified picture
in this section, that still makes the essential point:

Suppose there is a full quantum theory (H,w, 2, H) consisting of a Hilbert
space representation (H, ) of the C*-algebra 2 of quantum observables and
a Hermitian operator H that serves as the Hamiltonian of the system. Fur-
thermore, suppose that there is a projection P on H that projects down to the
symmetric part of the theory. Then we can induce a reduced observable algebra
Wsym = {PaP : a € A} and an induced representation of 2, on P(H) by
Tsym (PaP)Pv := Pm(a)v. The induced dynamics of this theory is then gov-
erned by the Hamiltonian H,y,, = PHP. This Hamiltonian still has the factor
ordering that is dictated by the full theory. Since finding the right factor order-
ing is essential for the existence of a quantum theory with an infinite number of
degrees of freedom, we can not overestimate the importance of keeping it fixed.
However, if one performs a symmetry reduction at the classical level and then
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quantizes (even when using the same quantization map) the particular induced
factor ordering of the full quantum theory is lost. We will therefore consider
the consequences of choosing different factor orderings in the quantization of a
classical system.

Factor ordering ambiguities arise whenever one quantizes a classical system.
Let us consider quantum mechanics in one dimension and adopt a quantization
map - : f(p,q) — f(p,q), where f is analytical, and such that [p,§] = i. Let us
then consider two one dimensional distinct classical systems, whose dynamics
is governed by Hy = p? + Vi(q) and Hy = p? + Va(q) respectively, where we
assume that {p,q} = 1 in both cases and without loss of physical generality
assume that both potentials are C' and positive, but finite for any finite q. Let
us rewrite the Hamilton function Hy as

1 1
Hy = —pf*(Q)p5—~
f(a) f(a)
which is an equivalent classical Hamiltonian, if f vanishes nowhere and c is a
constant.
Let us now apply the quantization map ° to both Hamiltonians:

+ Va(q) +c,

H = p*+ Vi)
Hy = Fspl? (@b +Val@) +c
= (p+ 756, 7@)) (5+ F@IB: 75]) + Va(@) + ¢ (2.12)

Hence, if the solution f of the ODE
(@) + (Valg) = Vila) + 0)f(g) = 0

vanishes nowhere, then because of the assumed properties of the potential, we
obtain an analytic function f(q) that is finite for every ¢. Thus, if V5 — V] is
bounded from below on R then we can choose a ¢ such that Vo — V; +¢ > 0,
which implies that the solution f(q) to the ODE with the initial condition
f£(0) =1, f/(0) = 0 satisfies oo > f(g) > 1 for all values of q.

Thus, if V5 — V7 is bounded from below, then we can use the factor ordering
ambiguity to obtain a quantization of Hy that equals H;:

f"(@)
f(@)
This disturbing feature of factor ordering ambiguities obviously carries through
to quantum mechanics on R” for arbitrary n. We are thus not able to recover
the ”correct quantum potential” from the classical theory, thus whenever we
reduce a theory classically and quantize it again, even when we are able to use
the same quantization map, we are not able to predict the reduced quantum
theory unambiguously. This is the reason, why we consider a quantum version
of symmetry reduction in this thesis.

Hy = p* + + Valq) + ¢ = p* + Vi(§) = Hi. (2.13)
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2.3 Symmetry Reduction of a Quantum Theory

We reduced the observables of a classical system in section 2.1.3 and saw that
the reduced observable algebra coincides with the quotient of the full observable
algebra over the ideal of observables that vanish at the symmetric phase space.
The symmetry reduced phase space I'yy,, is naturally embedded into the full
phase space I' by an identity map ¢ : I'sy,, — I' and we saw that the embedding
i (Dsym, {-,-}sym) on the symmetry reduced phase space satisfies the condition
{foi,goi} = {f,g}sym 01, so i is a Poisson embedding. The pull-back un-
der ¢ furnishes the symmetry reduction of the Poisson algebras, so a quantum
symmetry reduction is precisely a non-commutative Poisson embedding, i.e. the
reduction of the observable algebra 2l yields the symmetry reduced observable
algebra A,..q = {i*f : f € A}

Before we explain the strategy for the construction of non-commutative Pois-
son embeddings, let us consider the physical interpretation of reducing an ob-
servable algebra as a reduced sensitivity of the measurements in a classical
system: An element f of the observable algebra corresponds to the operation of
a measurement on the system, i.e. given the state of the system which is given
by a distribution ® on phase space, then the expectation value d(f) = fr o f
represents the expectation value of the outcome of our measurement. The pull-
back under a Poisson embedding is then the restriction of the sensitivity of our
measurement.

Mathematically, we say that our reduced observables are those that are insen-
sitive to precisely those observables, that vanish at the embedded phase space.
Using this point of view lets us generalize the reduction problem to quantum
systems. The general strategy to ”quantize a statement” is to formulate the
statement for a Poisson system, i.e. stating it as a problem on the algebra of
observables and to reformulate this statement in such a way that the commu-
tativity of the observable algebra becomes irrelevant.

With our classical preparations, we have already stated the problem in terms
of the observable algebra, and we want to construct the quantum analogue of
the pull-back under a Poisson embedding. The problem with this statement is
however that the ”phase space of quantum mechanics is noncommutative”, i.e.
it is not a topological space but rather a noncommutative algebra of observables,
which is thought of as the algebra of continuous functions on a noncommutative
phase space.

If we naively apply the Gel’fand-Naimark theorem we proceed as follows: A
commutative C*-algebra is isomorphic to the algebra of continuous functions
on its spectrum, which is a locally compact Hausdorff space in the Gel'fand
topology. Thus we could conclude that we are looking for the pullback under
an embedding of spectra. This procedure is however flawed as we can see by
considering a rather simple example: Take the C*-algebra of ordinary quan-
tum mechanics on any locally compact group, then by the Stone-von Neumann
theorem we know, that there is only one unitary equivalence class of regular
irreducible representations of this algebra, thus the spectrum consists of only
one point. This means that this quantum system is embeddable into any other
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C*-algebra, particularly into C, which we view as a degenerate quantum sys-
tem, whose phase space consists of one point only. Moreover Dy, the algebra
of diagonal 2 x 2-matrices, is ”larger” than any Heisenberg system. This is
in clear contradiction to the idea that embeddability defines a partial ordering
corresponding to the size of the associated classical phase space.

We have a much better understanding using the reduced sensitivity point of
view: We are able to define an ideal of observables that our measurements are
insensitive to such that the observable algebra of the reduced quantum system
arises as the quotient of the full observable algebra by this ideal. This would
allow to define the observable algebra, however other than in a classical the-
ory, where all pure states are evaluations at points in phase space, we need a
Hilbert-space representation for the observable algebra in addition to the alge-
bra itself, whose elements represent the pure states of the system. Furthermore,
we know that there are in general many inequivalent representations of a given
C*-algebra. This shows that we can not separate the reduction of the observable
algebra from the reduction of its Hilbert space representation.

A strategy that we could follow to construct a reduced quantum algebra and its
Hilbert-space representation is to ”try to read the rules of quantization off” | then
to reduce the classical theory using the pull-back under a Poisson embedding
and then quantizing this system ”using the extracted rules for quantization”.
But, we will not be able to find the induced operator ordering for the reduced
system, hence using the argument of section 2.2 there are many inequivalent
ways of constructing a C*-algebra and its Hilbert-space representation from a
given classical system, and it is in no way clear that using two sets of rules
that yield the same full quantum system yield equivalent quantum systems for
a reduced system.

Consequently, we do not want to "reduce and quantize again”, but we want to
reduce a quantum system, i.e. given a triple (2, 7, H), where 2 is a C*-algebra
representing the quantum observables of a system and 7 is a representation of
this algebra as a subset of the bounded operators on a Hilbert-space H, we seek
the construction & of the reduced system (2, 7,, H,) directly from (2, 7, H).
Let us now formalize the requirements of the quantum Poisson map &;, corre-
sponding to a classical Poisson embedding i:

First, we want that the construction reproduces the right classical limit, i.e. we
want for the observable algebras that the following diagram commutes:

£
A — A,
h—o | I h—o0 (2.14)

CeT) — Cx(Ty).

Here I', T', are the full and reduced phase space respectively, ¢ denotes the em-
bedding of the reduced into the full phase space and A, %, are the C*-algebras
that represent the quantum observables of the associated quantum systems.
This diagram needs some explanation: We need to specify the way in which we
take the classical limit indicated by A — 0. Our notion of classical limit will be
fixed when we restrict ourselves to transformation group systems, i.e. classical
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systems in which we give a polarization, such that we are able to talk about a
configuration space and second by considering the group generated by the ex-
ponentiated Poisson action of the momenta. There is a simple correspondence
between the classical Poisson systems and the associated C*-algebras, such that
taking the classical limit is an easy procedure.

Second, we want to construct the ”right Hilbert space representation”: Phys-
ically we want that the expectation values of our observables are matched by
corresponding expectation values in the full theory. We can reduce the number
of assumptions by noticing that any representation of a C*-algebra arises as a di-
rect sum of cyclic representations out of vacuum states §2;, where the summands
are of the kind (¢4, 7(b)1..); = Q;(a*be). This allows us to restrict our attention
to vacuum expectation values, thus we demand that there is a dense subset D
in the reduced C*-algebra and that there is a vacuum state w;, corresponding to
Q;, on the reduced quantum algebra such that a map £ : D C A, — 2 matches
vacuum expectation values:

wi(a) = Q;(E(a)) Va € D. (2.15)

This condition ensures that expectation values of the reduced Hilbert space
representation is a subset of the expectation values in the full theory, as we
would expect it from being a subsystem.

Third, one would like to constrain the dynamics to coincide with the dynamics
of the full theory. Let us consider the corresponding classical situation: Given
a Poisson submanifold embedded into a larger Poisson manifold, it is generally
not the case that the Hamilton vector field of the full Hamiltonian will be
tangential to the submanifold. The situation for quantum theories is analogous:
Consider the von-Neumann equation for a density operator p, which reads using
the correspondence map &:

i0:E(p) = [H,E(p)], (2.16)

which implies that if H contains ”mixing matrix elements” one obtains a dy-
namics that moves away from the image of £. This forces us to use the reduced
sensitivity interpretation, which tells us that our measurements are insensitive
to an ideal of observables, and that our dynamics has to be corrected by build-
ing the quotient. Since the ultimate goal of this work is the extraction of a
sector from Quantum Gravity, which is a theory with constrained dynamics, we
will not discuss details about dynamics but rather focus on the imposition of
constraints.

Our strategy to construct a quantum Poisson embedding will be as follows:
We will restrict our attention to Lie-transformation group systems and use
groupoids as the linking structure between classical and quantum systems. Lie-
transformation groupoids are very useful for this purpose, because they are
on the one hand classical spaces, which we are able to treat with methods of
topology, but on the other hand, one can define a noncommutative algebra of
functions on a groupoid using the convolution product, which is precisely the
product of the corresponding quantum algebra. Another feature of groupoids
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is that they act on spaces in a way very similar to the representation of a
C*-algebra on a Hilbert-space. This allows one to use Morita theory, i.e. the
theory of categories of isomorphism classes of representations of groupoids. It
turns out that Morita theory for groupoids with Haar measures induces the
Morita theory for the corresponding groupoid C*-algebras. Thus we use the
structure of a groupoid as a commutative space on the one hand, which allows
us to construct embeddings, and constructions similar to Morita theory on the
other hand to construct an equivalent notion of embedding, such that it can be
applied to C*-algebras. The resulting procedure will be the noncommutative
version of constructing an embedding by embedding a vector bundle over the
reduced phase space into a larger vector bundle over the unreduced phase space
and recovering the phase space embedding using the bundle projection of the
embedded subbundle in the full vector bundle. This procedure is developed in
chapter 4 and applied to extract a cosmological sector from LQG in chapter 5.
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Chapter 3

Physical Diffeomorphisms
in Loop Quantum Gravity

General Relativity is a theory of the dynamics of geometry and as such invariant
under diffeomorphisms which are physically nothing else than gauge transfor-
mations in the sense of Dirac. The quantum theory should thus implement
the diffeomorphisms as unitary transformations. The configuration space of the
quantum theory (i.e. the spectrum of the configuration observable algebra) is
however a distributional extension of the classical configuration space, so one
needs to carefully extend the action of the diffeomorphisms to the quantum
theory. Dirac’s procedure of postponing the imposition of gauge invariance un-
til after quantization is expected to yield a quantization of the gauge orbits of
the classical theory. We show in this section however that one has to use an
extension of the diffeomorphism group for this expectation to hold. This result
is important for the course of this thesis, because the precise "size” of the gauge
group is very important for the cosntruction of the quantum reduction.

3.1 Explanation of the Problem

Quantization of a classical Hamiltonian system requires a system of real ”ele-
mentary” variables that separate points in classical phase space, which is closed
under taking Poisson brackets, so the elementary variables form a Lie-algebra
under the Poisson bracket. Quantization is then the procedure of embedding
this Lie-algebra into an associative algebra, such that the Poisson-bracket is
mapped to ik times the commutator and finding an involution such that the
elementary variables are self-adjoint.

The elementary Poisson variables that underlie the Loop Quantization Pro-
gramme of diffeomorphism invariant gauge theories are holonomies of the con-
nection and fluxes through the conjugated electric field, which seenm to form a
closed Poisson system at first sight. Upon closer inspection however, one discov-
ers that the Poisson bracket of smooth cylindrical functions, which by definition
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depend only on a finite number of holonomies, with an arbitrary flux can not be
expressed as a cyindrical function anymore, because the graph underlying the
cylindrical function may intersect the surface an infinite number of times, thus
resulting in a function that depends on an infinite number of holonomies, which
can in general not be reexpressed as a function of a finite number of holonomies.

A simple resolution for this problem is to restrict oneself to analytic edges and
analytic surfaces, because an analytic edge that intersects an analytic surface an
infinite number of times has to lay inside the surface and is hence not affected
by the Poisson action of the flux-variable on this surface, so cylindrical functions
defined as functions of finitely many holonomies along piecewise analytic paths
and fluxes through piecewise analytic surfaces define a closed Poisson system of
variables that separates the points in the classical phase space.

Dirac quantization of a constrained theory requires a unitary representation
of the group of gauge transformations generated by the constraints, which in the
case of Loop Quantum Gravity amounts to an implementation of the ordinary
gauge transformations generated by the Gauss-constraint, the diffeomorphisms
generated by the vector constraint and transformations generated by the scalar
constraint. Using the group averaging procedure to solve the diffeomorphism
constraint leads to the problem that the category of piecewise analytic paths
is not left invariant by general C2-diffeomorphisms, so we need to restrict the
group of classical gauge transformations to the subgroup that contains only
piecewise analytically invertible piecewise analytic diffeomorphisms.

Using this group, in fact using any subgroup of the classical diffeomrophisms,
and solving the diffeomorphism constraint by group averaging yields a nonsep-
arable Hilbert space, due to the existence of cylindrical functions depending on
graphs with arbitrarily valent vertices, so the orbits of diffeomorphisms, which
by definition can only act as linear transformations on the tangent space at a
point, are labeled by continuous moduli built from G L(3)-invariants constructed
from the tengent vectors adjacent to a vertex!.

Desiring a separable diffeomorphism-invariant Hilbert space for Loop Quan-
tum Gravity?, Fairbairn and Rovelli [26] observed that a seemingly harmless ex-
tension of the diffeomorphism group yields a separable diffeomorphism-invariant
Hilbert space, while allowing for a well defined version of quantum geometry
thereon. It is the purpose of this chapter to provide a framework that gives
on the one hand a physical reason for this extension and on the other hand to
address the issue of a closed system of elementary Poisson variables.

We first give a ”quick fix” for the problem by constructing the desired sub-
groupoid of the double-groupoid of piecewise analytic graphs whose induced
action on cylindrical functions on piecewise analytic graphs yields precisely the

INotice that diffeomorphism covariance forces one to allow for cylindrical functions with
vertices of arbitrary valence: Given a cylindrical function Cy depending on closed loops only
(so there are no true vertices in the underlaying graph =), one can pick an arbitrary point
in v and one will find an infinite number of diffeomorphism ¢; that fixes this point, but acts
nontrivially on all other points. Then C, + Efil C(bi(ﬂ{) will in general have at least one
2N-valent vertex.

20ne point made by many critics of Loop Quantum Gravity has been the fact that Loop
Quantum Gravity was defined on a non-separable Hilbert space.
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Fairbairn-Rovelli diffeomorphism orbits of the respective cylindrical function on
a piecewise analytic graph. We present then a physical reason, why precisely
this set of transformations should be implemented in the quantum theory. The
underlying idea is that the gauge-invariant Hilbert space, that is constructed
as a GNS-representation of a configuration algebra (cylindrical functions) us-
ing a faithful gauge-invariant Schrodinger type state should be a completion
of the gauge-orbits of the associated classical configuration algebra. The Pois-
son bracket of classical Ashtekar General Relativity does however not support
holonomies of the connection, but only three-dimensionally smeared variables.
Holonomies on the other hand arise as distributional extensions of the classical
connection variables. We therefore consider one-parameter families of classical
connection variables that approximate a holonomy when the parameter goes to
zero. Applying the orbit argument to this setting means that the diffeomorphism
invariant Hilbert space should consist of a completion of the diffeomorphisms
of orbits of the one-parameter families of classical observables that approximate
the respective cylindrical function. This provides a notion of completeness of
the group of quantum gauge transformations, which we impose on Loop Quan-
tum Gravity. It turns out that the completely diffeomorphism-invariant Hilbert
space of Loop Quantum Gravity is precisely the Hilbert space that we con-
structed using the groupoid approach.

3.1.1 Problem of the Fairbairn-Rovelli Construction

Fairbairn and Rovelli consider an arbitrary smoothness class for the edges of
a graph, somewhere between C' and C* without specifying it, because the
smoothness class in their paper is assumed to be the same as the one considered
for the field configurations in the classical theory. Moreover, they assume that
for each vertex v in a chart there is a coordinate length r, in this chart such
that each edge penetrated the coordinate sphere S(r,v) of radius r < r, around
v exactly once. We will prove that this assumption fails for C!, ..., C*°-edges by
constructing a C*° counterexample in this section.

Consider the three curves ej,es, e3 intersecting only at the vertex v =
(0,0,0)”, which are parameterized by:

t
el(t) = O )
0
t
ea(t) = exp(—t7?) Sin(é) ) (3.1)
cos(1)
t+ &
es(t) = exp(—t72) [ sin(l) 22050
COS(%)-'— cos(é/5t)

e is a coordinate line, ey is a coordinate spiral, that winds finer and finer
around ep, such that it winds infinitely often around e; as ¢t — 0 and e3 is
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a spiral winding finer and finer around es such that it winds infinitely often
around eg as t — 0. All three curves are however C* on ¢t € [0, 1], but ez has an
accumulation point of fold-backs at the vertex v, thus violating the Fairbairn-
Rovelli assumption. We conclude:

Lemma 1 The Fairbairn-Rovelli assumptions are inconsistent.

3.2 Groupoid Approach to the Diffeomorphism
Group

The action of a continuously invertible homeomorphism ¢ : ¥ — ¥ on a cylin-
drical function Cyl, depending on a graph v is U;Cyl,Us = Cyly(y). Using
the notion of an ordered graph -y, which is a set of oriented edges with a linear
order among them, we can investigate the action of any subgroup of the homeo-
morphism group by its action on ordered graphs, i.e. we consider ¢ : v — ¢(7).

Let us for this purpose denote the set of all ordered graphs by I' and the
double groupoid I'xT" by D(T'). The elements (v,~") of D(T') are pairs of ordered
graphs, the source map is s(y,7’) = v while the range map is r(y,7’) =+’ and
the object inclusion map is e(y) = (v,7) together with the composition law
(V,7%) © (76,Y") = (7,7). This groupoid acts on I" with the moment map
() = v and the action (v,7") >~ = 7.

Each pair of an ordered graph v and a homeomorphism ¢ defines an element
of D(T') by pairing (v, $(7))-

Definition 1 Given a subgroup G of the homeomorphism group, we denote the
smallest subgroupoid of D(T') that contains {(,¢(v)) : v €T, ¢ € G} by Da(T).

Lemma 2 The orbits of the groupoid action of Dg(T') in T' are isomorphic to
orbits of the group action of G in I.

proof: If v, is in the G-orbit of 7, then there exists a homeomorphism ¢ € G such
that v, = ¢(vy) and hence (7,,7) € Dg(T'). Since the inverse ¢—' of a homeo-
morphism ¢ induces the existence of (6(y), 6~ (6(1))) = (6(1),7) = (3, &))"

and the groupoid composition (7, ¢(7)) © (¢o(7), d(do(7))) = (7, #(¢0(7))) re-
duces to the composition law for homeomorphisms, we see that Dg(T') contains

precisely the elements {(y,¢(y)) : v €T, ¢ € G}. O
Using the induced action of Dg(I') on cylindrical functions by the moment
map p(Cyly) = and action (7o, 7) > Cyl, = Cyl,,, we see:

Corollary 1 The G-orbit of a cylindrical function coincides with the Dg(T')-
orbit for any subgroup G of the homeomorphism group.

Given any ordered graph v and any subgroup G of the homeomorphisms, we
use the notion G, for the subgroup of G whose action on vy coincides with a
permutation of the edges of v and we denote the subgroup of G that acts trivially
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on v by TG,. Then the group of graph symmetries of v is SG, = G, /TG,.
This allows us to define a projection map P, through

1
P, Cyly = 15G, ] Z CYly(v),
$€5G.,

because the action of SG, on Cyl, is independent of the representative in G.
The G analogue of the antilinear rigging map n used to construct the dif-
feomrophism invariant Hilbert space of Loop Quantum Gravity is

n[Cyly] : Cyll, > (¢> P,Cyly, Cyll,),
$eG/Gy

which is also well defined, because the action of G/G, on P,Cyl, is again
independent of the representative.

This rigging map can be formulated using the respective groupoids only: Let
SG., be the groupoid whose object set consists of all ordered graphs that have
the same edge set as v and whose morphisms are the permutations of edges,
acting on cylindrical functions with graph v by permuting the arguments. Then
P,Cyl, = @Z%SGW Cyly(y)- Let DG denote the smallest subgroupoid
of the double groupoid of unordered graphs that contains all {(~, ¢(7)) : ¢ €
G,~ = unordered graph}, then n[Cyl,] : C’yl;/ — Z¢eDG<¢ > P, Cyl,, Cyl.,),
where the action of DG on I' needs the definition of a linear ”standard” order
for every graph (which exists by the axiom of choice). Given any ordered graph
v one needs to use an element g € SG, to order 7 to obtain the standard
order. The action of the unordered graph groupoid is then defined by mapping
a standard ordered graph to a standard ordered graph and subsequently acting
on the resulting graph with g~ .

Having the rigging map and thus the construction of the diffeomorphism-
invariant Hilbert space cast using groupoids only, we have an immediate solution
for the problem of reconciling the use of the piecewise analytic category of edges
with the desire for a separable diffeomorphism invariant Hilbert space through
defining the optimal diffeomorphism groupoid:

Definition 2 The optimal diffeomorphism groupoid consists of the small-
est subgroupoid of D(T') that contains all pairs (,~") of piecewise analytic graphs
that can be mapped onto each other by a homeomorphism.

Using the optimal diffeomorphism groupoid, we see that the n-image of the spin
network function SNF, on the graph - depends only on the knot class of -,
implying:

Lemma 3 The optimal diffeomorphism-invariant Hilbert-space of Loop Quan-
tum Gravity is separable.

proof: Density of the spin network functions in the kinematic Hilbert space of
Loop Quantum Gravity allows us to find a dense set in the optimal diffeomor-
phism invariant Hilbert space by applying the rigging map 7 using the optimal
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difeomorphism groupoid. The n-image of a spin network function depends only
on the knot-class of the underlying graph which is a countable set as well as the
spin labels, so the n-image of the spin network functions is countable as well. [J

Notice that the cylindrical functions on piecewise analytic graphs separate
the points in configuration space, and that any two lie in the same classical
diffeomorphism orbit if and only if the there exists a C?-diffeomorphism ¢ and
hence a groupoid element (v, ¢(7y)) that relates the underlying graphs. This
allows us to factor all classical C?-diffeomorphisms out, even when we are work-
ing in the piecewise analytic category. Thus using the groupoid method we can
extend the classical group of diffeomorphisms without having to restrict it first
to the piecewise analytic category.

Let us now prove that the optimal diffeomorphism groupoid and the complete
quantum extension of the diffeomorphism group yield identical rigged Hilbert
spaces.

3.3 Quantum Completion of a Group of Gauge
Transformations

Let us take a step back and consider the quantization of a classical field the-
ory defined as a Hamiltonian system (I',{.,.}, H,{x:}icz) on a phase space
I' = T*(C), which is the cotangent bundle over a configuration space C, with
canonical Poisson bracket {.,.}, Hamiltonian H : I' — R and a set of con-
straints {x;}icz. The configuration space is often chosen to be some category
of field configurations, where the precise choice is due to mathematical conve-
nience but usually not motivated by physical considerations. The elements of
C turn out to be morphisms from a groupoid to a group under rather general
circumstances: Given a scalar field theory one can consider the group of modes
(with addition as composition), so each field configuration ¢ gives a morphism
¢ :m— [d3xzm(z)¢(z). Let us furthermore assume that the constraints are at
most linear in the momenta, so their action closes on the configuration space.

The quantum theory requires a Hilbert space representation of the com-
mutative algebra of configuration variables, which is usually constructed as an
algebra of cylindrical functions of groupoid morphisms. The quantum configu-
ration space X is the spectrum of the C*-completion of the algebra of cylindrical
functions. This completion generally enlarges the configuration space C to X,
because although each element of C defines an element of the spectrum of the
quantum configuration algebra by the evaluation functor, there are elements in
X that can only be written as a distributional field configuration. The topol-
ogy of X is given as the Gel’fand topology for the spectrum of the configuration
algebra. It is natural to implement the gauge transformations that act as homeo-
morphisms on C as quantum gauge transformations that act as homeomorphisms
on X.

This quantum enlargement C — X however has an important consequence
for the representation of the group 7 of gauge transformations: Let ¢ : C — X be
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the appropriate embedding of the classical configuration space into the quantum
configuration space, which is assumed to be dense in the Gel’fand topology, since
C(X) is a C*-completion of the classical configuration algebra €. Notice that the
action of the gauge group is so far only defined on ¢(€) C X so the question we
have to consider here is how to extend the action of the gauge transformations
to all of X. There is however a deeper problem concerned with the quantum
gauge transformations:

Following the Dirac procedure we postponed the construction of gauge-
invariant so called Dirac observables to the quantum theory, due to technical
obstructions that inhibited us to achieve this implementation at the classical
level, which would have left us with the gauge-invariant classical configuration
space C;ny- The implementation of the gauge group is thus only a step in con-
structing the quantum completion X;,, of Ci,,. A gauge-invariant classical
observable is a function f : C — R, such that

fl@)=f(ra)Veel, 7€T,

so classical gauge-invariant observables f : C;jn, — R are functions that are
constant on the gauge orbits O, := {7z : 7 € T}. This means in turn that we
are interested in the quantum completion of the space C;n, of gauge orbits O,.
To achieve this, we have to construct a group of quantum gauge transformations
7, with action on X, such that X/7; is a cylindrical completion of C;p.

Let us now consider a Schrédinger type state on the quantum configuration
algebra C(X) given by w(f) := [, du(z)f(x), and thus a Hilbert-space repre-
sentation of C'(X) on H := L?(X, du) as multiplication operators. It will be our
strategy to solve for the gauge-invariant Hilbert space using the group-averaging
procedure. Since the Hilbert-space H is a completion of C'(X), we can state the
requirement for 7, for H and require that the gauge transformations equivalence
vectors of H that can be obtained as limits of a gauge-equivalent sequences of
elements of the classical configuration algebra. Formally we define for a unitary
representation U of T, on H (which assume to be implemented as the pull-back
under an isometry of 1) the notion of an incompleteness:

Definition 3 An incompleteness is a pair of elements hy, ho € H that are the
limits of two sequences, which are element-wise gauge-equivalent (at the classical
level), for which there is no element T € T such that hy = U(T)hs.

We then require that the group 7, of quantum gauge transformations contains
enough gauge transformations such that there is no incompleteness left.

To put our requirement into a picture, let us consider any pair v}, v? of
sequences, whose limits (for n — oco) are the Hilbert space elements v! and
v? respectively and assume that for every n € N there exists a classical gauge
transformation 7 € 7 (the upper line in the diagram), then the requirement
implies the existence of an element 7, that relates the limits (the lower line in
the diagram), meaning that the following diagram commutes:

1

Tt v o— w2
n—oo | ! (3.2)

Tq : ’U1 — ’112.
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We call the sequences in 3.2 regularizations of their respective limits.

This picture may be misleadingly interpreted as defining an equivalence re-
lation, but this is not the case, since there may be sequences relating v' and
v? as well as v? and v3, but since these sequences may be different, it is not
implied that v! and v® must be related. To obtain an equivalence relation, we
can proceed as follows: Let B be a Hilbert-basis for H and consider the smallest
subgroupoid of the double groupoid D(B) that contains any pair of elements of

B that is related by a regularization 3.2. In terms of groups, we define:

Definition 4 A group T, (containing all 7,) is complete, whenever there ex-
ists a reqularization such that 3.2 commutes.

Since we developed our notion of completeness purely on the physical principle
that the Dirac procedure of solving the constraints at the quantum level should
commute with quantizing the gauge invariant Dirac observables, we have a found
a physical requirement that can be applied to diffeomorphisms in Loop Quantum
Gravity, which satisfy the technical assumptions made above.

3.4 Regularized Cylindrical Functions

Let us construct a regularization for cylindrical functions by giving a one-

parameter family of classical functions, which for each classical field configu-

rations converge to the respective cylindrical function for ¢ — 0. The regular-
1

ization sequences are then obtained by taking e.g. €, = .

3.4.1 Regularized Holonomies

The cylindrical functions used to construct Loop Quantum Gravity are functions
of a finite number of holonomies along piecewise analytic curves, which are dis-
tributional functionals of the Ashtekar connection and are as such not supported
by the classical Poisson bracket. To find an expression for the classical Pois-
son bracket involving a holonomy h(e) = Pt{exp(fo1 dte(t) AL (e(t))T?)}, where
P, denotes path-ordering, e an analytic curve, A the pull-back of the Ashtekar
connection to ¥ and 7? % times the Pauli-matrices, one has to consider the
regularized expression:

1
B (4) :—Pt{exp < / i / ()65<a>6§<s>pa<s,a>A:;<p<s,o>>n>}, (3.3)

where p(s, o) denotes a smooth 2-parameter family of mutually non-intersecting
path, that coincide with e for o = (0,0) and the expressions ¢ denote one- resp.
two-dimensional regularizations of the Dirac delta. The regularized region of
integration is assumed to be open and centered around e: Let us give a precise
definition thereof:

Definition 5 Let e be an edge, then a continuous one-parameter family of open
sets o¢ s called a regulator of e, if:
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1. Oe is in 0o for alle >0
2. the interior of e is inside ot for all e > 0

3. for all z outside e there exists t > 0, such that x is outside o¢ for all e < t.

o Let of be a regulator of e, then a continuous one-parameter family i.(of) is

an internal approximation of e, if:
1. for all € > 0: 0ic(0) Uic(0o) is a subset of of

2. for all x in the interior of e there exists t > 0 such that x € i.(o) for all
€<t.

e A regularization of an edge is a pair (05,i.(0)) consisting of a regulator o¢
of e and an internal approzimation i(o) of o.

We will now suppose that the region of integration in equation 3.3 is reg. :=
ic(0of) for some regularization of e and that the occurring regularized delta
functions vanish at the boundary of reg..

Let us now verify that equation 3.3 really converges to the holonomy for
every classical connection A. The pull-back to ¥ of a classical connection is
a smooth function and hence continuous. Thus, using the standard argument
that for any continuous function f that is averaged over an open ball of radius r
around x, converges to f(z,) gives the approximation property for any classical
connection. (See figure 3.1 for an illustration of a regularization.) Notice that
our definition of a regularization is background independent.

3.4.2 Regularized Cylindrical Functions

In the previous section we gave a prescription for regulating a holonomy; the fun-
damental configuration variables of Loop Quantum Gravity are however cylin-
drical functions depending on the holonomies on a graph, so we need a regu-
larization for cylindrical functions that depend on a minimal graph -, which
consists of a compatible regularization of all the edges in . The regularized
cylindrical function then depends on the regularized holonomies (equ. 3.3),
where the regions reg. satisfy the compatibility that we construct in this sec-
tion.

A graph v = (E,V) consisting of a set E of edges and a set V' of vertices,
which satisfy Ve € E : x € de & = € V and e¢; Ne; C Je;. The cylindrical
functions depend on the connection through the holonomies, which are inde-
pendent degrees of freedom, so we want that the regularization of a graph is
a regularization of each edge, such that two different edges test the connection
in two disjoint regions for every ¢ > 0. To be able to approximate the entire
graph however, one needs that the vertices are elements of the boundaries of
the regulators of of the adjacent edges e. This leads us to the definition for a
regularization of a graph:

Definition 6 A regularization of a graph (E,V) is a set (R,V), where for
each edge e € E there is a reqularization i(oe), such that Ve > 0:
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Figure 3.1: Regularization of an edge: the first line depicts an unregularized
edge, the second line depicts the regularization of an edge with say ¢ = 1 and
the last line depicts the regularization with € < 1. The grey region denotes i. (o)
and can be seen to spread out over the entire edge towards the boundary points,
while at the same time shrinking down to the edge.

1. for each vertex v € V and all adjacent edges e(v): v € do.

2. for any two non-parallel edges e1, ez, the intersection (0o, Uoe, )N (00, U
Oe,) contains either one or two common vertices or is empty.

3. for each v € V there is a vertex reqularization v¢ consisting of an approz-
imation of v by a one-parameter family of open sets

4. for a set of edges intersecting parallel at a vertex v there exists a vertex
reqularization v¢, is such that the o. of the parallel edges intersect just

inside v°.
5. the c¢ N ot = dol N Aot for any two edges e, e’
6. for 1 > € >0 blurred graph® obtained by the union of v¢, o€ has the same

iso-knot class as vy

Lemma 4 Given a graphy = (E,V) in a manifold, there exists a regularization
Yr = (Ra V)

3There is an intuitive picture for the construction of the iso-knot class of a blurred graph:
(1) For each vertex regularization, fix a point  therein; (2) For each edge regularization span
an infinitely thin rubber from the z in the initial vertex regulatization to the z in the final
vertex regularization being able to move only within the union of the vertex-regularization
and the edge regularization. Letting all rubber bands relax defines a graph whose iso-knot
defines the iso-knot class of the blurred graph.

26



Figure 3.2: Regularization of a graph consisting of two edges: Here we depict
the problematic situation, where two edges F1, E5 arrive with the same tangent
vector at the vertex V. However, due to analyticity, there is no finite region,
where F; and FE5 coincide. In this case, we allow, that the boundaries of the
regions op, partially coincide inside a regularization of the vertex (from K to
V'), which is indicated by the thin lined circle around the vertex V'

proof: The requirements for a regularization can be fulfilled in R3. Since they
are local requirements, one can fulfill them chart by chart and patch them
together. [J

Now, the obvious definition for a regularized cylindrical function is:

Definition 7 Given a cylindrical function a representative f o h(v), we call
foh.(v) a regularization of a cylindrical function, iff h,. is the expression of a
reqularized holonomy and v, is a regularization of 7.

(See figure )

Notice, that our definition of a regularized cylindrical function does not
imply a particular regularization, but leaves way to take any representative
of the equivalence class of regularizations, that result in the same cylindrical
function in the limit € — 0.

Notice that this definition of a regularized graph is diffeomorphism covariant,
which means that if v can be mapped onto v’ by a diffeomorphism ¢, then
@(R,V) is a regularization of .
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3.4.3 Nicely Stratified Diffeomorphisms

Let us consider the regularizations for a given cylindrical function depending on
a graph 7 and investigate its transformation properties under a special class of
~-nicely stratified diffeomorphisms. These are defined as follows:

Definition 8 A stratification M in the d-dimensional manifold in which vy is
embedded into is called v-nice, iff

1. the interior of each edge is completely contained in a 3-dimensional stra-
tum

2. all of v (including the vertices) lies in the stratification (i.e. the vertices
are allowed to lie in less than d-dimensional strata).

e A graph ~' is a decomposition of a graph v, if the set of points contained in
~ and ' coincide and each edge of «y is equal to the composition of one or more
edges of '.

It follows immediately:

Corollary 2 There exists a minimal subgroupoid of D(T') that contains all pairs
of graphs (v1,7v2) for which there is a pair of decompositions vi,v5 and a ;-
nicely stratified analytic diffeomorphism ¢ mapping vy onto .

Let us now consider the construction of a particular set of y-nice stratifications
that we want to use in this chapter:

Construction 1 Given an analytic graph -, let us label its edges ey, ...,e,.
Given a atlas A of 3, let us label its charts Cq,...,Cx, = (U1, ¢1), .., (U, dk)-

1. For an edge e; denote Cj(e;) :=={Cy : 0 < n < j and e; N Cp,nonempty}.
Then for each e; there exists a smallest j; such that C;, covers e;. We
denote A(e;) = Cj,(e;).

2. There exists an analytic coordinate function ¢;; for each edge e; and each
chart C; € A(e;), such that (;Si_jl(e,-|cj) ={(0,0,t) : 0 <t < 1} due to the
analyticity of e; and A.

3. For each vertexr v, there exists take the smallest n, such that C, =
(Un, dn) € A contains a neighborhood of v,, and fix a A, > 0 such
that the open coordinate ball (in the chart Cy,) B(vm, Ay,) contains only
adjacent edges and no other vertices.

4. Due to analyticity of v, there exist 0 < d,,, < A,, for each vertex v, such
that the coordinate sphere S(vy,,r) is penetrated by each adjacent edge
exactly once for all 0 <1 < §py,.

5. (For illustration only:) For each vertex v,, and each adjacent edge e;
denote the Voronoi-region of points inside B(vm, dm) \ {vm} that are clos-
est of the edge e; (in the coordinate system given by the chart C,) by
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10.

. It is the purpose of the Sﬁl

Vimi- Denote the connected components of the two-dimensional surfaces
of points that have equal Cy,-coordinate distance to the edges e; and e;
by {Sﬁzij}zzl' Denote the one-dimensional curves that have equal Cp,
coordinate distance to e;,,...,€;, by Ly, . i,. By choosing a suitable co-
ordinate function, one can achieve that these curves are equidistant to
precisely three edges e;,ej, e, so without loss of generality we can label

the equidistant lines by L.

. (For illustration only:) Due to the analyticity of the edges adjacent to

Um, one can find 6, > €, > 0 such that the restriction of each Sﬁlij to
B(vn,€) \ {vm} contains vy, as a boundary point and that the restriction
Sfmj of Sk . to B(vp,€)\{vm} is either diffeomorphic to a punctured disk
or a triangle. Denote the intersection point of Ly, with the coordinate

mij
sphere S(vm, €) by Mpijk-

;; to separate the edges e; and e; in a small
neighborhood of v,,. Let us now construct analytic surfaces that achieve
the same: For each e;, e; adjacent to v, with i < j we construct a coordi-
nate function ¢pm;; such that e;(t) = ¢umi;(0,0,t) and e;(t) = dmsj(0, c(t), £t)
for some analytic function c(t). One can choose triangular subsets of the
surfaces S} = {gi)r_nij(a,a,t) ta,t € R} and S2,,; = {(;S;ij(a,—a,t) :
a,t € R} as well as the two surfaces Sy, = {gb;éj (a,x1c(t),t) 1 a,t € R}
and Sfm.j = {zj);ij(a, +2¢(t),t) : a,t € R}, so both e, and e; are separated
by the boundaries of coordinate pyramids. Denote these triangular subsets
of the surfaces collectively by S’.

Let us start with e; for which the label © is minimal: There is a subset
of the set of all surfaces S' such that e; is separated from all other edges
by choosing subsets of the surfaces S’. Denote this set of subsets of the
surfaces S" by S; and the neighborhood e; N\ BV, €) \{vm} that is bounded
by S; by N;. Notice that N; does not contain the interior of any other edge.

Proceed with the edge e; with next higher label j: There is a subset of the
set of all surfaces S’ such that e; is separated from all other edges and
the region N; by choosing subsets of the surfaces S’. Denote this set of
subsets of the surfaces S" by S; and the neighborhood e; N B(vVp,, €) \ {vm}
that is bounded by S; by N;. Notice that N; does not contain the interior
of any other edge or the region N;. Repeat this step analogously for all
k > j until the edge with the highest label is reached. This constructs sets
Sk, Ny for each adjacent edge ey, which are mutually disjoint.

For each adjacent edge e; choose an analytic coordinate function ¢m;,
such that e;(t) = (0,0,t). The surface pieces sy in S; have the form
sa = {(a(t,c),b(t,c),t) : (t,c) € Uy C R?}. Consider the surfaces s, =
{(3alt,c), 3b(t,c),t) : (t,c) € Uy C R*} and collect their set as S;. There
exists an €, > 0 such that the surfaces S| separate the edge e; form all
other adjacent edges inside the ball B(vpy,€;). The minimum of the € is
denoted by €.
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11. The neighborhoods of e; N B(vm,, €') that are bounded by the S are denoted
by R;. The boundary lines of the surfaces in S, are analytic because they
are intersection lines of analytic surfaces and we denote the set containing
these by L;. The set of boundary points of the L; shall be denoted by P;.

This construction yields an analytic stratification M., of the balls ¢, 1 (B (v, €))
around the vertex by taking the R;, the S/, the £;, the P; and the complement
of these in ¢,,,} (B(vm, €')) and the partition of the sphere ¢} (S(v,,), €) into an-
alytic surfaces &,, and analytic lines 7., that arises by partitioning this sphere,
into surfaces that are bounded by elements of the £;. Let us now construct an
adapted stratification of X\ (U, ¢t (B(vpm, €'))) Let us for this purpose consider
the restriction v, of graph v to ¥\ (U@, (B(vim,€'))), which is a graph that
is completely separated:

Construction 2 For each edge e; in v, there exists a narrow tubular region T;
which are bounded by analytic boundary B; surfaces in ¥\ (Up ¢ (B(vm, €)))
together with elements of L; N\ T, and elements S; N E,,. The tubular regions
are supposed to be chosen narrow enough, so they do not mutually intersect.

Definition 9 The elements of the M,, and the T;, B; together with the com-
plement of all these sets in ¥ define the adapted stratification M., .

Since the constructions 1 and 2 are entirely analytic:

Corollary 3 M., is an analytic stratification.

Construction 3 For each graph -y with graph 7, (as used in construction 2),
there is a graph ' containing all the vertices of v and 7, and replacing each
edge e; € v with the three pieces e, e? € 7y, and €}, such that e; = e} o e? o e3.
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By construction we have: The stratification M., is 7/-nice and 7/ is a decompo-
sition of ~.

Corollary 4 For each graph ~y there exists a decomposition v and a ~'-nice
analytic stratification of 3.

3.4.4 Adapted Regularization

Given a graph «, we can reuse the constructions constructions 1 and 2 to furnish
a regularization of ~:

Construction 4 1. Assume that each edge in 7 is contained in a single
chart, if not, then refine v so each edge in the refinement is contained in
one chart.

2. Define the regulator ol for each edge e as the composition of the two
regions R; containing the initial and final part of e and the tubular region
T; containing the middle part of e as well as the boundary surfaces of
between the R; and 7T;.
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3. Since e is contained in a single chart, we can choose a coordinate function
@i, such that e = {(0,0,t) : 0 < ¢t < 1} wsing cylindrical coordinates
(r,0,t). The regulator takes the form o} = {(a,b,t): 0 <a < r(0,t),0 <
0 <2m,0<t<1}.

4. Define ¢ = {(ea,b,t) : 0 < a < r(0,t), 0 < 2m,0 <t <1} and
» 3 t§1_§

a r(6,t),0 <
ic(0¢) = {(ea,b,t) : 0 < a<r(0,t)(1-5),0<6<2m,§ <
)

5. Using the coordinate balls ¢, (B(vy,, €,
vertex requlators v¢ := ¢, 1 (B(vm, €,€)).

6. The o0&, i.(0f) :=iL(cS) \ (Unvs,) for each edge in v together with the v°

for each vertex in v define the reqularization R(7).
Since the of are mutually disjoint we have by construction:
Corollary 5 R(v) is a regularization of .

Combining these constructions and observing that each stratum contains at
most the regulator of one edge, we see:

Corollary 6 For a graph ~y there exists a decomposition v of vy, a ~'-nice strat-
ification M., and a regularization R of v' such that each stratum contains at
most the regulator of one edge.

3.4.5 Action of Nicely Stratified Analytic Diffeomorphisms

Let us now consider the action of diffeomorphisms on regularized cylindrical
functions f,, fs depending on minimal graphs «,6. For f, and f5; and a reg-
ularization for v,d, we have physical requirements for calling these functions
diffeomorphism-equivalent: There exists a diffeomorphism ¢, for all € > 0 such
that (1) the regularized dependence of f, on the connection has to be mapped
onto the regularized dependence of fs on the connection, so both functions have
the same dependence on the connection and (2) the regularization of each ver-
tex in v has to be mapped onto a regularization of the corresponding vertex in
0 and the regions o¢ outside the vertex regularizations of v have to be mapped
onto the regions of outside the vertex regularizations of ¢, so the limit ¢ — 0
can eventually be taken. This leads to the refinement of definition 3:

Definition 10 We call two graphs ~v,6 physically diffeomorphic, if there
exists a regularization R(7y) of v and for each 1 > €, > 0 there is a family of
diffeomorphisms ¢, : 1 > € > €, such that there is a reqularization R(5) of &
and for all 1 > € > €,:

1. ¢°(i&(y)) = iE(9), for each internal approximation i(y) € R(7)

2. ¢(0E\ Un(vE, (7)) = 05\ U (v5,(0)) for all regulators o € R(y) and all
vertex regularizations v¢(y) € R(7Y)

3. ¢°(vs, (7)) = ve(0) for all vertex regularizations v¢(y) € R(7).
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Given a graph 7, we have the adapted stratification M(7). Let us denote by
N (v) the stratification that is obtained from M () by combining the stratifi-
cation of the vertex balls ¢t (B(vy,,€),)) into a single 3-dimensional stratum
for each vertex. Using the vertex constructions of the previous sections, we are

able to show:

Lemma 5 Given a graph v and the adapted stratification N (), which is -
nice, and a let § be the image of v under an N (v)-stratified analytic diffeomor-
phism, then v and § are physically diffeomorphic.

proof: Perform the construction 4 for v to obtain a regularization R(7), such
that each stratum contains at most the regularization of one edge. For any 1 >
€ > €, > 0, the regulators of are tubular regions containing tubular subregions
ic(0f) contained in a single stratum each. The vertex regularizations v¢ are
balls around the vertices also contained in a single stratum each. Thus, the M
stratified analytic diffeomorphism acts on the regularization R(y) by mapping
analytic tubes onto analytic tubes, analytic subtubes onto analytic subtubes
and analytic balls onto analytic balls without changing the topological relations
amongst these. Since for the regulated graph R(7) with € > 0, there are at most
three measurable tangent vectors at each point, because at most an analytic ball
touches an analytic tube, one can achieve this action also by a diffeomorphism.
O

This lemma does not help us to get rid of the complications associated to the
tangent space structure at the vertex, but the observation that the regulated
graph has at most three independent tangent vectors at each point hints:

Lemma 6 If two analytic graphs v,0 are isomorphic as knots, then they are
physically equivalent.

proof: Because v and § are isomorphic as knots, there exists a homeomorphism
h that maps v onto §. The problematic points are only the vertices; in other
words: except for a small region around the vertices there is no obstruction for
a diffeomorphism to map an analytic graph onto a graph in the same iso-knot
class. The proof rests now on the observation that R(y) is a regularization of
every graph 7' and for €, > 0 as long as 4/ lies in R(y), so taking a suitably
adapted diffeomorphism ¢ we can achieve ¢~1(3) = 4/ for a suitable 4/ that is
regularized by R(7) for e > ¢, > 0. O

Let us now focus on the minimal extension of the analytic diffeomorphisms
to obtain a physical diffeomorphism group: As a preparation we need:

Lemma 7 Given a stratification M, a M-stratified analytic diffeomorphism ¢
and an analytic graph vy, there exists a decomposition v’ of v, a'-nice stratifica-
tion M’ and a M stratified analytic diffeomorphism ¢’ such that &' (') = ¢(7).

proof: Any edge e € v can be decomposed into a finite number of pieces {e;}*_;
which are each contained in a single stratum due to analyticity of both e and the
strata in M and the local finiteness of M; moreover one can refine this decompo-
sition, such that each e; is contained in a single chart. Compactness of the edges
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yields that this refinement is finite. Then +’ contains the edges Ucc,{e;}i¢; and
vertices Ueey{0e; }i2,. Since each e; lies in a single chart we can use an analytic
local coordinate function ¢; such that e; = ¢; *({(0,0,¢) : 0 < t < 1}). For
every 0 < t < 1 let d;(t) denote the coordinate distance in ¢;-coordinates of
¢~ 1(e;(t)) to the closest point in « \ e;, which is a piecewise analytic function
with d(t) > 0 for all 0 < ¢t < 1 due to analyticity of 7'. Denote the finite
number of points ¢ at which d;(t) is not analytic by {t;;}?_,. Construct the
region R; := ¢; ' ({(z,y,t) : 2% +y? < d;(t)/a;,0 < t < 1}). OR; can be decom-
posed into two zero-dimensional strata Z;; = ¢~1(0,0,0), Zio = ¢~1(0,0,1), N
analytic one-dimensional strata O;; (the coordinate circles around ¢=1(0,0,¢;;)
with coordinate radius d;/a;(t;;) and N + 1 analytic two-dimensional strata Tjj
for the rest. Due to analyticity of 4/, one can choose the a; such that these
strata do not mutually intersect for different edges in +’. The stratification M’
contains the Z;;, Oy;, i, and R; for each edge in ~" as well as the complement
of the union of all these sets in . M’ is by construction 4’ nice. The action
of ¢ on each e; € v/ is analytic by construction, so for each e; there exists a co-
ordinate function v;, such that ¢(e;) = 1; *({(0,0,¢) : 0 < t < 1}). Since each
e; lies in a 3-dimensional stratum of M’, we can use the restriction of 1, Lo g,
to R; to patch an M’-stratified analytic diffeomorphism ¢’ together such that
() = 9(7). O

Using this lemma, we can practically drop the attribute nice for stratifications
when talking about the action of stratified analytic diffeomorphisms on analytic
graphs. The proof of lemma 6 tells us in light of this that the complete diffeomor-
phism group contains an extension of the stratified analytic diffeomorphisms.
Let us give a precise definition of this extension and prove its validity:

Definition 11 Let {p;}Y, be a finite set of points and let v§ be a vertez-
regularization of p;, such that the v do not mutually intersect for e < 1. Let
M be a stratification of 2 that contains the points p; as strata. Let 1 > § > 0
and % be a family 1 > € > 6 M stratified analytic diffeomorphism on X\ (Uzv?)
satisfying ¢c(z) = ¢s(x) for all 1 > € > 6 > 0 and all z in X\ (U;jvl). Then
a homeomorphism 1 is called an extended stratified analytic diffeomor-
phism if for any 1 > § > 0 there exists a family ¢? that coincides with v on
A (Ush).

Lemma 8 The complete diffeomorphism group for Loop Quantum Gravity con-
tains the extended stratified analytic diffeomorphisms.

proof: For the set {p;}~Y; and a graph v there are two possibilities: (1) p; € v
then we decompose 7 to +' such that p; is a vertex, (2) otherwise there will be
an € > 0 such that v§ Ny = (), so the action of the extension of ¢ does not act
on ~. The proof is now given by observing that there is a regularization of
such that the v§ are vertex regularizations. [

Lemma 9 If two analytic graphs v, d are isomorphic as knots, then there is an
extended stratified analytic diffeomorphism ¢ s.t. ¢(vy) = 4.
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proof: Construct the adapted stratification M(y) and regularization R(7) as
described in the previous section. Using an adapted coordinate function ¢, s.t.
each edge e € v is e = ¢71{(0,0,¢) : 0 < t < 1} and ¢4 for each edge d € §
analogously. The family ¢€ is then constructed by patching the ¢;1 o, together
and restricting them to the outside of the vertex regularizations. [

Corollary 7 Physical diffeomorphisms can not change the iso-knot class of a
graph.

proof: By definition, one can reconstruct the iso-knot class of a graph ~ regu-
larized by R¢(7y) for any 1 > e > 0. O

Putting these lemmata together and observing that an extended stratified
analytic diffeomorphism coincides is in particular a homeomorphism, so it can
not change the iso-knot class of a graph, we conclude:

Corollary 8 Two analytic graphs v, are physically equivalent iff there is an
extended stratified analytic diffeomorphism ¢ with ¢(v) = 46.

3.5 Loop Quantum Diffeomorphism Groupoid

Since we are interested in the complete diffeomorphism orbits of analytic graphs,
we can use corollary 8 which tells us that we have to only consider extended
stratified analytic diffeomorphism for this purpose.

3.5.1 Definition of the System

Using corollary 8 we can define the complete diffeomorphism group for Loop
Quantum Gravity as the smallest group generated by the extended stratified
analytic diffeomorphisms. At the beginning of this chapter however, we intro-
duced a subgroupoid of the double groupoid D(I') of the set of all analytic
graphs I' as a replacement for a specific diffeomorphism group. We are thus
able to define the complete diffeomorphism groupoid:

Definition 12 The smallest subgroupoid of D(I") that contains all pairs (7y, ¢(7y)),
where v is an analytic graph and ¢ is an extended stratified analytic diffeomor-
phism is the complete diffeomorphism groupoid of Loop Quantum Gravity.

Using corollary 8 and the recalling the definition of the optimal diffeomorphism
groupoid, we see

Corollary 9 The complete diffeomorphism groupoid coincides with the optimal
diffeomorphism groupoid.

The spin network functions are a Hilbert-basis for L?(X, duar). Using these,
we are able to construct a basis for the diffeomorphism invariant Hilbert space.
Using corollary 9 and applying lemma 3 yields:

Theorem 1 The diffeomorphism invariant Hilbert space of Loop Quantum Grav-
ity s separable.

34



Chapter 4

Reduction of a Quantum
Observable Algebra

In this chapter, we will construct the framework for extracting cosmology from
full Loop Quantum Gravity, which we will apply in the next chapter. This
chapter is however more general and focuses on the observation that the extrac-
tion of a subsystem from a classical system is conveniently described through
the pullback under a Poisson embedding of a reduced classical system into the
phase space of a full classical system as described in section 2.1.3. A quantum
theory on the other hand is a noncommutative analogue of the classical phase
space, so the notion of extracting a subsystem translates roughly into the em-
bedding of noncommutative spaces. (Notice that the C-functor is contravariant,
so a noncommutative embedding acts as a pullback.)

We construct a general prescription for the quantization of embeddings of
integrable classical systems and then focus on transformation group systems,
which may not necessarily be Lie-algebroids. The observation behind this is that
an integral groupoid of an integrable Lie-algebroid may be constructed through
a groupoid induction module. This procedure is analoguous to the embedding
of a space through embedding a vector bundle over that space into a larger
vector bundle and then recovering the embedded space using the projection
in the larger vector bundle. This can be understood as follows: The quantum
description of a vector bundle is given by Hilbert-C*-modules over a C*-algebra,
which is the quantum analogue of a space. We will then provide a construction
of a ”sub”-module thereof that is compatible with the Hermitian structure and
use the Hermitian structure (which is in physicists terms an operator-valued
sesquilinear form) to construct a reduced C*-algebra.

We keep this chapter largely self-contained, further details on representation
theory for C*-algebras, Morita-equivalence and groupoids can be found in ap-
pendix A. For more details on the construction presented in this chapter, we
refer to [21], which evolved from this work.
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4.1 Reduction of Classical Systems

A quantum reduction should admit a classical limit in which it amounts to a
the reduction of classical systems. We will therefore review the reduction of
classical systems in this section focusing on Poisson systems, whose description
is very similar to the canonical description of quantum systems.

4.1.1 Classical Kinematics

Given a smooth manifold I" used as phase space, one can define a Poisson struc-
ture {.,.} : C°(y) x C°(T") — C°°(T") thereon as a bilinear, antisymmetric map
that satisfies Jacobi identity and defines through g — {f, ¢} a (Hamiltonian)
vector field for each f € C*°(T'). For two Poisson manifolds (I';, {.,.}i)i=1,2, one
calls an immersion i : I'y — T’y a Poisson map (and I'; a Poisson submanifold)
if

{foi7g0i}2:{f,g}0i. (41)
It follows that the Poisson structure {.,.}; of a Poisson submanifold is deter-
mined by the Poisson structure {., .} and that the Hamilton vector fields on I'y
coincide with the push-forward on I'y, implying the physical consequence that
the kinematics of the embedded system coincides with the kinematics of the full
system, yielding;:

Definition 13 Classical reduction of a full system (I's,{.,.}2) to a reduced sys-
tem (', {.,.}1) is the pull-back under a a Poisson map.

There are however many physically uninteresting reductions, which for example
are the embedding of a configuration space into the full phase space without
embedding the respective momenta. To define the physically interesting Poisson
embeddings, it is useful to describe Poisson manifolds through Lie-algebroids.

4.1.2 Lie-algebroids

Lie-algebroids are the generalization of Lie-algebras in very much the same way
as groupoids generalize groups. They are dual to Poisson manifolds, so one can
describe a Poisson system through a Lie-algebroid:

Definition 14 A vecor bundle E over a manifold X together with a bracket
[.,.]Jg on T°(E) is called a Lie-algebroid iff there is a vector bundle morphism
p: E — T(X) satisfying Leibnitz rule for all r,s € T°(E) and f € C*(X):

[r, fsle = flr,sle + (p(r) fs,
where p(r) is the section por in T(X) and p is called the anchor map.

The precise formulation of the duality is: Given a Lie-algebroid (E, [.,.]g) over X
with anchor p then E* is a graded Poisson manifold with { Pol,,(E*), Pol,,(E*)} —
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Polyym—1(E*) with {.,.} being determined through linearity, Leibnitz rule and
the relations

{7 f,m"g} = 0, {x"f, 1(r)} = 7" (p(r) ), {I(r), 1(s)} = I([s,]E),

where f,g € C*(X), r,s € I'>°(F) and I denotes the canonical graded morphism
between the symmetric tensor product on E and the polynomials of equal degree
on E*.

This duality can be extended to Poisson maps: If ¢ is a Lie-algebroid mor-
phism! then ¢* is a Poisson-map on E*. Not all Poisson maps are Lie-algebroid
morphisms, but only those that map the base space (or physically speaking
the configuration space) into the base space. Moreover, we are able to define
the physically interesting embeddings (called full embeddings) in terms of Lie-
algebroids:

Definition 15 A Lie-algebroid morphism ¢ : E1 — Es is full, iff every section
in FEs, whose anchor is tangential to the image of the base space of Fy, is in the
image of E.

A Poisson map i between E and E3 is full, iff it is dual to a full Lie-algebroid
morphism.

This notion ensures physically that all momentum variables that are relevant
for the embedded system are included tehrein.

4.1.3 Reduction and Poisson Embeddings and Reduced
Sensitivity

The isomorphism classes of Lie-algeboids together with full Lie-algebroid mor-
phisms is a partially ordered set, which extends (by duality) to graded Poisson
systems. We call the embedded Lie-algebroid ”smaller”, while the Lie-algebroid
that it is embedded into is called ”larger”. Similarly, we call the to the larger
Lie-algebroid dual Poisson system ”full system”, while we call the to the smaller
Lie-algebroid dual Poisson system ”"reduced system”.

Poisson systems are formulated in terms of observable algebras. While there
is a freedom of choice at the classical level whether one considers the phase space
and Poisson structure thereon or the algebra of smooth functions on the phase
space together with the Poisson bracket between them, it is necessary in to con-
sider the observable algebra in quantum theories due to the noncommutativity
of the quantum mechanical phase space. Let us now consider the implications
of phase space reductions for observable algebras:

Given an observable f of the full system, one can construct an observable of
the reduced system (that is embedded into the full system by i) by considering
the pull-back of f under i. This can be applied to the entire observable algebra A

LA Lielagebroid morphism is a vector bundle morphism ¢ : E1 — Es3, such that p2o¢ = p;
and ¢([r, s]g,) = [¢(r), &(s)] B, for all r,s € [°°(Ey).
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and the reduced algebra 2.4 can be recovered using the argument from section
2.3 as:

Wpeq = {i*f : f €AY (4.2)

This is the quotient of the algebra 2 by the ideal of functions that vanish at the
embedding, and as such 2.4 inherits the algebraic structure from 2.

We argued in section 2.3 that the physical interpretation of an observable
is the outcome of a measurement (that corresponds to the observable) on the
physical system. The pull-back under a Poisson-embedding of an observable
algebra amounts therefore to restricting the sensitivity of our measurements to
the measurements that are available in the embedded system. This allows for
a simple interpretation of the embedded system as the by the considered set of
measurements ”accessible” part of the system while the ideal of observables that
vanish at the embedding is precisely the by the considered set of measurements
”inaccessible” part of the physical system. The active process of performing
the pull-back can therefore be interpreted as reducing the sensitivity of the
measurements to the respective subsystem.

4.2 Quantization Strategy

Groupoids are a natural link between classical and quantum systems: A clas-
sical system, described by an integrable Lie-algebroid, can be integrated to a
Lie-groupoid and the appropriately constructed groupoid C*-algebra serves as
the quantum observable algebra, while the groupoid itself encodes the classical
integrable system.

4.2.1 Integrable Lie-algebroids

Given a Lie-groupoid G over X, we define the vector bundle F = Lie(G), whose
fibre at x is the tangent space at e(x) of the s-fiber at . The Lie-bracket of
vector fields on X reduces to a Lie-bracket between the sections in E and the
bundle map p : E — T(X) obtained by restricting the canonical map T(G) —
T(X) to E serves as an anchor map. This ”taking the derivative at the source
unit” defines the Lie-algebroid associated to the Lie-groupoid G. G is called
s-simply connected, iff the s-fibres of G are simply connected.

A Lie-algebroid F is called integrable, if it is the Li-algebroid of a Lie-
groupoid. Then there exists a unique s-simply-connected Lie-groupoid G that
integrates E. The integrating groupoid of an integrable Lie-algebroid? E can
be constructed as a certain homotopy quotient of the path groupoid P(E) of
E. We will from now on assume that the classical system can be described by
an integrable Lie-algebroid, so we have a unique s-simply connected integrating
Lie-groupoid at our disposal.

2Notice that although this construction can be performed for any Lie-algebroid E, it does
not mean that the such obtained groupoid integrates E.
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4.2.2 Quantum Algebras

Let G integrate the classical system described by the Lie-algebroid E. The
unit space of G is the base space of F, which can be physically interpreted as
the configuration space X of the system. The sections in E are momentum
vector fields on X, generated by the Poisson action of observables linear in the
momenta. The elements of the groupoid are then finite transformations of a
point in X generated by a momentum vector field, which is the generalization of
the action of the momentum-Weyl-operators. The quantum algebra is therefore
a groupoid C'*-algebra. For finite dimensional Lie-groupoids, one can construct
the groupoid C*-algebra canonically, while one generally needs a Haar system
on the groupoid for its definition. Let us focus on the general case:

Let dv be a Haar system on a (locally) compact groupoid G and consider
two continuous functions fi, fo € C.(G) of compact support. Then

fixfargm— dv fi(g1) f2(g2) (4.3)

g10g92=g

defines a noncommutative convolution product. This algebra can be equipped
with an involution given by

frog—=flg™h). (4.4)

One can define a C"*-norm for this *-algebra by considering all *-representations
7 on Hilbert spaces H, of this x-algebra and defining:

1= sup [l (£l (4.5)

The completion of the above defined *-algebra in this norm is a C*-algebra,
wich we define as the groupoid C*-algebra. As the natural generalization of the
Weyl-algebra of ordinary quantum mechanics, we define this C*-algebra as the
quantum observable algebra associated to the classical Lie-algebroid E that was
integrated by G. The construction ensures that there exists a classical limit that
recovers E.

4.2.3 Requirements for Quantum Embeddings

An embedding i of a locally compact Hausdorff space X into a locally compact
Hausdorff space Y defines the pull-back i* : C(Y) — C(X), which is the key
observation that we use to construct reduced classical systems. Algebraically,
one can describe ¢ as an embedding of the spectrum on C(X) into the spectrum
of C(Y). Although it is tempting to use this algebraic statement and replace
the commutative algebras with noncommutative quantum observable algebras
to construct a quantum embedding, such an embedding has certain pathologies
that we described in section 2.3, where we considered examples of this type of
embedding that produced counterintuitive results.

However, the conditions for a quantum embedding as explained in section
2.3 resolve these pathologies. Quantum systems are not only determined by an
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observable algebra, but one needs a Hilbert space representation of the observ-
able algebra to do physics. The matching condition for the vacuum expectation
values® set out in section 2.3 will turn out to resolve the problem of finding an
induced representation of the reduced observable algebra.

The classical limit that is needed in section 2.3 will here be obtained as
follows:

G module X
Haar syst. C*(G,v) — representation
v T h
g l (4.6)
l 0
AG) — P(9)
dualization

This diagram starts from a Lie-groupoid G with a Haar system v, from which
one can immediately construct a C*-algebra C*(G,v). We assume a faithful
representation of this algebra. The classical limit 7 — 0 can then be obtained by
reversing the top arrow and forgetting about the Haar system v, while following
the downward arrow from the groupoid to arrive at the Lie-algebroid .A(G) and
its dual graded Poisson system P(G). Given a general quantum system (2, 7, H)
of an observable algebra 2 together with a Hilbert space representation (H,7)
thereof, we need to assume that 2 is the C*-algebra of a Lie-groupoid and that
(H, ) is faithful.

4.3 General Construction

The observation that allows for the general construction outlined in this section
is the close link between Morita-equivalence for groupoids and Morita equiva-
lence for C*-algebras, which was developed in [18]. If two (transitive) locally
compact groupoids with Haar systems are Morita equivalent as groupoids, then
the respective groupoid C*-algebras are Morita equivalent as well. The proof in
[18] consists of constructing a Morita-equivalence bimodule for the C*-algebras
as a completion of C(X), where X is the equivalence bimodule for the groupoids.
This suggests to construct the reduced observable algebra as a reduced groupoid
algebra and using the techniques form Morita theory for C*-algebras to induce
a representation. To line out the general construction, we need two additional
observations:

First, if X is a groupoid induction module for a groupoid G(X) and if 4
embeds Y as a subspace of X, then one can induce a subgroupoid G(Y) of G(X).

3Every representation of a C*-algebra can be decomposed into cyclic representations. This
decomposition is however not unique. Each cyclic representation can be thought of as a GNS-
representation, so when discussing representations of C*-algebras, we do not loose generality
if we restrict ourselves to sums of GNS-representations. Since a GNS-representation is (by
definition) already completely determined by the vacuum expectation values of the observable
algebra, one can ensure that the representation properties are taken into account, when the
vacuum expectation values (in each cyclic summand) coincide for a dense set of elements of
the quantum observable algebra.
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For the cosntruction, let us revisit the induction of G(X) form X:

Notice that X is a space with a groupoid H acting thereon by an action g
with momentum map p. G(X) is then X % X/H, where X % X = {(x1,22) €
X xX:p(z1) = p(x2)} and H acts thereon by the diagonal action h> (z1, z2) =
(ttn(z1), pr(x2)). The unit space is X/H and the groupoid composition is
[x1,z2]2 © [x2, 23]1¢ = [21,23]1. Let us now consider X, = i(Y): Denote the
largest subgroupoid of H with p(s(h,)), p(r(he)) € X, by H,, which has a well
defined action p,, p, on X, defined by restricting u to H, X X, and p to H,. We
can now construct G(Y) as X, * X, /H,, where X, * X, = {(y1,y2) € Xo X X, :
Po(y1) = po(y2)} and H, acts by the diagonal action on X, x X,. The unit
space is X,/H, and the groupoid composition law [y1, y2]w, © [y2,ys], is well
defined, since it is independent of the representatives (y;, ;).

Let us now verify that I : [y1, y2]n, — [i(y1),(y2)]x is a well defined embed-
ding of groupoids: Independence of Representatives: Assume that [y1,y2]n, =
[y3,Ya]r, then there exists h, € H, such that y1 = h, > ys and y2 = h, > ya.
Since u, and p, are restrictions of p and p and since h, as an element of a
subgroupoid if H is in particular an element of H, we see that [i(y1),(y2)]n =
[ho > i(y2), ho > i(y2)]3 = [i(ho & Y1), i(ho > y2)l3e = [i(y3),i(ya)]p. Matching:
A similar argument can then be used to see that I(g$ o ¢9) = I(9?) o I(g9),
since I([y1, y2ln, © (Y2, ysln,) = I([y1,ysln,) = [i(y1), i(ys)]» and on the hand
I([y1: yaln,) © L([y2: ysln,) = [i(y1), i(y2)]n o [i(y2), i(ys)]s = [i(y1). i(ys)]n.

Now, since a viable observable algebra can be constructed as an algebra of
functions on the groupoid, it is suggestive to construct subalgebras as functions
on the subgroupoid.*

Second, let G be a Lie-groupoid integrating a Lie-algebroid E over a base
manifold X and let Y be a submanifold of X. One can then very often turn X into
an induction module for G. If we now construct the embedded subgroupoid then
it will contain all transformations in G that transform a point of Y into a point
in Y. The associated Lie-algebroid of the embedded groupoid thus contains all
vector-fields that close on Y, so the such constructed embedding is full. Meaning
that if X can be turned into an induction-module for G then the embedding of
the classical system obtained by taking the Lie-algebroid that generates the
embedded subgroupoid is full, which we considered as the physically interesting
kind of embedding.

4.3.1 Reduced Algebra

The groupoid structure served only as link between the classical and quantum
structure, which we want to forget about at the end, so the only data for the
quantum system that we consider is (2,7, KC), where 2 denotes the quantum
observable algebra and (m, K) a (faithful) Hilbert-space representation thereof.

4In fact for a system of n paricles in one dimension, one obtains a transformation groupoid
G(R™,R™) of R™ acting as translations on R™. This groupoid can be induced using R™ together
with the trivial groupoid as an induction module. Then embedding any R™ into R", one
obtains by this procedure a transformation groupoid of m particles, whenever m < n. Similar
results hold for more complicated classical systems.
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The first step into this direction is to follow [18] and turn the groupoid induction
module X into a quantum induction module by completing C.(X). For its
description, let us adopt the notion {v;},cg) for the Haar system, where v,
is a translation invariant measure on the s-fibre of x as well as denoting the
induction module space by X, the groupoid thereon by H and the Haar system

on H by {py}yeno:
The action of a € C*(G) on f € E := C.(X) is

ov 1o | alo)figr)ivyo o)

The C*(G)-valued inner product of two elements fi, fo € C.(X) turns out to be:

Urofaba g /H Fr @) fajag (@)™ )dpipgy (1),

where the integration ranges over all composable elements.

The embedding i : Y — X admits a pull-back ¢*, which (under the technical
assumptions of continuity and properness) extends to a pull-back from i* :
C.(X) — C.(Y). Since our goal is to forget about the underlying groupoid
structure, we will keep the algebraic data (F, (.,.) 1), that encodes the quantum
algebra through the action of the span of (.,.) 4 on E. The pull-back i* is a linear
map® between the induction module E and a reduced induction module E,.
Since we forgot about the groupoid H, we need to find a structure that allows
for the transfer of (.,.)4 as a Hermitian inner product on E,. If E, = C.(Y)
and E = C.(X) then one needs a continuous compact extension P : E, — E of
the functions of compact support on Y, which is a linear map, such that

i* o P =idg, and Poi" = idjng,(E,), (4.7

where obviously E, = img(i*). Using this map P, we can induce a Hermitian
operator-valued inner product for f?, 3, f € E, through:

(FT I3 A, « [ = i"((P(ST), P(f3))aP(f)). (4.8)

We are thus able to recover the reduced algebra through its action on F,,
whereas F, can ne recovered as the image of ¢*. This allows us to define:

Definition 16 A quantum embedding of a C*-algebra A obtained through
an induction module (F,{.,.)4) is a pair of maps (i* : E — img;«, P : img;» —
E) satisfying equation 4.7. The embedded pre-C*-algebra A, is obtained as the
span of the operators defined in equation 4.8.

To complete this subsection, let us establish the operator correspondence &
between the elements of 2 and 2, that we postulated in chapter 2.3:

5The map i* is not only linear but in particular a pre-C*-algebra morphism, which of
course ensures the existence of an embedding map ¢ of the spectra in the commutative case.
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For f?, f§ € E,, the inner product (equation 4.8) defines an operator T o :=
(f?, £9) a4, and this set of operators is by construction dense in 2,. On the other
hand:

O:(f7,f3) = Opp 5o == (P(f7), P(f3))a

defines an operator in 2, so we have a natural association:
Trp.r3 < Ospors- (4.9)

While the range of T is dense in 2,, this is in general not the case for the
range of O in A. However if fi, fo € E, then Uy, 1, := (f1, fo)4 is again by
construction dense in 2. On the other hand using ¢* one can associate a 7" with
each U by: Uy, f, <> Tif, i+ f,, s0 the map &€ can be defined as the elementary
map

E:Up 1o = Tirgyin g (4.10)

defining the quantum reduction map.

4.3.2 Induced Representation

The strength of Morita theory is to induce representations; the similarity of the
quantum symmetry reduction to Rieffel induction allows for the application of
analogous techniques:

Let us consider a (vacuum) state w(a) := (¢, m(a))y for A, where (7, H)
is a representation of 2 on M. This defines in particular a representation of
the operators (f1, f2) 4. Hence, one can define the functional for the dense set
Tpo o in A, as:

wo(Tffyfg) = w(Of{»’f;) (411)

This functional is linear by construction and can be extended to 2, by density.
To verify positivity, we consider a positive element a}a,, where a, € 2, as the
limit of ar = Zﬁzl AnTyo o . Let us consider the associated operators &(ay),
SO

wolagar) = w(&(ag)€(ax)) > 0, (4.12)

because E(ay) = Zi:l()‘nofﬁl, 0 ) = 22:1 AnOyo_ go. = E(ar)*. Meaning
that w, extends to a sate on 2,.

Since any representation of a C*-algebra can be decomposed into a direct
sum of cyclic representations, one can induce a representation of 2, from any
representation of 2.

Notice that the very definition of the state w, ensures that the matching
condition (equation 2.15) is satisfied, when the dense set is taken to be the span
of (f7, f3)a. The verification of the classical limit condition needs the choice of
a particular induction module. Will will complete this in section 4.4.3 for the
physically important case of transformation group C*-algebras.
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4.4 Construction for Transformation Group Sys-
tems

The structure that underlies many physical systems is a group G of momen-
tum transformations (the flow generated by the Poisson action of momenta)
that acts freely and properly as translations on a locally compact configura-
tion space X. Let us denote this action by . The underlying groupoid struc-
ture is a transformation groupoid G(X, G), whose elements can be denoted as
G ={(z,9) : x € X,g € G} (for further details on transformation groupoids and
their C*-algebra see appendix A.3.1).

4.4.1 Reduced Algebra

A very useful induction module for the groupoid C*-algebra C*(X, G) of a trans-
formation groupoid G(X,G) is F = C.(X). The operator-valued inner product
for fi, fa € Ce(X) is

(fi, fo)a : (2,9) = A3 (9) fa(2) folg T o), (4.13)

where A denotes the modular function on G. The action of these operators on
feEFlIs

(fi, fa)af -z — fr(z) /G durr(9)A™2 (9) folg T 2) fg ™" b ). (4.14)

Let now i : X, — X be an embedding, and let i* : E — C.(X,) and let P satisfy
equation 4.7, then the span of the operators defined in equation 4.8 define the
reduced pre-C*-algebra as operators on E, = C.(X,) for all f?, f9, f € E, by:

(F7 f2)a.f 2 wo = (P(f7), P(f3))aP(f)) (i(2o0))- (4.15)

4.4.2 Induced Representation

It is a result of Rieffel induction that any representation of C*(X, G) is unitarily
equivalent to a direct sum of the fundamental representations of C*(X, G) (as
convolution operators) on L?(X,du), where the measure dyu is invariant under
the action of G. We can therefore provide a very specific discussion of the in-
duced representations by considering these summands, which can be constructed
from the vacuum states w,.

It turns out, due to the existence of an approximate identity of the form
ide =Y (ff f"}A that any positive element a*a € 2 can be written as

a—hmZa 5 Aa—hm(gl,gﬁ

characterizing positive elements of 2 as the closed span of (f, ), so one can
find a representation of the Hilbert-basis for the GNS-representation in terms
of a (completion of) E. The analogue argument holds of for 2, since positivity
is transferred by equation 4.12.
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4.4.3 Properties of Quantum Embeddings

The matching condition (equation 2.15) is satisfied for the transformation groupoid
case, because it constitutes a special case of groupoid C*-algebras described in
the previous section. The explicit induction module C.(X) for transformation
groupoid C*-algebras C*(X,G) allows us to investigate the quantum embed-
dings obtained from a classical embedding ¢ : X, — X very specifically, par-
ticularly the classical limit condition (equation 2.14). Since X, X, are assumed
locally compact, one can approximate them with a net of increasing compact
subsets. The assumption that G acts freely and properly on X assures that we
can define smaller and smaller neighborhoods of the identity in G as those sets
of elements of G that transform at least one point in the neighborhood U, of x
into U, by making these neighborhoods smaller and smaller. This allows for a
construction of an approximate identity (first used in [19]) in C*(X, G) indexed
by a compact set C' C X, a neighborhood U C G of the unit element and € > 0
with the properties:

idoue(r,g) = 0 Vgoutside U (4.16)
|idc,[],6 — 1‘ < € Veel ’
where a triple (Cl, U1,€1) Z (CQ, UQ,EQ) if Cl :_) CQ and Ul Q U2 and €1 S €9. It
follows that the limit w.r.t. > over these triples furnishes an approximate iden-
tity in C*(X, G). The key is that this approximate identity can be constructed
as

Na
idy = Z< iavfia>A7 (417)
i=1
where f € C.(X). For the construction of the f& it is important to notice
that for any C, U there is a covering U; of C' by a finite number of precompact
sets, such that g outside U transfroms any point of U; outside of U;. Then there
exist continuous functions f{* with support on U;, such that | >, (f, ff)a—1| <
eV € C.

The transformation groupoid G(X,G) can be induced using the groupoid
module X as follows: Denote the trivial groupoid consisting of the G-orbits [z]g
in X with s([z]¢) = r([z]e) = [x]e by H; this groupoid acts trivially on X using
the momentum map u(x) = [x]g. Then X« X/H = G, thus H, u together with
the trivial action provides the groupoid induction structure on X. Let us now
consider an embedded subspace i : Y — X, then H acts on #(Y) and induces
the reduced groupoid over Y whose arrows are the transformations of G on i(Y)
that close on ¢(Y). Assuming compatibility of the embedding with the groupoid
action turns the reduced groupoid into a transformation groupoid G(Y, G,); we
will assume this compatibility from now on.

To verify that the desired classical limit is attained, we need to verify that
the reduced C*-algebra is C*(Y,G,). To do this we use the above described
approximate identity and apply the quantum reduction £ directly to each sum-
mand (f?, f*)a. The reduced summands are of the form (f,, f,)4, and if P
is chosen compatibly, one can use them to construct an approximate identity
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for C*(Y,G,). The appropriate choice for P is performed in [21], however a
complete proof of general existence is still missing.

4.5 Imposing Constraints

From the point of view of a physicist trying to construct a quantum theory, a
constrained quantum theory is a replacement of solving a classical constraint
system and finding a quantization thereof by finding an annomaly-free quan-
tization of the classical system together with the constraints, as it was first
proposed by Dirac. All representations of transformation group systems are
unitraily equivalent to direct sums of fundamental representations of L?(X, du),
which is in turn a completion of the induction module C,(X).

More specifically, the gauge transformations generated by the constraints are
implemented as a group G of unitary transformations on the kinematic Hilbert
space KC, represented by U. The group-averaging proposal then constructs the
inner product by integrating with a translation-invariant measure dy over G to
obtain a gauge-invariant inner product for ¢,y € K as:

[ dule)46.Upphe = (0(6). (6. (115)
G

defining the gauge-invariant inner product for the gauge orbits n(¢), n(v) of ¢,
respectively, where V' denotes a normalization constant given by the size of the
orbit. However, if K splits into a direct sum ©,Kq, so Uy : Ko — U Ky(q) and
if one fixes precisely one «, in each G-orbit, and if R, (¢ ) is the U,-average of
P, then

77/(%) = Ra,(¢a,) (4.19)

allows for a description of the gauge-invariant product in terms of the kinematic
inner product:

(), (W) inv. = (' (¢), 7' (V) xc.- (4.20)

Let us now consider the gauge-invariant matrix elements of (., .) 4. The structure
of the fundamental representation of (.,.)4 is

oo fodath : @ i) /G dur(9) Tl 1o D)b(g " b 2),

using equation 4.20 and the fundamental representation on L?(X, dv) yields:

{n(9), 770(<f1af2>A)Tl(1/ﬂ)>mv
- fx dv(z ) () f1 fG du(g f2( o) (W) (g b a), (4.21)

which vanishes, whenever [, du(g)f2(g~ > z)(n'(¥))(g~' > 2) = 0 for all .
Moreover, if one finds a set J = {1; € Co(X)};ez dense in L*(X,dv) and C,.(X)
such that [, du(g)vi(g~ > 2)(n'(¥);)) (97! > 2) is independent of z, then one

obtains that the matrix element vanishes if [, dv(x)@(z)f1(x) vanishes. Having
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a Hilbert-basis for L?(X,du) then allows for the split of the induction module
E = E; & E5 such that Fy(f) € E; is orthogonal to the span of 7' (K), then one
can cnstruct the gauge-invariant observables through the span of

<F1(f),’(/Jz>Ql, where f € F; and ’L/Jz e J (422)

The Gauss- and diffeomorphism- constraint in Loop Quantum Gravity can be
treated precisely in this way. The procedure described here can of course be
generalized for the case that [, du(g)yi(g= > x)(n'(¥;))(g~" > x) is not inde-
pendent of x, in which case one has a split £ = E] @ Ej depending on the
function ;.

Having such a characterization of the gauge-invariant observables, one can
construct the gauge invariant reduced algebra by restricting the f1, fo in equa-
tion 4.8 to F; and J repsectively. The application to the scalar constraint
proceeds along the same line, the only difference is that instead of using the
group averaging procedure, one inserts the joint kernel projection P for the
scalar constraint set explicitly, i.e. one considers (u, P(f1, fo) APv)a;ss. It then
turns out that split E into E; & E5 resp J & J is possible.
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Chapter 5

Cosmological Reduction of
Loop Quantum Gravity

We will now apply the quantum reduction technique developed in the previous
chapter to Loop Quantum Gravity and extract a cosmological sector. For this
procedure to be applicable to Loop Quantum Gravity, we need to slightly modify
Fleischhacks Weyl-algebra. This modification is however only technical, the
representations are on the same Hilbert space and any finite number of matrix
elements of this algebra coincides with Fleischhacks Weyl-algebra. The resulting
theory shares the discrete structure with standard Loop Quantum Cosmology,
we are however not able to induce a meaningful dynamics through the procedure
described in the previous chapter for the treatment of constraints. We interpret
this as a shortcoming of the dynamics of standard Loop Quantum Gravity,
which we used for the induction.

5.1 Considerations

Standard Loop Quantum Cosmology can be obtained as follows: One starts
with the classical gravitational phase space, imposes Bianchi symmetry on the
classical phase space, uses the remaining kinematic gauge symmetries to fix a co-
ordinate system for the reduced phase space and to induce the Poisson structure
in terms of these coordinates. The second step is ambiguous: One chooses a set
of elementary observables in the full theory, whose classical counterparts sepa-
rate the points in the reduced phase space and whose Poisson brackets matche
the reduced Poisson bracket. Third, one uses the Hilbert-space representation
of the full theory and the correspondence of observables between reduced and
full theory to induce a Hilbert space representation of the observables of the
reduced theory. Finally, one quantizes the scalar constraint for the reduced the-
ory using the same methods as in the quantization of the full theory, which is
again an ambiguous procedure.
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Goal

The goal of this chapter is to introduce more structure into the construction of
the reduced quantum theory and induced Hilbert space representation thereof
by applying the construction that we developed in the previous chapter. This
construction puts the noncommutative quantum phase (i.e. the observable al-
gebra) into the foreground and therefore separates the process of ” quantizing”
from the process of ”symmetry reducing”. We are therefore able to consider the
ambiguities in the process of symmetry reduction without having the picture
blurred by the effects of quantization (compare subsection 5.4.2). At the end of
the construction we want to identify standard Loop Quantum Cosmology with
a way of imposing Bianchi symmetry in the quantum theory and thus explicitly
see the choices that may be possible.

Strategy

The strategy used in this section differs from the one we presented in [22]:
The technical problem that we are faced with is that we need an observable
algebra that can be constructed as the induced algebra of an induction mod-
ule constructed on (a possible enlargement of) an algebra of functions on a
quantum configuration space. There is however no known way to construct a
viable kinematic observable algebra for Loop Quantum Gravity, that can be in-
duced in this fashion. There is however an algebra of diffeomorphism invariant
observables that can be induced in this way. We will therefore first carefully
construct this algebra denoted by B, in section 5.3.2. This construction needs
a partial gauge fixing of the diffeomorphism symmetry of cylindrical functions,
which will allow us to fix them to have graphs that are embedded into a scaffold
consisting of a countable set of edges. We are then able to use the span of a
subset of the cylindrical functions on the scaffold as an induction module for
the diffeomorphism-invariant algebra of Loop Quantum Gravity.

The construction of the quantum embedding is then based on the observa-
tion that spin network functions on the scaffold are in particular functions on
the classical configuration space. Using the pull-back under the embedding of
the reduced configuration space into the full configuration space and partially
inverting this linear map lets us thus construct a quantum embedding of the
type considered in the previous chapter. We will use this embedding to apply
the construction considered in the previous chapter to construct the reduced
algebra and an induced representation thereof.

5.2 Adapted Observable Algebra for Loop Quan-
tum Gravity

Fleischhack’s Weyl-algebra for Loop Quantum Gravity is generated by elements
of the form f o w, where f is a cylindrical function of the connection and w
is a unitary element (w*w = 1) of the group of exponentiated momentum ob-
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servables. The set {fow : f cylindrical function, w momentum Weyl operator }
turns out to be dense in the observable algebra 2, because the momentum Weyl
operators act as pull-backs under homeomorphisms in the quantum configura-
tion space X on cylindrical functions (w*fw = 67 f). This algebra is repre-
sented on ‘H = LQ(X, duar), where dpyay, is the Ashtekar-Lewandowski mea-
sure, by representing the cylindrical functions as multiplication operators and
the momentum Weyl-operators as the aforementioned pullbacks under home-
omorphisms on X. The gauge-variant spin network functions SNF' furnish a
Hilbert-basis in H. A more detailed description of Fleischhack’s algebra can be
found in appendix B.3.

This algebra has (heuristically) a resolution of unity in terms of gauge-variant
spin network functions given by the observation that for ¢ € L?(X,duaz) one
has $(A) = id(A) = X pesnp T(A) fi dp(AT* (AV(A) = Y pegnp TN, ).
This resolution of unity however extends over an over-countable sum, making it
unusable for our purposes. One can however use this insight to construct an ap-
proximate identity using the partially ordered set consisting of the pairs (v, n),
where v is a graph and 7 is the maximum spin label and (y1,711) > (7y2,n2) iff
v1 = 72 and ny > ng, so

id= lim id,, = lim STy, (5.1)
—rm) O e s NF ()

where SN F'(y,n) denotes the spin network functions (including the trivial ones)
on v, with maximal spin label n, which is a finite set for each (y,n). This
approximate identity allows us to write an element 2l as a = lim_ (4 ,,) a id(, ),
S0:

a= lim S ey, (5.2)
—(rm) TEeSNF(v,n)

where we observe that for every element a in the dense subalgebra of 2 con-
sisting of @ = Y., fy; o w; every graph v there exists always a graph v, > v,
such that aSNF,, C SNF, . Since the action of a on SNF(v,) reduces to a
transformation groupoid action, and due to the convergence of the expansion of
cylindrical functions on v, in SNF,, ,, for n — oo, we obtain that we are able

to write a as:
a=lim > |0/ (5.3)
fi.f2eCyl()

The algebra B of all elements on H that can be obtained as finite-norm operators
through equation 5.3 contains 2, it is however not 2. This is due to the fact that
the operators in % act cylindrically consistent and the following: The momentum
Weyl-group contains Weyl-operators across zero-dimensional quasi-surfaces S,
(at a point x) that can be thought of as elementary. These Weyl-operators act
the same on all edges e, that originate at  and have the same linear structure
at . These two conditions constrain the projective limit < ~. Since 2 is a
closed linear subspace of 9B, we can formally write 8 = 2A & € and formally
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define a linear restriction map R : B — 2, such that R|g = idy and R|e = 0L

The action of the diffeomorphisms D on 2 is explained in appendix B.3, and
we are able to define an action of D on 28, whose restriction to 2 coincides with
the action on 2, by defining for a diffeomorphism ¢:

UsbUs i= limey 1 paecyin) UsLFRN 21U

i 5.4
= lmey 3o precyin o1 {510 o0

This allows us to calculate the matrix-elements of diffeomorphism-invariant ob-
servables, which are constructed from elements of 2(, but generally lie outside 2,
but if bounded within 9B. There are many other physically interesting operators
that are not in 2, but in B, e.g. the family of exponentiated volume operators.
This is the physical reason, why we will consider 98 in this chapter. In the next
section, we will construct diffecomorphism-invariant elements of B (i.e. elements
in B /D) and construct a cosmological quantum embedding for these thereafter.

5.3 Scaffold for Loop Quantum Gravity

We are interested in constructing an embedding for Bianchi I cosmology, so the
spatial topology of ¥ = R? and we fix once and for all global homogeneous
chart (U, ¢) in which the generators of the translation invariance are supposed
to take the form {9;}3_; as well as a number [, > 0.

5.3.1 Construction of the Scaffold

The scaffold is a lattice that is large enough, so any knot-class of any graph
can be constructed as a combination of edges in the scaffold. Let us use the
shorthand

((i1,42,13), (f1, f2, f3)) == {o(i* +t(f* —i")) € £:0<t <1} (5.5)
to quickly describe the edges of the scaffold. The first set is

eape = (Lo 1ob,1o0), (loa + Lo, Lob, Loc))
eZbc = ((lﬂaﬂ lOb? lUC)? (loaa lOb + lm loC)) (56)
egbc = ((loaﬂ lOb? ZOC)’ (lOa/a loba loc + lO))7

where a,b,c € Z. These edges form a regular cubical lattice and meet at the
vertices vgpe = d(loa, lob, l,¢). To accommodate for vertices with valence higher
than six, we need to introduce ”extra bridges” lspen (where a,b,c € Z and a >
n € N), which can be constructed as a rotation of the following concatenation

2 1 1 1 2
babcn = Cabe © Cab+1,c © Cat1,b+1,c © -+ © Catn,b+1,c © Catn,b,e

around the axis xo = bl,,x3 = cl, with the angle au, = §-5. Clearly, all
Qgn + 0 < n < a are distinct and so none of he bridges l4pen, Will have interior
intersections with one another or with the lattice.

IThe particular choice of € is ambiguous and hence is the choice of R. Knowing a particular
map R would reveal considerable insight into the representation theory of 2L
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Definition 17 The scaffold consists of all vertices vap. and of all edges €., lapen,
where a,b,c € Z, a >n €N andi=1,2,3.

We need four important observations about the scaffold: (1) it is not a graph,
because it consists of an infinite number of edges and (2) for every n,m > 0
there is a set of m vertices in the scaffold with valence greater than m and (3)
the scaffold does not contain an accumulation point of edges or vertices and
(4) the edges of the path groupoid are oriented, i.e. ((z,v:,2:), (s, ys,25)) is
understood to go from (z;,y;, 2;) to (xf,yf, 2f).

Let us prove that any knot-class of a graph can be embedded into the scaffold
by giving an explicit construction for a graph v by considering a projection of
v

1. Choose an explicit enumeration for the vertices and edges of v, i.e. V,, =
{v1, ..., v} and E, = {e1,...,em }.

2. Let k = n + 2m and embed the vertices as 7 : vy, = Vk4n,0,0-

3. Split each edge e, € E, into three parts e, = el oe™oef. This splitting
can be chosen such that in the considered projection of ~, there are only

crossings of sections e, but no crossings involving e’ or ef.

4. Now one can extend 4 such that the additional vertices vq; and vqy (aris-
ing as the endpoints of the e! and e/ respectively) of additional vertices
are embedded into vgyn+11,0,0,-.-»V2k,0,0. Moreover, one can find unique
bridges lgpen to connect i(vq;) with i(v,) and i(ves) with i(v;), which de-
fines the embedding 7 of the e’ and ef.

5. Define a parallel projection P : (x,y,z) — (x,y) that assigns an over-
pass of an edge segment that contains (z1,y1,21) over an edge segment
that contains (s, ye, 22) whenever x1 = 2,31 = y2 and z; > 25. Calcu-
late the projection of the embedding i(e?),i(el), which generally contains
nontrivial overpasses. This defines a braid B; of the i(e?),i(ef).

6. Consider the original projection of 7 with very small balls around the
vertices of v removed. This defines a braiding Bs of the e’

7. Notice that any braid with fixed boundaries can be embedded into a cu-
bical lattice. So attach such an embedding of to the inverse braid of B
and then Bs in the cubical lattice part of the scaffold, thus extending i to
an embedding of the pieces e’

This construction shows that there exists an embedding of the knot-class of any
graph into . This implies that for any - there exists a smallest coordinate cube
R(~y) with center at the coordinate origin that contains a knot-class embedding
of ~.
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5.3.2 Diffeomorphism-invariant Observable Algebra

Let us now apply the construction described in 4.5 for the diffeomorphism-
invariant observables in B using the result of chapter 3, i.e. that for any pair
(71,72) of graphs there exists an element ¢ of the complete diffeomorphism
group mapping ¢(y1) = 72 if and only if ~; and 2 are equivalent as knots.
Denoting the Hilbert-space completion of the span of nontrivial® spin network
functions on a graph v by K, one can split the action U of a diffeomorphism
¢ on ¢, € K, into a graph-changing action U¢ : K, — Ky(,) and a subsequent
graph symmetry U® : Kg(,) — Ky(y), 50 we can use equation 4.20 to represent
the diffeomorphism-invariant matrix element of an element a € B between two
diffeomorphism-averaged spin network functions 7(7) and n(77,) by

(T5), an(Ty))inv. = (' (Ty), an'(T%,)) (5.7)

where we observe that the graph symmetries of 7y are a finite group, so ' reduces
to averaging over this finite group. Let H., denote the 7’-image of IC,, then the
spin network functions sSN F,, that assign the same spin quantum numbers to
each graph-symmetry-related edge (and vertex) in v, is a Hilbert-basis for H.,.
Thus, fixing precisely one 4/ in each knot class, one has a construction for the
image of i’ through:

0Ky =H,. (5.8)

The matrix elements of an element a = Hm. 31 r2c oy [F3)(f5] in B in
vily

the inner product (equation 5.7) coincide with the matrix-elements of ay =
lim,, oo Zflvf2€®?:1717/(n) |1 (£?|, where we used the observation that the knot
classes of graphs are countable, thus allowing for an numberable set of represen-
tatives 7/(n). Thus, using equation 5.7 for the diffeomorphism-invariant Hilbert
space, we can represent the diffeomorphism-invariant elements of % as the clo-
sure of the finite sums

an = > LFOF2 (5.9)

fl’fze@;;lH’y’(n)

in the Hilbert norm defined through the inner product of equation 5.7 as n — oco.
This algebra 9, is the diffeomorphism-invariant observable algebra of Loop
Quantum Gravity, that we want to consider subsequently. We could have boldly
defined the diffeomorphism-invariant algebra B, as a starting point, but then
the relation to the standard algebra of Loop Quantum Gravity would not have
been clear.

Let us consider an induction module for B,: sSNF,/(,) is dense in H./(y),
so let us define E as the subspace of K given by the span of the sSNF,(, for
all n € N, then F together with the operator-valued inner product:

<€1,€2>%0 Le3 €1<€27€3>IC (5-10)

2I.e. precisely those spin network functions that assign a nontrivial representation to each
edge of .
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is an induction module for 9B,, which follows directly from the construction of
B,. Notice: The elements of E are in particular functions of the connection.
We will now make use of the scaffold for an explicit construction of 7’: Let
us consider a graph ~, then we saw in the previous section that there exists
a smallest coordinate cube R(y) centered around the coordinate origin, such
that the knot-class of v can be embedded into the restriction of the scaffold to
R(y). We can therefore fix an embedding ¢ for each knot-class into the scaffold
into the vicinity of the coordinate origin. This is practically only feasible for
certain small graphs, for large graphs I', we will have to assume that we take
the average over all possible embeddings i(I")1, ..., i(I"),(ry into R(I"). The map

7’ then acts on fr by:
n(D

)
fin(r); (5.11)
k=1

) =

which is automatically symmetric under graph symmetries.

5.4 Quantum Embedding for Cosmology

Having an induction module for the diffeomorphism invariant observable algebra
of Loop Quantum Gravity, we can apply the construction for quantum embed-
dings defined in the previous chapter. Moreover having a scaffold depending
on straight lines, one can calculate the dependence of the matrix-elements of
holonomies along scaffold elements on the isotropic resp. locally rotationally
symmetric connection component explicitly. Using (1) the embedding of these
symmetric connections into the full configuration space and (2) viewing the
elements of the induction module for the diffeomorphism-invariant algebra in
the previous section as functions of the connection, we are able to construct a
quantum embedding. We will construct the simplest one of these embeddings.

5.4.1 Embedding Maps

We continue to use the global homogeneous chart. In this chart, a symmetric
connection takes the form:

Apom = AL da®7;. (5.12)

Given a straight line segment e = ((i1, i2,13), (f1, f2, f3)), we calculate the holon-
omy along this line as

L L
he(Apom) = I[cos(g) + 27l 7y sin(i), (5.13)

where

L= /53 ((fr = i)AL? = [le"A,|

ST (fUiMAL T
Ta —_ 6 Aa.
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This expression can be used to evaluate the dependence of all holonomies along
elements of the scaffold. Given a general homogeneous connection, we can
always rotate the chart and apply a gauge transformation, such that it takes
diagonal form:

AZ;‘;QL = adz'm + bda’m + cda’Ts.

Assuming local rotational symmetry around the zi-axis resp. isotropy, one can
further simplify the connection:

Arps = ada'm + cda?m + cdadms,
Aiso = cdzlm + cdz?m + cdzrs.

Notice that the graphs in the scaffold can be decomposed into a finite set of
straight elementary pieces of coordinate length [, that are either parallel to
the zi-axis or inside a x; = const. plane. The matrix-elements calculated
in equation 5.13 for these elementary pieces are then linear combinations of
products of etz!¢ and e*2!e®  Since the holonomy along the concatenation
of elementary paths is matrix product of the holonomies along the elementary
paths and the holonomy along the inverse path is the inverse matrix of the
holonomy, we obtain that the dependence of a holonomy along any finite path
e in the scaffold depends on the symmetric connections as a finite sum of the
form

he(ALRS) _ ZN1M gnme%lo(ma+nc)

%m=1 :
he(Aiso) = Zn:l fne%lo ncv

with normalization constants £ and n,m € Z.
These preparations allow us to construct a map p, for the cylindrical func-
tions on the scaffold. The quantum embedding map p will then be the restriction
of this map to the induction module F for the algebra 2B, of diffeomorphism
invariant observables of Loop Quantum Gravity, using that E is a subset of the
cylindrical functions on the scaffold. We will work with the dense set of gauge-
variant spin network functions on the scaffold. We defined a spin network func-
tion to be a function on the connection of the form 7., = [] ., ple . (he(A)).

(5.14)

Since any matrix element of representation p?,, is a polynomial of the matrix
elements of the fundamental representation, we can use equation 5.14 to deter-
mine the dependence of T, on the symmetric connection, whenever v is in the
scaffold as finite sums:

T’y(ALRS> = Z%’é\lefﬂme%lo(wm—&-n@
T’Y(Aiso) = En:1§ne§l°m,

which is of the same form as equation 5.14. We may however have restrictions
in the normalization constants £. It will turn out to be convenient to use an
embedding of the knot classes of graphs into the scaffold, where the £s in equa-
tion 5.15 are unity. This is easily achieved for the isotropic connection by using
any embedding of the simplest nontrivial graph that consists of one edge only
into e, = ((0,0,0), (0,0,1)), because pZ,, 4, (he,(A)) = e*zlom¢. Here, we used
the indexing of the matrix elements of the SU(2)-representations ranging over

(5.15)
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n,m = —j,—j +1,...,+j. The situation for the locally rotationally symmetric
connection is a little more complicated. Here we need to use a totally discon-
nected graph of two edges, which we embed as e, = ((0,0,0),(0,0,1)) and e; =
((0,0,2),(1,0,2)) respectively. Whereas e*2™¢ is then represented through
the matrix-elements of the n-th representation of h., as before, and e*3ml®
is presented as a more complicated linear combination ), aripyj(he,) of the
matrix elements of p™(he,), which can be obtained as p’j’;mim(Uthe1 (A)U),
where U is the internal SU(2)-rotation of the 1-direction into the 3-direction.
We want to remark that these spin network functions are not yet elements of
FE, because we still have to average over the graph symmetries, which we will
do in section 5.4.3, where we consider gauge- and diffeomorphism- invariance.
For a cylindrical function 7', with 7 in the scaffold, we define p as the pull-back
under the embedding of the symmetric connection into the phase space, wich
we define explicitly as the extension by density of:

prrsTy : (a,¢) — T (Argrs(a,c)) (5.16)
Pisoly :c — TW(A“O(C))’ '

where we used the explicit expressions for Aprs and A;s, in the symmetric
chart. Equation 5.15 then yields the image of p, so we can construct the quantum
embedding by constructing an inverse g, such that poq = id and gop = id;,4(q)-
We construct this map first for the exponential functions and then extend it by
linearity, for the isotropic case we may choose:

fome = p?ﬁ:n,:ﬁ:n(heo)ﬂ (517)

using the above observations. Using ), arip}j(he,) as above, we can define the
locally rotationally symmetric embedding as the extension by linearity of:

i
Qiso : €2

qLRS : e%lo(maJrnc) = p;ll:n,:l:n(heo)(z aklpm(h’ﬁ))’ (518)
Kkl

which satisfies the consistency conditions for quantum embeddings.

5.4.2 Ambiguities

The construction of the scaffold is ambiguous and with this the construction of
the algebra B,, because the only demand for the the scaffold is that a graph of
any knot class can be embedded into it. The construction presented here was
guided by computability and simplicity. The holonomy differential equation

h(t) = (e* A)()h(?) (5.19)

for SU(2) reduces to a set of two second order differential equations for the two
independent matrix elements of a special unitary 2 x 2-matrix. Apart from a
few special cases, one can not find exact solutions to these. The reason, why
we restricted ourselves to piecewise linear edges is that equation 5.19 can be
exactly solved in this case. If we had used a different scaffold, then we would
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most likely not have had a chance to solve equation 5.19, meaning that we
would have obtained a different dependence of the spin network functions on
the scaffold on the connection degrees of freedom?.

This raises the question: What is the physical significance of this ambiguity?

Let us argue that the ambiguity is the choice of gauge for the diffeomor-
phisms: We have chosen a global chart (U, ¢) in which the homogeneous con-
nection takes the form of equation 5.12. If we reexpress this the homoge-
neous connection in a chart (U, ), then we have to pull-back the expression
for the connection under the diffeomorphism p = 1o ¢! : U — U. Since
he(p*A) = hpe)(A), we see that this new choice of chart has the same effect as
mapping the scaffold under the diffeomorphism p.

The procedure presented here can also be understood as a method to im-
pose Bianchi symmetry in a quantum theory. Since there are many families
{Xi}i=1,2,3 of globally commuting vector fields, each related as the push-forward
under a diffeomorphism p, we can state the observation that different p lead to
different quantum theories as: Different choices for {X;}i—1 23 may lead to dif-
ferent quantum theories. As of now, we do not see fundamental reasons (other
than computability) that imply a ”correct choice” or at least point out some
"wrong choices”.

One fundamental reason could turn out to be the topology of the reduced
configuration space. We simply assumed here that it was irrelevant, but a pre-
ferred topology would put very tight restrictions on the gauge fixing of the
diffeomorphisms, because the topology should arise as the Gel’fand topology of
the spectrum of the reduced configuration algebra. Finding a preferred topology
is however not simple: The classical theory assumes the topology of R, which is
however noncompact, so it can not be continuously embedded into the compact
quantum configuration space. The universal Stone-Chech topology SR, also
seems to be ruled out, because the Liouville-Green-expansion[24] of the holon-
omy differential equation has only solutions that become almost periodic in ¢ as
¢ — 00, which does not allow for the constructions of functions like ¢ — sin(c?)
as a uniform limit of linear combinations thereof.

5.4.3 Gauge- and Diffeomorphism-Invariance

We will implement the gauge- and diffeomrophism invariant observable algebra
using equation 4.22. Its implementation is hugely simplified due to the or-
thogonality and density of both the gauge-variant and gauge-invariant spin net-
work functions in the kinematic Hilbert space and the gauge-invariant Hilbert
space respectively. The image of a cylindrical function under the map 7’ for
SU(2)-gauge- transformations and diffeomorphisms?, can be expanded in gauge-
invariant spin network functions on the scaffold, which are (1) on the graphs in

3If we had used a scaffold with two incommensurable length l,,l; for each direction, then,
using a result of Velinho[27], we would have obtained that the spin network functions would
be almost periodic functions of the symmetric connection degrees of freedom.

4We defined the map 1’ in equation 4.19 and endowed with a Hermitian structure in
equation 4.20.
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the image of the embedding of knot-classes and (2) the spin labels are symmet-
ric under graph symmetries. We denote the set of spin network functions that
satisfies these conditions by &. Hence it is sufficient for the implementation of
equation 4.22 to investigate the matrix elements between gauge-invariant spin
network functions S1, S2,T1, Ty € & that satisfy these two conditions:

(S1, (T1, To)es, S2) = (S1,T1) (T3, S2), (5.20)

which shows that the spaces F; and J in equation 4.22 are one-dimensional
complex linear spaces. The implementation of the kinematic constraints can
therefore be applied to the observable algebra and we obtain that the gauge-
invariant elements of B8, are obtained as (limits of sequences of) the sums:

N
Z T, T3 A : (5.21)
n=1 T}, Ti€6

Let us now investigate the structure of the elements of G, so we are able to
explicitly calculate their dependence on the symmetric connection, to be able
to construct the gauge- and difeomorphism invariant quantum embedding.

The gauge-invariant spin network functions are linear combinations of prod-
ucts of traces of holonomies of closed loops. Thus, we calculate the holonomies
around closed loops in the scaffold. These can all be generated by the three
elementary loops ((0,0,0),(1,0,0),(1,1,0),(0,1,0),(0,0,0)),

((07 07 O)a (07 ]-7 O)a (0’ 1, 1)a (07 0, 1)7 (Oa 0, 0)) and ((07 0, 0)7 (Oa 0, 1)7 (1a 0, 1)7 (1a Oa 0)7
(0,0,0)); the other elementary loops coincide due to homogeneity. The traces
of these holonomies are all even periodic functions in a, ¢ with periodicity I,:

Tr(h((000)(100)(110)(010)(000))) = 2 cos(al,) + sin®(al,)

Tr(h((000)(010)011)(001)(000))) = 208> (alo/2) + 2 cos(cl,) sin®(aly/2)

Tr(h(oo0)(001) o1y 100y (000))) = 20057 (alo/2) + 2 cos(clo) sin® (alo/2).
(5.22)

But the ”"Wilson loops around these elementary plaquettes” contain all the
gauge invariant information of the homogeneous connection, because there are
no "smaller plaquettes” in our scaffold. This means that all solutions to the
Gauss constraint are even functions of periodicity l,. This suggests to fix the
embedding of ”disjoint loop graphs” [, which are graphs that consists of k
disjoint unknotted loops «}, into the scaffold as elementary loops as k disjoint
elementary loops around ((00n)(10n)(11n)(01n)(00n)). Since we restrict the
domain of p;s to & to obtain the gauge-invariant pi™? inv

v, it suffices to define ¢;.
as the extension by linearity of:

1

¢ (2 cos(cl,) + sin? — N H Tr(pz( (5.23)

where N is a normalization constant. This choice is already invariant under
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graph symmetries, since all loops have the same spin quantum number assigned®.
The analogue construction for LRS-symmetry is a little more involved and
requires to fix an embedding of disconnected one- and two-loop graphs: Notice
that two loop graphs, apart from a possible knotting, come in two different
diffeomorphism classes: the 8-configuration joins the two individual loops at a
vertex and the B-configuration joins the two loops at an edge. We want to im-
plement (2 cos(al,) + sinz(alo))n (2 cos?(aly/2) + 2 cos(cl,) sin® (alo/2))m7 S0 we
use for m > n a totally disjoint graph that consists of n B-type graphs and m—n
single loops, whereas for n > m we use a totally disjoint graph that contains m
8-type loops and n — m single loops, so the graph can in both cases be decom-
posed into the single loops (af,, )™ 1 (8%,,)™, which are lattice translations of
((000)(100)(110)(010)(000)) and ((000)(010)(011)(001)(000)) respectively. We
can therefore construct ¢i"Vs as the extension by linearity of:
g™y o (2cos(al,) + sin2(alo))n (2cos?(aly/2) + 2 cos(cl,) 81112(alo/2))m
= NI Tr(p? (hay, ) T Tr(p? (hss,,))s
(5.24)
where N is a normalization constant. To obtain a readable computation of
the reduced algebra and its induced representation in the next section, we
will introduce the short-hands (k) for (2cos(cl,) + sin®(cl,))* and (n,m) for
(2 cos(al,) + sin® (alo))n (2cos?(aly/2) + 2 cos(cl,) sin2(alo/2))m respectively.

5.4.4 Embeddable Loop Quantum Cosmology

In the previous section, we obtained a quantum embedding of the LRS- resp.
isotropic Bianchi I cosmology using induction modules given by the span of
{(n,m) : n,m € N} and {(n) : n € N} respectively. Let us now calculate
the reduced algebra using equation 4.8. Using the orthogonality of cylindrical
functions on a different graph w.r.t. integration over the Ashtekar-Lewandowski
measure, we obtain

((n1,m1), (n2, m2)) : (n3,m3) = Oy ngOma.ms (M1, M1)
o <(/€21),(2/€2)L>ZSO : €k3)3 = Okyes (K1), b (5.25)

which are precisely the Fourier-decomposition induction modules of quantum
mechanics on a 2-torus and on a circle respectively.

Using equation 4.12, we can use these operators to induce a vacuum state
through the vacuum state on full Loop Quantum Gravity. Using the above

5There is a subtle point about the graph symmetries that we did not address yet, because
two loops are also diffeomorphic, if their orientation is opposite, but:

Lemma 10 Tr(he) = Tr(h,—1) for all edges e.

proof: an element of SU(2) can be written as he = ( ag 25 ), so Tr(h,—1) =
—Ue €

Tr((he)™Y) = Tr((he)!) = ae + e = Tr(he). O
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orthogonality again, we obtain:

wrrs({(n1,m1), (N2, M2))LrRS) = Ony,00n5,00m1,00ms.0 (5.26)
wW(((k1), (k2))iso) = Oky,00k4,05 '

which coincides with the canonical vacuum state of quantum mechanics on the
2-torus resp. the circle. Since the Hilbert-space representation of Loop Quan-
tum Gravity is cyclic, we conclude that the induced LRS-symmetric sector is
equivalent with quantum mechanics on the 2-torus and the induced isotropic
sector is equivalent with quantum mechanics on the circle.

5.5 Tentative Dynamics

Let us now use the set of scalar constraints to induce a dynamics for the reduced
system constructed in the previous subsection. We thus search for those ele-
ments arrs = Y, a;{(n},m}), (nb,mb))Lrs of the induced algebra, for which
the corresponding operator a = ). a;(g(n}, m}),q(ny, my))s, commutes with
the set of scalar constraints (we denote the elements of this set by H here). We
therefore calculate matrix elements between any two cylindrical functions 1, ¢
on the scaffold:

(¥, [H,alp) = Zz iy, (H<Q(nzl7 m11)7 q(nézmé»%o - <Q(n§7 mzl)a Q(nEJ m§)>%oH)¢>
= Zz ai(1, Hq(ny, my))(Hq(nj, m%)v ?),

where we used that the set of scalar constraints is Hermitian. However, any
matrix-element of any scalar constraint H with graph that has at most trivalent
vertices vanishes. Since the g(n, m) contain only such graphs, we conclude

(¥, [H,alp) =0V, ¢, (5.27)

which implies that any a in the reduced algebra commutes with any scalar
constraint H. This means that the scalar constraint is empty for the reduced
algebra, which is the reason, why we titled this section ”tentative” dynamics.
This pathology is imposed to the vanishing of the constraint operator in full
Loop Quantum Gravity on graphs with vertices with valence of at most three.

5.6 Meaning for Standard Loop Quantum Cos-
mology

The differences between the cosmology constructed in this chapter and stan-
dard Loop Quantum Cosmology is mainly due to the different treatment of the
diffeomorphism constraint: Standard Loop Quantum Cosmology is constructed
as a quantization of a classically reduced model, in which the diffeomorphism
constraint is empty. The construction here uses the full quantum theory and
imposes the full diffeomorphism constraint. The use of the full quantum com-
pletion of the group of diffeomorphisms gave us the freedom to choose a rep-
resentative graph for every knot class of graphs, which is the technical reason
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for any difference with standard Loop Quantum Cosmology, which are obvious
since we obtain an isotropic sector that is equivalent to quantum mechanics on
a circle, while standard Loop Quantum Cosmology is equivalent to quantum
mechanics on the Bohr-compactification of the real line.

We see this work however as a strengthening of the results of standard
Loop Quantum Cosmology, because the super-selection sectors of standard Loop
Quantum Cosmology, i.e. those spaces that are left invariant by its Hamilton
constraint and the fundamental momentum operator, are equivalent to quantum
mechanics on a circle. The argument is therefore as follows: The construction
presented here shows how one of these sectors can be induced from the full
quantum theory without going the intermediate step of classical symmetry re-
duction. We thus propose to view standard Loop Quantum Cosmology, which
is a direct sum of these super-selection sectors, as a direct sum of quantum
reductions of full Loop Quantum Gravity. One of the main technical results of
standard Loop Quantum Cosmology is its kinematic discreteness. This discrete-
ness allows for the decomposition of standard Loop Quantum Cosmology into
its super-selection sectors. Many physical results about the evolution through
the big bang rely on this discreteness and the possibility to perform this de-
composition. We thus understand our construction as a strengthening of these
particular results.
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Chapter 6

Smooth Geometries for
Loop Quantum Gravity

This chapter and the following take a different view of constructing a relation
between Loop Quantum Gravity and cosmological sectors thereof. Previously,
we focused on constructing a reduced quantum observable algebra from the
full observable algebra of Loop Quantum Gravity and we induced a Hilbert
space representation thereof from full Loop Quantum Gravity. Now we will
consider an adjustment of the observable algebra of Loop Quantum Gravity
and construct states thereon that have the smooth geometry of classical spaces.
Using the GNS construction, we construct a Hilbert space representation of the
observable algebra underlying Loop Quantum Gravity and impose the Gauss-
and diffeomorphism constraint on states in this representation.

6.1 Mathematical Setup and Ideas

This section contains the lemmata and proofs that we refer to in the subsequent
sections.

6.1.1 Definition of the C"*-algebra

Let us slightly generalize the notation of [23] and let us consider a compact
Hausdorff space X and a regular Borel probability measure p thereon. The
(possibly distributional) integral kernels K on X, whose action on C(X) defined
through (K f)(z) = [du(z")K (z,2") f(2') leaves C(X) invariant and is invertible
(on a common dense domain) in C(X) form a group G. We denote the subgroup
of elements of G, that leave p invariant, i.e. [du(z)(Kf)(x) = [du(z)f(z) for
all f € C(X), by G(u). Moreover, we denote the ”unitary” subgroup of G(u)
(called unitary due to their unitary action on L?(X,du)), i.e. elements of G

with [ dp(z)(K f)(z)(Kg)(z) = [du(x)f(z)g(z) for all pairs f,g € C(X), by
U(p). For ¢ € L3(X,du) and f € C(X acting as multiplication operators in
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B(L3(X, du)), we denote w(f)w(¢) by w(fi) for all w € U(u). As operators in
B(L?(X,du)), we have for w € U(p) and f € C(X): wfw* = w(f) and similarly
for wy,wy € U(): wrwow] = wq(ws).

Canonical *-algebra

Given a compact Hausdorff space X and a regular Borel probability measure p
thereon and a subgroup W of U(u), we are able to define a *-algebra:
Definition 18 Given X, u, W, we denote the finite sums of ordered elements
fow, where f € C(X) and w e W, by A, (X, u, W).

Generalizing lemma 2.1 of [23] to this case yields:

Lemma 11 Given X, u, W, then A,(X, u, W) is an algebra generated by ele-
ments of the form f ow, where f € C(X) and w € W.

proof: Notice that wo f = w(f)w for all f € C(X) and w € W. Moreover,
(f1 0owy)(f2 0ws) = frwy(f2)(wiwse) implies that for any aq,as € Ap(X, u, W)
ajas is again in 2, (X, g, W), because all a € A, (X, u, W) are of the form

n
ai =Y fijwi;
i=1

which is preserved, since w;;(fx1) € C(X) and (wijwy) € W. O
Using the relations that are induced for the elements of 2, (X, u, W), we
equip A, (X, u, W) with an involution:

Lemma 12 Fora =" | fiw; € Ao(X, 1, W) we have an involution given by
a* =30 wp (fowy
proof: Using the adjoint in B(L?(X,du)) gives
(i fiwi)* = ZZ:l(fﬂ&)* = ZZ:I w;'kllti*i
= iy w] fiwiwy Siciw; (fi)wy.
Since the adjoint is an involution that closes on 2, (X, 1, W), it defines an invo-
lution on A, (X, u, W). O

Corollary 10 A, (X, u, W) is a *-subalgebra of B(L*(X, dpu)).

Given 2, (X, u, W) there is a natural C*-algebra (X, u, W), which is the C*-
closure of A, (X, u, W) in B(L*(X, du)).

Definition 19 Given X, u, W, we call (X, u, W) the canonical C*-algebra as-
sociated to (X, u, W) and the fundamental representation on L?(X, dp) the canon-
ical representation of A(X, u, W), which we denote by ,.

Lemma 13 If the canonical representation w, of Ao (X, u, W) is non-degenerate,
then || (f o id)||1 = || f]loo and ||mo(id o w)||3 = 1.

proof: ||f||# = ||f]lco for a non-degenerate representation of C(X). The unitar-
ity of the representation of W gives the second assertion. [J
We will later require this equality to hold for non-canonical representations.
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6.1.2 Unitaries

Let us now consider the definition of unitaries. Recall the definition of a con-
tinuous measure generating system from [23]: A subset E of C'(X) is called a
continuous 4 generating system, if the span of E is dense in C(X) and L?(X, du)
and if id € E and all other elements of e are orthogonal to id in L?(X,du). It
follows that if (e, 1) 12(x,44) = 0 for all e € E'\ {id}, then ¢ = €'?[|s)||id. Let us
refine this definition:

Definition 20 FE is called a Hermitian measure generating system, iff E is
a continuous measure generating system and if there is a set H of Hermitian
operators on B(L?(X,du)) such that all the elements of E are mutual eigenvec-
tors of the elements of H and any elements of E can be distinguished by the
eigenvalues w.r.t. elements of H. We call H the labeling set.

Notice, that without loss of generality we are able to assume that hid = 0 for
all h € H, since we would simply redefine h' := h — hiqlp(r2(x,au)), Where hiq
denotes the eigenvalue of id. We assume from now on that this re-normalization
is carried out. We call the collection of all eigenvalues of an element e € F w.r.t
the labeling set H the label of e and denote it by H (e).

Definition 21 Given a function f from the set of all labels to R. Define the
transformation 7y : L*(X,du) — L*(X,dp) as the linear extension from E to
L2(X,dy) of:

Tre :=exp(i f(H(e)))e.

Lemma 14 7 leaves p invariant, if f(H(id)) = 0.
proof: E is dense in C(X), hence for all g € C(X) there is a uniformly convergent
series g; such that g(z) = 3", giei(z).
/d,u(a:)g(x) = Zgi/d,u(x)ei(x) = GH(id)>
where we used the uniform convergence. On the other hand:

/du(fﬂ)(ng)(x) = Zgi/du(f) exp(i f(H (e:)))e: = gm(ia) exp(i f(H (id))),

which gives the assertion by comparing the right hand sides. [J
Lemma 15 If f(H(id)) = 0, then 74 extends to a unitary operator on L*(X, du).

proof: Notice that f (f[ ) is an operator with real eigenvalues on the domain
E. Since E is dense in L?(X, du), we consider the Hermitian extension of f to
L2(X,dp). Then f(H) is the generator of a unitary one-parameter group on
L?(H, du), which coincides on E with 7y¢ for A = 1. This defines the desired

unitary extension. [J

Corollary 11 If f(H(id)) = 0 then 7y is in U(u).
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Let us consider the integral kernel for the 7.

Lemma 16 The integral kernel K. (x,z") of 7y has the form K. (x,2') =
Yier 9i(@) fi(2").

proof: Since E is dense in L?(X, du), we can find a dense subset E, of E that
is linearly independent; this generally reduces the label set to a subset, that
we denote by Z. FE, can then be orthonormalized (using Grahm-Schmidt). We
denote the elements of E, by €. Then (7re)(x) = ), (7re?)(x) (€7, €) 2(x,dp);
the extension by density gives the integral kernel. [J

6.1.3 States and (C*-algebra

For the practical definition of a C*-closure of a x-algebra 2, (X, u, W), it is
useful define a state on 2, (X, u, W), to calculate the GNS representation and
then to calculate the C*-closure in this representation. We will also require the
weakening of the non-degeneracy condition ||mgns(f o id)||x = ||fllso, ||id ©
wl[# =1.

Definition 22 For a map F : W — U(1) and regular Borel probability measure
v on X define the functional wg : Ao(X, u, W) — C by

wril(Y i) i= 3 Flw) / du() fi(z).

Lemma 17 If F' is a group morphism, then wp , is a state on A,.

proof: We need to show, that w is a positive linear functional.
bound: For all f € €, ||f||s is finite by construction, thus for all {f;}? ; there
exists a finite M s.t. >0 | ||filloo < M. Then

| iy F(wi) [ du(A) fi(A)]

| iy F(wi) [ dp(A)|| fill ool

| iy F(wi)ll fillool

Yoy [Fwi)ll fillool = 322 [ filloo < M.

We used that dy is a probability measure on A for the second inequality. lin-
earity:

we, (0)]

INININ I

WF,M(bl + abs)

Z?:ll F(wl,i) deAL(A)fl,i(A)
+ad 2 Fwa) [duar(A)f2,i(A)
= wru(b) + awp,(ba).
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positivity:
wr,u(b°0)

wr (250 fiws)* (321, fiwi)
Zijl WE,u ((w;( J)*flwl)

ZZj:l WF,u ((wj)*(ij)*fzwz)

ZZj:l WF,u ((wj *&w](wj)*flw](wj)*wz)

S i Wi (G ) (K fi) (wy) “ws)

i1 FiF [ dp(@) (K (fi £i) ()

>or =1 FYFi [ du(z) f(2) fi(x)

Jdp(@) 3252 (B3 fi(2))(Fifi(@))

Jdw@)| Zizy Fifi()* = 0,

where we used that F' is a group morphism of W into U(1) and that for all
FeU(l): F* = F~! as well as that w € W leaves p invariant. O

Definition 23 The GNS-representation of Uy (X, u, W) is denoted by (Hp, 7F).

It is in general rather difficult to find the Gel’fand ideal for a general state w,
it is in general much simpler to construct the Gel’fand ideal for a Schrodinger
state w, on Ao (X, u, W) defined using the measure v:

w, (Y fiwi) = Z/du(x)fi(x). (6.1)
i=1 =1

Definition 24 Given a morphism F from W to U(1), we define the map kp :
Ao (X, 1, W) — Ao (X, 1, W) by:

n n
%
KF E fiw; — § Ff fiw;.
i—1 i1

Lemma 18 kg is an automorphism of A (X, u, W). The inverse is given by

n n
-1,
Kpt o> fawi = Y F fawg.
i=1 i=1

proof: C-linearity of kp as well as m}lmpb = ﬁpﬁ}lb =bforallbe A,(X, u, W
follows immediately. Moreover simple insertion reveals ' (kp(by)kp(b2)) =
biby. O

Lemma 19 The algebra element kp(b) is in the Gel’fand ideal of wr,, if and
only if b is in the Gel’fand ideal of w, .

proof: (Sl i) = XL [ ) (o) = S Fof du(a) 7 F(a) = ompsr Sy fw)
Using this simple relation between the Gel'fand ideals, we find the relation

between the GNS representations. Recall that the GNS-Hilbert space H,, con-

sists of the equivalence classes of limits of those sequences (a, )22 ; of elements of

A, for which lim,,_, . w(a}ay) converges, where equivalence is taken by factoring

the Gel’'fand ideal.
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Lemma 20 If N is a of representatives of H,,, in U, (corresponding to the
Schrodinger functional w,,), then 5}1(/\/) is a set of representatives of Ho,. , -

proof: We have for a,a’ € ¥, and ip € Lo, ,,i € L, a ~a +ip =d +kp(i),
hence m;l(a) ~ kRt (d) +i. O

Using the observation that H,, can be represented as a completion of C'(X)
for any Schrodinger functional w,,, we conclude:

Corollary 12 There is a dense set of representatives of H,,. ,, given by ele-
ments of C(X).

Using the density of a Hermitian measure generating system E in L?(X, ) and
the linearity of kg, we conclude:

Corollary 13 There is a dense set of representatives of Hyp ,, given by ele-
ments of E.

Definition 25 The completion of the A,(X, u, W) in the GNS-representation
w.r.t. the state wp,, is the C*-algebra Ap (X, p, W).

wy, W) is non-degenerate,

Lemma 21 If the canonical representation 7, of Ao (X,
=1.

then [|mp(f o id)|lnp = || flloo and |[mp(id o w)||3,

proof: Using the representation on the Hermitian generating system FE gives the
equality. O
Let us collect the results of this subsection:

Theorem 2 Given an algebra A, (X, u, W), a Hermitian generating system E
for p and a F : H(E) — R with F(H(id)) = 0, then wg, is a state on
Ao (X, 1, W), there is a C*-completion Ap(X, u, W) and a GNS-representation
(Hp,7r), that satisfies ||mp(f o id)|lnp = ||flloo; [[7p(id o w)lls, =1, and E
is dense in Hp.

6.1.4 Regularity

We recall the regularity definition (definitions 2.7-2.9 in [23]): The homeomor-
phisms R — W, that lie in a subset R are one parameter R subgroups of W.
We call a one parameter subgroup of W regular iff it is weakly continuous. Let m
be representation of A,(X, u, W) on a Hilbert space H. We call 7 regular w.r.t.
R, iff 7 maps regular one parameter subgroups of R to weakly continuous one
parameter subgroups 7(R) C #(W) C B(H).

It is practically easier to check regularity in a Schrédinger representation
than in a more general GNS representation.

Lemma 22 If F|g is continuous and if the GNS representation through w,, is
regular w.r.t. R, then wr, is reqular w.r.t. R.
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proof: use a continuous measure generating system F, such that for all e;, e € F
and all one parameter subgroups (t — w;) € R:

limy s, [(m(e1)Qp,us (Wi — we, )7(€2)Rr0) Foul
= limy_y, lwru (el (we —wy,)e2)|
limy .y, lwpu(ejwiez) — wru(efwe, e2)|
limy—y, [wr,u (el Ki(ez)wi) — wru(e1 Ky, (e2)wy, )| L
limy—y, |F(we) [ dpu(z)er(z)(Kie2)(x) — F(wy,) [ du(z)er(z)(Ky,e2)(@)|
limy .y, [F(wy)wy(ejweez) — F(wy, Jwy(eTwy, e2)|
— 0,

where we used the continuity of F' and the regularity of w, w.r.t. R, which
implies limy_,;, |w,(ejwies) —w,(efw, e2)| = 0, as well as the continuity of the
product of two continuous functions on R. [

6.2 Adjusted Observable algebra of Loop Quan-
tum Gravity

Although Fleischhacks formulation of the Weyl algebra for Quantum Geometry[23]
arises naturally from Loop Quantum Gravity, it turns out to be more convenient
to work with a slightly modified version of the Weyl group W. The usual defini-
tion of the Schrédinger state w, of Loop Quantum Gravity is only well defined,
because it does not depend on the ordering of the Weyl operators. As soon
as one wants to construct a a state on the Weyl algebra that gives nontrivial
vacuum expectation values to the electric field, one needs to fix this operator
ordering ambiguity if one wants to be able to define the state in the same way
as introduced in section 6.1. This is a nontrivial task, and we circumvent it by
using a reformulation of the Weyl algebra that is such that the commutators of
the new Weyl operators obtain vanishing vacuum expectation values.!

6.2.1 Quasi-Surfaces

Although the exponential action of fluxes through two-dimensional surfaces gen-
erates the Weyl group of Loop Quantum Geometry, it turns out that the Weyl
group contains more general objects, which correspond to exponential actions
through quasi-surfaces. Let us recall the definition of a quasi-surface form [23]:

A decomposition of an edge e is a finite collection of edges (eq, ..., e,), such
that e; o...0e, = e. Given a subset S of 3, we call an edge e S-admissible,
iffenS=0orenS=ceorensS =ile)orensS = f(e). An element of
this decomposition is called S-simple. A quasi-surface is a subset S of X, such
that every edge e € P(X) has a minimal decomposition into S-admissible pieces
e;. The particular category of 2-dimensional surfaces, that we have in mind

IBecause the configuration algebra and the action of the diffeomorphisms thereon is very
similar to the observable algebra of Loop Quantum Gravity, we omit those elements here and
refer to chapter 8.
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consists of stratified analytic surfaces. The orientation of a surface is captured
by its (incoming) intersection function with paths: An intersection function og
for a surface S is a function og : P(X) — {—1,0,+1} that vanishes, whenever
{i(e), f(e)} NS = 0, satisfying os(e1) = os(e2), whenever either i(e;) = i(ez)
and e; 11 ex or f(e1) = f(e2) and ey || es. The orientation of an oriented
surface S in ¥ defines a natural intersection function through: og(e) = 0,
whenever {i(e), f(e)} NS = 0 or é is tangent to S at the respective boundary
point and og(e) = +1 if i(e) € S and é above S or b(e) € S and é beneath S.
Furthermore, og(e) = —1 whenever og(e) = +1 if i(e) € S and é beneath S
or b(e) € S and ¢é above S. This is precisely the way in which the orientation
of S is encoded in the intersection function og. To generalize the concept of
an oriented surface, one defines: An oriented quasi-surface is a quasi-surface
together with an intersection function.

Given a subset of a quasi-surface that is itself a quasi-surface, we call it
a quasi-subsurface and if the intersection function of an oriented quasi-surface
coincides with the restriction of the intersection function of the quasi-surface
then we call the orientation induced. An important lemma form [23] is that
given two quasi surfaces S; and Sy, then there are is an induced intersection
function og,ns, for S1 N S3 and og,us, for S U Ss.

6.2.2 Weyl-operators

Having quasi-surfaces at our disposal, we are in the position to recall the defi-
nition of quasi-fluxes and Weyl operators [23]. Given an oriented quasi-surface
(S,05), we define for each S-simple e € P(X) and each map p : 3 — G the map
KS,ou-

[ (€))7 DA (u(f ()75 it {ie), fe)} € Sne
(K50, 4) (€) —{ g 8 Ale) if ecSvenS=0

Since all e € P can have a minimal decomposition (eq,...,e,) into S-simple
pieces, we extend the map kg, to all elements of A by defining the map
0:A4—- A

Osou(A) e (ksouA)(er)...(ksopl)(er).

This defines the action of the Quasi-flux © on A. This action is a homeomor-
phism on A, that leaves the canonical measure p, invariant. It is important to
notice, that given two quasi-surfaces S; and Sy and two functions p1, p2, that
commute on S1 NSy, then using

pp for Sy \ So
pi=1< pipe for S;1NSy
o for Ss\ Sy

we obtain that 6517017#1652702,#«2 = 9527027#2851,01-#1 = 951U327031u527#‘

Since each O is a continuous map A — A, one obtains a pull-back under
this homeomorphism ©* : C(A) — C(A). ©* is surjective, since A is compact,
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and extends to a unitary operator on L%(A,dpu,), since it leaves the canonical
measure [i, invariant. This is the definition of the usual Weyl-operators Wg 5 ,,:

WS,O’,[J = (@S,U,u)*'

Given a constant function p, it turns out, that this representation of the Weyl-
operators is regular w.r.t. the topology induced by the one on G. The action
of a diffeomorphism ¢ on a Weyl-operator Wg, ,,, where S, denotes an oriented
surface, is ag(Ws, ) := Wy(s,),u, such that the unitary action of the diffeo-
morphism becomes:

)

UiWs, uUs i= as(Ws, 1) = Wy(s,) -

Although the fluxes generate the Weyl group of Loop Quantum geometry, it is
difficult to describe the Weyl group, due to the non-commutativity of the Weyl
operators. To be able to construct a modified (almost commutative) Weyl group,
we need to introduce the area operator of an oriented quasi-surface S, og?: The
area operator is Hermitian and it is our strategy to define an operator first on a
dense domain given by the spin network functions and to define the Hermitian
completion of this operator as the area Weyl-operator.

For the definition of the area operator see appendix C. This area operator Ag
is self-adjoint on the gauge-variant spin network functions, so we can define its
unique Hermitian extension by density in L?(A, dju,). It is important to notice,
that the gauge-variant spin network functions based on admissible graphs® are
eigenfunctions of Ag! Let us now consider the exponentiated action Wé“ of this
operator on gauge-variant spin network functions T, (viewed as an element of
L2(A, dp,)):

WENT, = eMT, = 3 0T o5 T i ad \(T), (6.2)
3

where Ag(T,, ;) denotes the S-area eigenvalue of T ;. Notice, that the second
equality ensures that the first one is well defined. Notice moreover, that the
action of the operator W§‘ (M) is unitary on gauge-variant spin network functions
and weakly continuous in A, since Wéf‘ furnishes a unitary representation of R
generated by a Hermitian operator. Thus, we can consider the unique unitary
extension to all of L?(A,du,). Using the unitarity of the representation of
the diffeomorphism group on L?(A, dpu,), we find the expected diffeomorphism
transformation properties for the area operators:

*117A A

Definition 26 The abstract operators WE'(\), that are defined by (WZH(N\))* =
W& (=) together with the action on elements of C(A), given by (W& )* FW =
afd(T) and vanishing commutation relations with the (ordinary) Weyl-operators

are the area Weyl Operators, which generate the area Weyl group.

2 Although the area of a surface S is independent of its orientation, it is useful to have the
intersection function og available.

3A graph is admissible to a surface, if the only transversal intersections of the surface with
the graph are bi-valent vertices with gauge-invariant intertwiner.
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Let us now include the operators W' (\) as additional elements of the C*-algebra
of Loop Quantum Geometry.

Lemma 23 The unitary extension of the action defined in equation 6.2 of the
area Weyl operators is regular.

proof: We already established weak continuity in the parameter A, so using the
topology induced by R gives regularity. [J

It may be useful to have an explicit expression for the action of Wg‘ on
L2 (A, dpo):

Wi 3 od(T) [ auaTTAu(A)

TeESNF

where the sum extends over all gauge variant spin network functions.

6.2.3 Definition of the adjusted Algebra

Let us collect some data, which we need to give a precise definition of Loop
Quantum Geometry: First, we assume an analytic three-dimensional spin man-
ifold ¥, which provides the classical topology. The gauge group for Loop
Quantum Geometry is SU(2), which acts naturally on the spin bundles over
3. Given X, we consider only piecewise analytical path, hence the underlying
path groupoid P(X) consists is generated by analytical path in ¥ and consists
of all finite piecewise analytical paths in X. We assume a unitary represen-
tation of the extended stratified analytical diffeomorphisms, which we denote
by D*, which leaves the groupoid P(X) invariant. Constructing A as well as
the canonical representation of C'(A) on L?(A,dp,) and the canonical action of
the diffeomorphisms on L?(A, du,) from the data (3, P(3),D’), we obtain the
canonical representation of the configuration algebra of Loop Quantum Grav-
ity. Form now on, we will depart from this canonical representation and assume
structural data that differs from [23]:

Let e, be a triad field on ¥, stemming from a (classical) Riemannian metric
q. Denote the the densitized inverse of the triad e by E,. Moreover, let 7 be
a (not necessarily continuous) global section in the trivial Lie-algebra vector
bundle of SU(2) over ¥, that is normalized at each point: k%7;7; = 1. These
two structures provide the classical background, that we will incorporate in the
next section. Denote the set of stratified analytic two-surfaces in £ by S(X)
and associate to each oriented S € S(X) its natural intersection function og.
Denote the set of piecewise constant real functions on f : ¥ — R by K°. Let
us now use the data (E,,7,S,K) to define the Weyl group, that we want to
consider:

41f necessary, we complete D to a groupoid D’ by considering the action on P(X) and taking
the smallest subgroupoid of the double groupoid of the set P(X), that contains all elements of
D. This definition ensures, that D’ still preserves P(3), but providing the inverses whenever
necessary. The precise construction is explained in chapter 3.

5With piecewise constant we mean that when restricted to any quasi-surface, we demand
that there is a locally finite decomposition of the quasi-surface into quasi-subsurfaces, such
that f is constant on the quasi-subsurfaces in this decomposition.
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For each S € S and each constant f € K® consider the three unitary rep-
resentations of R on L?(A,dyu,), denoted by their action on gauge variant spin
network functions considered as a dense set in L?(A, du,):

Wéq(f) T e O‘?,,\(f)(T)
Wi(f) + T = (Oscepnnn) T (6.3)
We(f) + T = (Oszepirs)n) T

where A(f) denotes the constant value of f on S and & denotes the intersection
function corresponding to the opposite orientation of S 7. We notice, that these
almost commute: First, any two the operators on any two disjoint surfaces com-
mute as well as the operators on coinciding surfaces, because the area operator
commutes with with the flux operators on the same surface and there is only
one flux operator per surface. Given any two surfaces two-dimensional S; and
Sa, then [Wg,, Wg,] is an operator that acts nontrivially only on a quasi-surface
that is contained in a one-dimensional quasi-surface. Thus measuring the area
of the base space support of the commutator with and classical F, will give a
vanishing result, hence commutativity.

Definition 27 The group generated by the elements WE\(f), Wd (f), W5 (f),
where f varies over K, S wvaries over S(X) is called the Weyl group of Loop
Quantum Geometry, denoted by W.)

We define the involution for W(X) € W by W*(A\) = W(=A). A simple
application of the definition of the three families of Weyl operators reveals
W (=MW (ANT =T for all gauge variant spin network functions and hence:

Corollary 14 W*(\) = (W (X))~ 1.
Moreover:
Corollary 15 W is commutative.

This definition, which depends on 7 differs from the definition of Loop Quan-
tum Geometry in [23]. Although we are not able to recover all Weyl-operators
in Fleischhacks definition, we claim that this definition contains ”enough” all
gauge-invariant quantum geometry:

Lemma 24 The generators of the one parameter subgroups of the Weyl group
furnish a Hermitian labeling set.

proof: Recall from [23], that the gauge variant spin network functions are a
generating set for p,. Given a spin network function 7', based on a graph
v, notice that the geometry of each edge can be determined through the area
operators: For any edge e € ~, choose an affine parametrization e(t), consider

6The operators corresponding to nonconstant f € K arise as products of operators defined
on quasi-subsurfaces in the decomposition of S in which f is constant in each quasi-subsurface.

70f course, W; is the same operator as Wg_ and W§‘ = W§ and we will identify them
with each other.
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two one-parameter families of surfaces S.(t) and S°(t), where S,(t) intersects
e only at e(t), and does not intersect any other edge in 7; S(t) := Se(t) \
{e(t)}. Since e carries a nontrivial representation, Ag T # 0, but Ag.T = 0.
Moreover the representation on e is unambiguously determined by Ag, ), for
any t.

For each analytic edge e € v consider the two stratified analytic ”umbrella-
shaped” surfaces S? and S7 at i(e) and f(e) respectively, which are constructed
such that only e is "above” them and all other other edges e € « are either
completely outside or tangential to S»/. These act as left- and right-invariant
vector fields on the matrix element corresponding to e. Thus, all quantum
numbers carried on 7' can be determined. O

Definition 28 Given the data (3,P(X), D', E,,7,S,K), and after construct-
ing the canonical representation of C(A), W, D' on L*(A,dpu,), we define the
C*-algebra of Loop Quantum Geometry as the closure of the span of the represen-
tation fowo ¢ in the canonical representation on L?(A,du,), where f € C(A),
w €W and ¢ € D'. We denote this algebra by A or U(E,,T), whenever we
want to point to the explicit dependence.

Although this algebra is smaller than the standard definition, we saw by lemma
24, that it is large enough to encode quantum geometry. It will however turn
out that it is very useful to have all flux operators available; let us therefore
construct them:

The construction will not be through homeomorphisms on 4, but to define
the fluxes that generate them through the commutators with gauge variant spin
network functions. It will turn out that these form a dense set in each sum-
mand of the Hilbert space that we will construct and we are thus later able to
to extend their action by density. The important initial observation is that the
generators of the WJ (\), W5 (X), W&'()), i.e. the flux-operators parallel and
antiparallel to 7 and the area operators, act on a gauge variant spin network
function 7', by splitting the edges e € v at the intersections e NS and insert-

ing the respective vertex operators Jéfﬁ), Jé'fe) , Jae at all intersection vertices.
Thus the description of their action involves two steps: first the splitting and
second the action as the respective SU(2)-operator on the pieces of the splitting.
Let us first consider the splitting of an edge e € «: The splitting occurs
either at a boundary point or in the interior of the edge. If S Ninterior(e) = 0,
then the splitting is trivial, i.e. the edge e is not changed. If the splitting
occurs in the interior of e, then the edge e is replaced with e — (e1, es), where
eproey = eand SNe = f(er) = i(ea), and ul,,(he(A)), where u,, is the
nm-matrix element in the j representation of SU(2), is replaced with

Wy (he(A)) = Dl (e, (A)ug,, (he(A)).

k=—j

This splitting procedure has to be performed for all edges.
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Let us now consider the insertion of the operators Jf,fi@), JT(,?E) s1/J2 ¢ Consider

the insertion into the splitting of u/, (he(A)). This amounts to inserting the
respective matrix:

3"y (e, (A) M, (he(A)).
kl=—j

Since the necessary quantum number j, that we need to determine the represen-
tation matrix M7 of Jq(,fle , q(,fie) s 4/ J2 . is determined by ,/J2 . and the necessary
quantum numbers, that we need to determine k, [ in the splitting of u?  (h.(A))

are determined by Jl()f‘e), Jéfie), which are available as fundamental operators in
our theory, we can construct an arbitrary flux operator as a self-adjoint operator
whose domain is given by the gauge-variant spin network functions. The Her-
mitian extension defines the respective flux operator, which is constructable due
to the density of the gauge-variant spin network functions in each summand of
the representation, that we will construct. Exponentiating these operators then
gives the desired Weyl-operators, which act precisely as Fleischhack’s homeo-
morphisms on the gauge-variant spin network functions. So, all Weyl-operators
used by Fleischhack are present in our algebra. But when we want to represent
them, then we have to first reexpress them in terms of the fundamental Weyl
operators.

6.3 Definition of DQG States, GNS-Representation
and kinematic constraints

Using the mathematical preparations of section 6.1 we define a state on the
modified algebra of Loop Quantum Geometry that we defined in section 77.
These sates are labeled by 3-geometries, which we encoded in a densitized inverse
triad F, in the structure data quoted in the previous section, particularly the
map 7. This amounts to an application of the results of section 6.2.3, so we are
only left with the performing the work programme for the algebra described in
definition 28.

6.3.1 Definition of DQG states

The finite sums of a = Y ;- | fi ow; 0 ¢;, where f; € C(A), w; € W and ¢; € D’
are dense in 2 by definition 28. Let us define the state wg, on these finite sums
as:

or(0) = - Fr () [ di(A)f(4), (64
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where Fg (Wgs) = 1 whenever S is contained in a less than two-dimensional
subset of ¥ and otherwise

WE(\) —  exp(iA fS |E,|)
W) —  exp(iX [ Eo) (6.5)
Wg(A) +— exp(id [3E,).

FEI

o

Lemma 25 W leaves du, invariant.

proof: The gauge-variant spin network functions furnish a Hermitian measure
generating system with labeling set given by the area- and ”allowed flux”-
operators® by lemma 24. Moreover, for all elements H in the labeling set,
we have Hid = 0. Noticing that all W € W act on the gauge variant spin
network functions as exp(iAH) lets us apply lemma 14. O

Lemma 26 wg, is a state on A (for now defined without including diffeomor-
phisms).

proof: To apply lemma 17, we need to prove that Fg, is a group morphism:
From lemma 15 we see that all elements of W, that arise as commutators are
mapped to 1. Moreover, W(\)~! = W(=)) and equation 6.5 reveals that
F(W\)~™! = F(W(=X)). The rest of the group morphism follows from a
direct check of F(W1)F(Wsy) = F(W;W3) by inserting the nine qualitatively
different possibilities into equation 6.5. [

It is quite simple to verify that the W extend to unitary operators in the
GNS representation constructed from wg, using W*(\) = W(—X), because for
any a,b € 2 one has:

wi, (WA)a)*(W(Mb)) = wg, (@ W (=)W (Ab) = wg, (a"b).

Having a state on 2 lets us construct the corresponding GNS representation:

6.3.2 GNS-representation

Using the Schrédinger state wo (Y, fiow:) = Y2, [, duo(A) fi(A) for f; € C(A),
w; € W and knowing that the gauge-variant spin network functions are a Her-
mitian generating set for du,, we explicitly construct the GNS-representation
for wg, . Let us now apply definition 24 to F' given by equation 6.5, then lemma
18 tells us kp is an automorphism of 2.

Our strategy is to use this automorphism to construct the GNS-representation
corresponding to wg, directly from the GNS representation corresponding to w,
along the lines outlined in lemma 20 and the subsequent construction. Let us
therefore describe the canonical GNS-representation. Let a; = Zf\; fijwi; be
an element of 2, then 7, : A — (A)/N, C H,, where N, denotes the Gel’fand
ideal corresponding to w,, m, : A — B(H) and (., .), are determined by requiring

wo(ajazaz) = (No(a1), mo(az)mo(as))o

8We call a flux operator ”allowed” if it is parallel to the restriction of 7 to the respective
quasi-surface.
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to hold for all a;. The canonical Schrédinger representation satisfies this condi-
tion and can be denoted as the dense extension of:

No(a): A Y. fi
To(a)p: A szz(A)(awl(qs))(A)
<¢7 l>o = f_A ¢(A)¢I(A)a

where a = YN | fiow; with f; € C(A), w; € W and ¢,¢' € C(A) ~ (A)/N,.
Let us consider wg, (kr(a)):

wg,(kr(a) = wi, (2 il (wz)wl)
= Z sz)fd,uo fz( ) (wz)
= fd.uo f’L( ) = Wo(a’)

from which we deduce that we have to only insert kg into the definitions of 7,
and 7, to obtain ng, and 7g,, because we have

wr, (kr(a])rr(az)kr(as)) = wi, (kr(ajazas)) = wo(ajazas).

So we can construct the the GNS-representation by using this identity and
kp'(kr(a)) = a for all a € 2 and obtain:

ne,(a) =mno(kr(a)): A 3 Flwi)fi
mE, ()¢ =To(kr(a)): A 32, F(w;) fi(A)(aw, (¢))(A)
(0,08, =(60) = [Lo(A)F(A).

We denote the E,-GNS-vacuum state corresponding to the cyclic vector 7(id)
by ng,(id) =: Qp,. We will denote the GNS-representation constructed from

wWE, by (HED,WED).

6.3.3 Implementation of the Diffeomorphisms

We know by lemma 22 that this representation is regular, because F' is con-
tinuous and the canonical representation of the algebra 2 of Loop Quantum
Geometry is regular. Let us now introduce a unitary representation of D. This
means, that we seek a Uy for all ¢ € D, such that:

(Qp,,75,(0),)E,
<U¢QE UMo(a)QEo)EO

= (UsQg,, Usmo(a)UsUsA2E, ) B,
(UgQg,, To(g(a)) UpQE, ) E,

= wﬁo(%( )

wg,(a) =

where we assumed a covariant action g of the diffeomorphisms ¢ € D on the
elements of 2, defined through the extension by density of:

as(a) = a6 finwis) = Fistv)Wis(s,)-
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Let us now determine the state w%o by considering:

we-1(m,) (g-1(a)) = wem,) (X fiywis,)

Yo Fo-1(m,) (Wis,) [ 4 dpto(A) fiqy (A)

3 Fie,) (Wigs) [ 4 dto(A) fi g (A)

wr, (ag(a)) = (g, 7k, (as(a)) U8, ) B,

wk, (a(a)) = (e, UiTE, (0)Usl2E, ) E,

wr, (ag(a)) = UpQp,, mE, (p(a)UsQlE, ) B, ,

where we used the diffeomorphism invariance of dy, in the third line. Comparing
these two calculations lets us conclude that

UpQlE, = Q4(8,)

so we have to consider a direct sum of GNS-representations, one for each distinct
inverse triad ¢(E,) in the diffeomorphism orbit of F,.

6.3.4 Implementation of SU(2)-gauge Transformations

Let us now consider SU(2)-gauge transformations: Let there be a map A : ¥ —
SU(2), then for each A € A we have an action of the gauge transformation ap
acting as:

anA e A7) he (A)A(f(e))-

The action on the triads F is similarly:
arE =ATTEA,

where the action is taken pointwise in X. Using the linearity of the of the
integrals we obtain the gauge action on the area- and flux- Weyl operators.
Moreover, using the precise analogue of the two previous calculations we obtain
that requiring a unitary covariant representation of the gauge transformations,
i.e. for all A there is a Uy = (U})~! with Ujm(a)Up = aa(a), means that
we have to extend the representation constructed from FE, to a direct sum of
GNS-representations for every distinct ap (¢(E,)) in the gauge x diffeomorphism
orbit of E,. Let Up denote the unitary representation of the SU(2)-gauge
transformation A, then the unitary action on the vacuum vector Qg is

UAQEO = QQA(EO).

There is one caveat stemming from the SU(2)-gauge transformation properties
of the electric fields: We constructed the quantum algebra using only those flux-
Weyl-operators, that correspond to exponentiated fluxes parallel to the structure
7. This structure 7 then transforms under the SU(2)-gauge transformations as

ap(T) 1 x € ¥ — Alx)T(x),

so T varies among the summands. Since the definition of the algebra A depends
on 7, one may worry whether the representation is then well defined at all. But
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as we saw at the end of subsection 6.2.3, there are Flux-Weyl-operators available
for any internal direction in the gauge group not just those parallel to 7. Thus,
there is no problem with the definition of the direct sum of representations®.

Taking the direct sum of GNS-representations is nothing else than to say
that the gauge- and diffeomorphism variant representations are labeled by clas-
sical Riemannian geometries G and we construct them as the direct sum of
GNS-representations of wg, states, where we take the sum over all E, that de-
scribe G,, i.e. G(E,) = G,. Since the representation depends on the structure
7, which needs to be provided for precisely one E,, we will spell this out ex-
plicitly by writing 7g, ». This is to say that we use the following Hilbert space
representation:

(Hg,,7G,7) = ©(E,:9(B)=G.} (HE, TE, 7)),

where 7¢ denotes the gauge transformed structure 7.

Since the gauge-variant spin network functions are a Hermitian generating
set for the measure pu,, we can apply corollary 12 and obtain that the gauge-
variant spin network functions are dense in 2. But the gauge-variant spin
network functions are also orthogonal in the E,-representation, because for any
two gauge-variant spin network functions 77, T> we have:

(T, To)g, = (w(T1)Qg,,7(12)QE,)E,

= wp, (TTT2) = [, du,(A)Ti(A)T2(A)
= UJO<T1*T2) = <T’17 T2>O

together with the orthogonality of the gauge-variant spin network functions
in the LOST /F-representation. Moreover, we saw that one can include the
diffeomorphisms and SU(2)-gauge transformations as unitary transformations,
if we take the direct sum of wg, -GNS-representations, with G(E,) = E,. Since
the vectors in different summands are orthogonal to each other, we find that a
dense orthogonal set of Hg, is given by the gauge variant spin network functions
T € SNF times E, € {E, : G(E,) = G,}, which we denote by T o E,. The
‘Hg, inner product for two elements T3 o E} T, 0 E?, where T} is a normalized

o o 0

gauge-variant spin network function, is:

1 for: Ty =T, N E! = E?
1 2 _ 1 2 o o
{10 E,, Ty 0 Bj)g, = { 0 otherwise.

Let us summarize these observations:

Lemma 27 Let nSNF denote the set of normalized gauge variant spin network
functions, then nSNF x {E, : G(E,) = Go} is a dense orthonormal set in Hg,.

6.3.5 Solution of the kinematic Constraints

Having a unitary representation of of the SU(2)-gauge transformations and
diffeomorphisms on Hg, at our disposal we can construct the gauge- and dif-
feomorphism invariant states. The knowledge of a dense orthonormal set saves

9These operators are however in general not generated by Hermitian operators.
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a considerable amount of work, because we have to only construct the group
average of these vectors and extend the construction by density. It will turn out
that the coupling between the spin network function and FE, leads to nontrivial
modifications compared to the LOST/F-representation.

The construction of the solutions to the Gauss constraint uses the observa-
tion that SNF x{E, : G(E,) = G, } is dense in Hg, by splitting the construction
of the solutions to the Gauss constraint into three steps:

1. We classify all gauge invariant couplings of 7', € SN F' to the background
E,.

2. For each possible gauge invariant coupling between the T.s and FE,, we
write down the gauge invariant linear combinations of gauge variant spin
network functions. This amounts to ”closing the color lines in +” that do
not end at a gauge invariant coupling. This yields ”partial solutions” to
the Gauss constraint.

3. We restrict ourselves to the partial solutions and solve the Gauss constraint
using the group averaging procedure.

Given a gauge variant spin network function 7', depending on a graph -, in
particular:

T, : A [T uds . (he(A)).

ecy

The basic observation that we need is that for edges (y, z), (z, z) with f(y,z) =
x = i(z, z) objects of the form:

0% == Tr (((someth.)(A, Eo))(y, 2) (h(y,2) (A) Eof (2) 7" (- (A)))

are gauge invariant, because (he(A4))nm — (A‘l(i(e))he(A)A(f(e)))nvm and
Ey(z) — A=Y (z)E,(z)A(z), but obviously not diffeomorphism invariant. More-
over, all nontrivial representations of SU(2) arise as (symmetrized) tensor prod-
ucts of the spin-1/2 representation, which can be coupled to the appropriate ten-
sor product of E,(z). This is however only a special case of the general picture:
Any function Fj(E,) built from E,(x) that transforms under some representa-
tion of SU(2) can be gauge invariantly coupled to a spin network function T
with vertex x by constructing a gauge-invariant intertwiner between the rep-
resentation of Fj(F,) and representations adjacent to = in T. Thus, given a
gauge-variant spin network 7%, on a graph vy, then we can couple it gauge invari-
antly to E, by assigning a function F,(F,) and an gauge-invariant intertwiner
M, between the representation of F,(F,) and adjacent spins to each vertex v
of ~.

Having a gauge-invariant coupling {(F,(E,), My)}yev () for spin networks
to F,, we can easily classify the gauge-invariant spin networks on ~ that cou-
ple gauge invariantly to E through {(F,(E,)}vev(y): These are labeled by an
irreducible representation of SU(2) for each edge e € v and a gauge-invariant

79



intertwiner between all representations at the vertices for all vertices v € V(7).
We call the set of these functions coupled gauge invariant spin network functions.

Notice that the inner product of two coupled gauge invariant spin network
functions T1(A, E,), T>(A, E,) depends only on the representation space ele-
ments evaluated at F, of representations under which the F,(E,) and the value
ey (4) Fu (E,) transform and not on the precise function, because:

(T\(A, E,), To(A, E,)) 5, = /,4 ()| I[P T | T[ FolB)

vEV (1) veV(y2)

m,n
which leads to new normalizations of the coupled gauge invariant spin network
functions.

Let us now solve the remaining gauge-variance of the states 7(T(E,))Qg,,
where T, is a coupled gauge invariant spin network function!®, using the group
averaging procedure: The group of all gauge transformations G splits into a
subgroup tGr g, , consisting of the gauge transformations that act trivially on
m(T(E,))e, and the quotient group nGr g, = G/tGrg,, i.e. the group of
gauge transformations that act nontrivially on #(T'(E,))Q2g,. This allows us to
define the anti-linear rigging map #:

(m(T(Eo))p,) : m(T'(E)) Qe Y (Usw(T(Eo))p,, n(T'(E,) 28 ),

AenGr B,

Notice that the inner product in Hg, vanishes, whenever E, # E/ due to the
construction of Hg, as a direct sum of GNS-Hilbert spaces Hpg,. Since the
nontrivial action of nGr g, transforms the background only, there is only one
contributing summand in the rigging map. Hence, the effect of the group av-
eraging is to map the label E, of the state m(T(E,))S2g, into its gauge orbit
O(E,). The dependence of any of the functions F,(E) on the gauge orbit is the
same as the dependence of F,, on the group average of E. Thus using the group
average G(F( fSU(z) dum(9)F, (g7 Eg) of the vertex functions and defin-
ing the action on a coupled spin network function as the direct tensor product of
the action on all occurring vertex functions, the gauge-invariant inner product
becomes:

(n(m(T(E,))28,), n(r(T"(E))e, ) os,)
= (7 (T (Eo)) e, ) [n(T"(E,)) 2, |

{ L1 o VG By D) G (Eon ) for, < O(£3)
otherwise.

Q

Hence this Hilbert space is a direct sum of Hilbert spaces indexed by gauge
orbits O(E,), so we denote a dense set by the elements 7(T(R(E,)))0(E,)
where Qp(g,) denotes the SU(2)-gauge group average of Q, .

10This of course implies that the gauge transformations act nontrivially only on the back-
ground E,.
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Let us conclude the discussion of the SU(2)-gauge invariant Hilbert space
with noticing that the area-Weyl operator is gauge invariant and is hence ”un-
changed by the group averaging”.

Let us now construct the solutions to the diffeomorphism constraint: This
construction will be split into two steps, first we construct diffeomorphism-scalar
couplings to the background and then we solve the diffeomorphism constraint
by group-averaging the diffeomorphism-scalar coupled gauge-invariant spin net-
work functions over the diffeomorphism group:

Noticing that the E is a vector valued density of weight one, or a dual
two form, we know the transformation properties of any F,(E). We call those
F,(F), that transform as scalars, scalar couplings. We will from now on restrict
our attention to those coupled gauge invariant spin network function for which
all couplings to the background are scalar couplings, even if it is not explicitly
stated.

The action of a diffeomorphism ¢ € D on a Hilbert space element (7% )Q0 (g, ),
where T, is a coupled gauge invariant spin network function based on the graph
v, is Ugm(Ty)Qo(r,) = T(Ty4))2s(0(E,))- Denote by tD, o(g,) the subgroup
of diffeomorphisms that act trivially on 7T(T7)Qo( E,), and denote by D, o(E,)
the group of diffeomrphisms that maps 7 into itself and at the same time O(E,)
into itself, i.e. those invariances of O(E,), that map ~ onto itself'!. Then

Sym. oE,) := Dy,0E,)/tDy,0(E,)

is a finite group consisting of the graph symmetries of 7 that leave O(E,) in-
variant. Then define P, o(g,) through its action:

1
Prow,) : m(T2) 80w, = g ——— > TemSo,)-
7,0(Fo) PESYM, 0(E,)

With these preparations, we are able to define the antilinear rigging map nai s (7(T)Q0(E,))
through its action on any coupled gauge invariant spin network function 7(77,)Qo (g ):

Naif 1 (7(Ty)Qo(e,)) : 7(T5)QoE,) — S (w (Do) 08 T(T)Q0E,))g.-
¢€D/Dy, 0(E,)

Notice that, there is only one summand that can contribute, i.e. when ¢(vy) =
v A ¢(O(E,)) = O(E)), due to orthogonality in Hg, and the fact that we fac-
tored the subgroup of diffeomorphisms that preserve O(FE, ),y out in our averag-
ing sum. The diffeomorphism invariant inner product between n(7(7,)Q0(g,))
and n(m(17,)Q0(ry)) s

(naifr(7(Ty)Qok,))s Naif £ (T(T)Q0E))) 6, (6.6)
= Naif 1 (7(Ty)Qo(,)) Maif f (7(TL) Qo (k1))

11Notice that there may be no diffeomorphisms that act trivially on a given state, e.g. for
nontrivial O(E,).
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The justification for indexing this inner product by three geometries G, rests on
calculating the diffeomorphism group averaged inner product explicitly:

(Mai g (7(T)Q0(8,))s Naif  (7(TL) Qo)) 6o
_ | Xsesymo(r,)) Ja Wo(A) Ty (A)T5 (A)  for: O(E;) € G(O(E))
0 otherwise,

where Sym(O(E,)) denotes the subgroup of D that contains the symmetries of
O(E,). These results allow us to characterize the elements of a dense set in the
gauge- and diffeomorphism invariant Hilbert space:

Lemma 28 Given a three-geometry G,, there is a dense set in the gauge- and
diffeomorphism invariant Hilbert space Hg, given by the gauge invariantly scalar
coupled gauge invariant spin network functions and the inner product of Hg,
coincides with equation 6.6 on this set.

Let us close by commenting on spaces with symmetry, e.g. spaces with constant
curvature: The diffeomorphism average procedure yields embedded spin net-
works. These are however ”smeared” by the symmetry group of the geometry.
It may thus be practically useful to divide the diffeomorphisms by this symme-
try group, so one can work with embedded spin network functions and to keep
in mind that the solutions to the diffeomorphism constraint are constructed by
averaging over Sym(O(E,)).

6.4 Essential Geometry

We define the essential geometry of a representation of the algebra of Loop
Quantum Geometry, which is similar to a ”static semiclassical background ge-
ometry”. Our definition does not need the notion of a vacuum vector, i.e. it
can be recovered from the representation itself. We go on to show that the
essential geometry of the GNS-representation of wg, is precisely given by the
Riemannian structure corresponding to E,. Moreover, the essential geometry
of the analogous state w, to the LOST/F-vacuum state has the degenerate es-
sential geometry g = 0, and can thus be regarded as a degenerate extension of
the family of wg, states.

6.4.1 Definition of the Essential Geometry

Classical areas and volumes on a three-dimensional manifold ¥ are integrals
over two- and three-forms (e.g. the induced area- and volume-form on a Rie-
mannian manifold) respectively and their value does not change when a less
than two-dimensional submanifold is removed from ¥, due to the continuity of
the forms. The Riemannian structure can on the other hand be recovered form
the knowledge of the areas and volumes of each surface and region respectively.
The situation in the LOST/F-representation of Loop Quantum Geometry is
quite different: The quanta of area are distributions concentrated on the edges
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of a graph of a spin network state and the quanta of volume are distributions
concentrated on the respective vertices. Both sets are of Riemannian measure
zero for any Riemannian structure on ¥ and there seems to be an ”excess of
geometry” concentrated on the edges and vertices.

Definition 29 Given a state w on the algebra of Loop Quantum Geometry, the
excess €(w) of w is the smallest set of zero- and one-dimensional embedded
submanifolds of X, such that the expectation values of the area and volume
operators measuring surfaces and regions in ¥\ &(w) do not change whenever
countable number of zero- and one-dimensional subsets is removed from them.

The stability of classical areas and volumes under the removal of zero- and
one-dimensional subsets motivates:

Definition 30 The stable geometry of a state w is given by the geometry
reconstructed from the expectation values w(A(S \ €(w))) and w(V(R\ &(w)))
of all surfaces S resp. regions R.

This motivates the definition of something similar to the ”static classical back-
ground” for any representation (H, ) of 2:

Definition 31 For any representation (H,n) we define the essential geome-
try as the geometry reconstructed from the areas and volumes

A(S) = supyep (v, T(A(S\ E(w)))v)
V(R) = supyen(v,m(V(R\ EWw)))v),

where S varies over all surfaces and R over all regions in X.

6.4.2 Essential Vacuum Expectation Values

Let us consider the essential expectation values of 7(T1)Qg, and 7(1%)g, for
two distinct spin network functions 77, T5. Let us now prove that the essential
geometry coincides for these two states:

The excess of these two states is precisely given by the minimal graphs
71,72 upon which the two spin-network functions depend. So we can calculate
the essential area expectation values of a surface S’ in ¥ as the area expectation
value of S\ ~; of:

(m(Ti)QE,, AS)m(T:)2p,) = (7(T3)QE,, A(S\7:)7(T3)e,) = (QE,, A(S\7:)QE,),

(6.7)
where we used the regularity, i.e. non-distributionality, of E,. Let us calculate
these vacuum expectation values:

(AS) e, = limig 55 (we,(WE() —we, (WE(-1)))
= L exp(tAp,(s))li=0 = Ag,(9),

so the essential expectation values of the area operators coincide with the clas-
sical areas of S calculated in the geometry described through F,. Calculating
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higher derivatives reveals that there are no fluctuations in the essential expec-
tation values for the area operators. Moreover it turns out that the action on
the ground state Q g, of any two area operators commutes. This allows us to
calculate the essential expectation values of the volume operator without further
effort: The expectation values for the volume operator of a region is

(V(R)g, = VI(R)=(Qg,,lime0 ccr, V(A(C), ..., B.(C))QE,)
= Vg, (R),

which is independent of the choice of chart (U, ¢). Thus, the essential geometry
turns out to be precisely the geometry that is described through the classical
densitized inverse triad E,.

Since the essential geometry can be recovered from any state in the GNS-
representation and is fixed by the E,-geometry, we have a geometric background
in the F,-geometry that can be determined operationally, since the effect of a
state can be determined operationally and coincides with the geometry recon-
structed from the area- and volume expectation values of the vacuum vector,
which is precisely the geometry encoded in FE,,.

6.4.3 Relation to the LOST /F-Representation

Let us compare this situation with the GNS-representations constructed from
grand canonical equilibrium states on the observable algebra of a free Klein-
Gordon quantum field theory: These states are distinguished by the inverse tem-
perature 0 and chemical potential u. If the values of 3, u are sufficiently small
(compared to the energy gap), then the state wg, describes a Bose-Einstein
condensate in which the ground state is macroscopically occupied, such that in
the thermodynamical limit there is no possibility that fluctuations can change
the overall occupation density p, of the ground state. This in turn means that
a similar definition of essential-p, distinguishes these thermodynamical states
and representations of the CCR constructed from them. Thus, one can compare
the nontrivial essential geometry of a state to a ”condensate of Loop Quantum
Geometry”.

This insight together with the result of subsection 6.4.2, i.e. that the vacuum
expectation values of the geometric operators coincide with the classical values
in the geometry of F,, suggests to consider the G(F,) states as a particular
(non-normalizable) limit of states in the LOST/F representation: Let 7 (M)
be a one parameter family of scale M-dependent simplicial decompositions of
¥, such that the mean length of each edge (L(M)) = M~! and the standard
deviation of the length is minimized. Calculate the classical area A(f;) of all
faces f; and the classical volumes V'(c;) for each cell ¢; for a value of M given
the geometry G(E,). Then consider the state:

1
= lim lim ———————— Cr Ty, mo(a)T,)y, (6.8
wou o) =l l oo 2 OnT (@D (68
~ eom ~
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where the geometric constraint is that the expectation value of the areas of
all faces f; match A(f;) and the expectation value of the volumes of each cell
is V(c;) in a compact region of X. The finite set GeomSNF! is a set that
contains ”enough” cylindrical functions 7, with base graph v that carry at
most representation ¢ and such that the vacuum expectation values satisfy the
geometrical constraint. These states lead outside the LOST /F-representation,
but approximate wg, at least on the lattice 7 (M). One can of course put this
approximation statement on its head and assert: The G(FE, )-states approximate
a one parameter family of LOST/F states, which arise, when both limits in
equation 6.8 are truncated.
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Chapter 7

Smooth Loop Quantum
Cosmology

Having the states of chapter 6 which describe a smooth geometry at our dis-
posal, we can naturally view them as the states describing an extended geom-
etry, e.g. the universe. We will construct a correspondence between standard
Loop Quantum Cosmology and a mini-superspace constructed from Q g_-states.
We implement Bojowalds dynamics for Loop Quantum Cosmology thereon and
explain a road map towards a fundamental dynamics for g, states.

7.1 General Idea

Bojowald initially constructed symmetric spin network functions [12] as spin
network functions that depend on a symmetric connection. The interpretation
of the states constructed this way was explained in [45] as equivalence classes
of spin network functions on a piecewise straight graph that depend, where the
equivalence was taken with respect to the dependence on symmetric connec-
tions. The general idea that we propose in this short chapter is to depart from
considering explicit functionals of the symmetric connection resp. equivalence
classes of functionals of the complete connection and to consider the Qg -states
as the states that correspond to a symmetry reduction:

We saw that the essential geometry of a vacuum vector Qg is precisely
the geometry described by the classical densitized inverse dreibein E,. This
suggests the use of these states with symmetric E, as states describing spatially
symmetric geometries as they are usually used in a minisuperspace construction.
Establishing a correspondence between the symmetric E, and Bojowalds states
gives these an interpretation as states on full Loop Quantum Geometry. In
turn, one can use this correspondence to use the well understood dynamics of
Loop Quantum Cosmology as a ”cosmologically induced” dynamics for the F,-
states. The construction of such a correspondence does however require the
introduction of degrees of freedom that correspond to Bojowalds inflaton field
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in the framework introduced in the previous chapter, which we will construct
at the end of the next section.

7.2 Construction of a Cosmological Quantum Mini-
superspace

Neglecting the discussion of a differentiability class, the construction of De-
Witt’s superspace starts with fixing a topology for the Cauchy surface ¥ and
considering the set Q of all Euclidean 3-metrics g on .. The superspace is then
the quotient of Q by the group D of diffeomorphisms that are generated by
the diffeomorphism constraints. One then expects that a quantum theory can
be constructed using wave functions on the superspace; a (geometrically) semi-
classical wave package is then one that is strongly peaked around a particular
classical geometry, so neglecting fluctuations it is very close to an eigenstate of
geometry. Since the Qg -states are eigenstates of the geometry, we can natu-
rally replace the semiclassical states with {2 -states. Let us now revisit the
construction of the minisuperspace of standard Loop Quantum Cosmology and
then apply this replacement:

For the construction of a minisuperspace in connection variables (compare
appendix B.4), we assumed a symmetry group and worked the symmetric phase
space out, which is constructed as follows: Given a symmetry group S, we call
a phase space point (A, E') symmetric, if for all s € S there exists a local gauge
transformation g5 : ¥ — SU(2), such that

s*(A,E) = (95" Ags + g5 'dgs, g5 ' Egs).

For the purpose of isotropic cosmology we fix the gauge- and diffeomorphism
invariance by introducing a triad e? and a co-triad w?, which are invariant under
S. Then every symmetric point (A,, E,) that satisfied the Gauss- and diffeo-
morphism constraint can be mapped into an equivalent pair of the form:

(As, Bs) = (ew'ri, pv/a(e)est").

In standard Loop Quantum Cosmology, one builds wave functions of the sym-
metric connection and constructs an inner product for these from the inner
product of Loop Quantum Gravity. Bojowalds procedure yields a Hilbert space
that is the span of states ¢, : p € R, which turn out to be eigenstates of the
symmetric triad, and he induces an inner product (Y,,%,/) = 5,5(7,’;5’”'. The

Qp, -states with symmetric E,(p) = p\/|q(e)|e;7" are eigenstates of the geomet-
ric observables that satisfy these symmetry relations. The inner product is,
according to the construction in the previous chapter, induced as:

(5,00, ) = Gig™

which matches the inner product of standard Loop Quantum Cosmology if we
use the replacement:

Yu — Qp, (- (7.1)
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We thus construct the geometric sector of the cosmological quantum Hilbert
space Hgoew' as the span of the states Qg () : 4 € R and use their inner
product as constructed in the previous chapter.

To construct a nontrivial cosmological model, one needs to introduce a sym-
metric matter degree of freedom and construct a cosmological Hilbert space
Heosm = HAw ® Hivaticr- Since isotropic matter distributions are not in-
cluded in the matter states developed for standard Loop Quantum Gravity, we
have to apply the construction of the previous chapter to the matter degrees of
freedom:

7.2.1 Smooth Matter for Loop Quantum Gravity

Loop Quantum Gravity naturally incorporates Higgs fields with compact gauge
group. A single real scalar field ¢ can be modeled as the gauge-variant sector of
a Higgs field theory with gauge group Rpon,. The fundamental observables are
the point holonomies U, (\) := exp(iA¢(x)) and the conjugated momenta, which
are densities of weight one, can be integrated over regions R to give the funda-
mental momentum variables 7 := f T where 7 denotes the field momentum.
The fundamental Weyl-operators V(R) are constructed from the exponentiated
Poisson action of the 7z on the U,(\)! corresponding to Vz(u) := exp(iumg).
This yields the Weyl commutation relations V7 (1) Uy (A) Vg (1) = eMoser U, (X).
Thus, the fundamental observable algebra consists of the finite sums a :=
Zf\; a;Uz, (Ni)VR, (1) Since the classical ¢, m Poisson-commute with the grav-
itational degrees of freedom, we are lead to implement the sums a as opera-
tors that commute with all gravitational observables. The fundamental observ-
able algebra for the gravity+scalar system is thus generated by the finite sums
b:= Zf\il CyliUyr (A)) ..U NP)YWi Vi (ph) .. . Vigmi (ul**), where Cyl; denotes
cylindrical functions of the Ashtekar connection and W; the adjusted Weyl-
operators. Using matter-cylindrical functions Cyl,,q¢:. as functions of the scalar
field that can be written as Cylyare. = F(Uyy (A1), .oy U, (An)), where F :
R% . — C is continuous and almost periodic, we can extend the fundamental
observable algebra, to finite sums b := vazl CyliCylmatr.i(Ni) Wi Vg (,u})...VR;w ().

The canonical Ashtekar-Lewandowski state w, on these sums b is defined
(analogous to a lattice gauge theory with scalars) as

wo(b) == SN [dpar(A)duponr (y1,)-dpisonr (Yn, ) Cyli(A) Fi (Y1, ..oy Yn,)
= Yy [ dpar(4,6)Cyli(A)Cylmari(9),

(7.2)
defining the extended Ashtekar-Lewandowski measure. Using this measure we
are in the position to apply lemma 17 after noticing that the operators W; and
Vit (p})...Vgmi (1) commute with each other, so the combined momentum
Wéyl—group 1s the direct product of the gravitational momentum Weyl-group
and the matter momentum Weyl-group. This means that we can define a group
morphism F' : W — U(1) as the product of Fy,,. acting on the gravitational

IThe considered Poisson bracket is {mg, Uz(A\)} = iAUz () if € R and vanishes otherwise.
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part only and Fj,q. acting on the matter part only. We have specified Frq0.
already in the construction of the Qg -states, so we only have to construct Fi,q¢s.
here.

The nontrivial group relations are: Vz(u1)Ve(p2) = Ve(pui+uz), (Ve(p)) ™! =
(Vr(p))* = Vr(—p) = Vgr(0) = id and Vg, (1)Vr, (1) = Vr,ur, (1) for all dis-
joint regions Ry, Ro. Thus, defining Fi, 4. as

Frnate. (Ve (u1)..Vam (u™)) := exp (z (ul /R To+ oo+ ;/"/m w)) (7.3)

for some classical density 7, on X satisfies the group relations and thus furnishes
a group morphism into U(1).

To define a state using this relation, we need to verify that the extended
Ashtekar-Lewandowski measure is left invariant under the extended momentum
Weyl-group. This is most easily verified using the observation that the functions
of the form Uy, (A\1)...U,, (\n) are an orthonormal set in the extended Hilbert
space and dense in the matter configuration variables and thus in the tensor
factor M4, of the extended Hilbert space. Using these ”scalar network func-
tions” and that the gravitational operators commute with the matter operators,
we calculate

1 if all \; vanish
0 otherwise.

[ ol 0, ), (00) = {

Using the density of the scalar network functions we can expand any configura-
tion observable as f(¢) = vazl fiUpt (AD)...U,»i (AI'*) and calculate the action
of any momentum-Weyl-operator

S dpo(A, S)VR(1)* f($)VR() = ‘Jidﬂo(AaQﬁ)VR(ﬂ)*flVR(ﬂ) -
1 7.4
S duo(A. 0)f(),

where we have assumed without loss of generality that there is precisely one
constant term, which is the first summand f7 in the expansion of f; yielding the
invariance of the extended measure under the extended momentum-Weyl-group.

Using lemma 17 for the matter part, lemma 26 for the gravitational part we
can use equation 7.3 to define a state wg, , for any classical densitized inverse
triad F, and any density m, through:

N

81, (8) = S POV Fotn Vi () Vi () [ o 4, 6)Culi( Al (4)
i=1
(7.5)
Inserting w(R) := —i%VR(,u)h:O and using linearity of the state wg, . , we

obtain the vacuum expectation values for 7 (R):

‘%mWWZL%, (76)



which coincides with the classical values 7,(R), which is precisely the desired
behavior as a quasilocal eigenstate of the field momentum corresponding to a
classical field momentum 7.

Let us construct the matter part of the GNS-representation out of this state
using the xp-map for the matter extended F' to relate this representation to the
canonical Schrodinger representation (constructed as the GNS-representation of
w,) for the matter part. The Gel’fand ideal reduces for pure matter observables
a = ZZ 1 Cylmart. VR (uh).. Vle( M) to the set {a : Zl 1 Cylyatr.s = 0}, so
we have the canonical GNS- representatlon for the matter part as the extension
of the representation m,:

770(04) DA Z%l Cylmatt.i
7TO(Cl>XZ A — Zi:l Cylmatt.iaVR}(M})(-- N(H )( ) )(A)

Xi,x2)o = [duo(A,d)x1(0)x2(¢).

Using lemma 20, we can immediately construct the GNS-representation 7,
for the matter part of wg, ., and obtain a kinematic matter Hilbert space

HEin. (7,) with the following representation of the matter observables:

(@) = no(kr(a) A SN CylmariF (Vi (ph) Vi (1))

(@)X = molkr(a)x: A= L, CylmareiF (Vs (). Vs (1))
O‘VR%(M,;)( Ay N(ufv)(X)"')(A)

X1, x2)r, = X1 X200 = fdMo(Aa¢)X1(¢)X2(¢)-

(7.7)
Using the action of a diffeomorphism ¢ on 7 induces the action on Vi (u). The
same reasoning as in the previous chapter then yields that one has to sum over all
GNS-representations constructed form all distinct smooth densities p = p*7, in
the diffeomorphism class of 7, to obtain a unitary action of the diffeomorphisms.
The action of the Gauss constraint on the matter part is trivial, since ¢ is a
scalar under the SU(2)-gauge transformations.

To put it in a nutshell, we obtain a matter Hilbert space H,,q¢:. that is
the direct sum of the GNS-Hilbert spaces Hmatt. = ®pep(n,)HET, (p) for all
distinct p in the diffeomorphism class of m,. The Hilbert space for the matter-
gravity system is then the tensor product of the gravitational and the matter
Hilbert space and the representation of the gravity and matter observables act
on the respective tensor factor as constructed above, while leaving the other
factor invariant.

7.2.2 Matter-Gravity Minisuberspace

Following the strategy outlined at the beginning of this section, we construct a
minisuperspace consisting of precisely those GNS-vacuum vectors that are sym-
metric eigenstates of the geometric operators and the matter-momenta. Thus,
taking 7, to be homogeneous, i.e. m,(xz) = m,(z,) = v in the homogeneous
chart, we build the matter part of the cosmological minisuperspace by taking

90



the direct sum of the matter GNS-vacua 2., for all homogeneous 7,. Using
the construction in the previous section, this induces the inner product for the
matter part:

<Q7T0(V1)7 Qm(Vz)> = glron (7-8)

vi,V2

This induces the representation of the homogeneous matter observables on
cosm.

ey = L2 (RBOM, diBohr) ~ @,,@RQ,,O(V). The combined gravity-matter sys-

tem is then represented on the cosmological Hilbert space H ™ = HE™M &

grav.
cosm.
matter:

Choosing the isotropic cosmological chart, we can take any geometric ob-
servable that coincides classically with the volume density as a representative
operator for the volume density. Since all classical representatives yield the
same volume density (as we see by applying the results of section 6.4.2), we are
able to introduce an unambiguous volume density operator p. Evaluating this
using any representative yields:

(L@ v, pp@ V) = popt. (7.9)

The same argument of course applies for the field momentum density, so we are
able to introduce an unambiguous operator © with expectation values

(W@ v, T @ V) = cov. (7.10)

This argument can of course not be applied for the construction of connection
respectively field strength operators.

Using these expectation values and their spatial symmetry, we have a precise
correspondence between the states constructed here and the standard Loop
Quantum Cosmology states:

/(/}lt,l/ A QEO(N)J"O(”)' (711)

7.3 Implementation of the Loop Quantum Cos-
mology Dynamics

Using the correspondence (equation 7.11), we can relate Bojowalds states to
states on the full observable algebra of Loop Quantum Gravity. Using this
relation from left to right allows us to investigate generic perturbations around
these states without having to model the perturbation before, because the states
on the right are states on the full observable algebra of Loop Quantum Gravity.
Using the relation from the right to the left allows us on the other hand to define
a dynamics for the cosmologically interesting states by using the established
Loop Quantum Cosmology dynamics. Using this cosmological dynamics is an
approximation only, but may lead to new insight since the dynamics of full Loop
Quantum Gravity is an unresolved issue.

Let us put the induction of a dynamics for the Qf,_ . -states on a firmer basis
by comparing them with coherent states: Let ¢;,p; be canonically conjugate
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phase space coordinates and let w, be a Gaussian ground state with vanishing
vacuum expectation values for all ¢; and p;. Then one can define a coherent state
wz, 7, by setting for the elementary Weyl operators U;(\) = e’ V() = etPi:

wz, 5, (Ui Vi) o= €550 e™Pow (U (M) Vi(pi))e®,  (7.12)

where ¢ depends on the chosen operator ordering. The definition of this state as
the linear extension of equation 7.12 is completely analogous to the definition of
the E,, m,-states, which we can thus view as kinematic coherent states for Loop
Quantum Gravity. In may systems, one has a time evolution of coherent states
that is very close to a classical evolution and some decoherence. Assuming such
an action of the constraint operator(s) on the F,,m,-states justifies the use of
the right-to-left direction of the correspondence 7.11.
Standard (flat space) Loop Quantum Cosmology uses a single scalar con-
straint acting on the basis vectors 1, , as:
Cgraku,u = (Vu+5uo - VH+3M0),(/JM+4N/07V - 2(Vu+uo - Vu—uo)wu,u
+(Vu—3uo - V;L—5uo)wu—4uo,u (713)

— 287G 3%, Crart (1) V0

where V), = (| | é)% is the volume eigenvalue for v, and Catt is the matter part
of the scalar constraint, which depends on the matter and potential considered
in the specific model. Using the correspondence, we find the from standard
Loop Quantum Cosmology induced dynamics for the cosmologically interesting
Qg, ., (by simple substitution):

0,To

CoravQE,(n)mo(v) = (Vu&?uo —Vu‘;wo)%o(wmo)mo(m
—2(Vptpo = Vi Eo(p),mo(v)
’ ° oM Te 7.14
+(Vu—3uo - VujSMO)QEO(u—4uo),wo(u) ( )
= _%SWGL?’Mgl%DlCmatt(M)QEﬂ(u),ﬂo(u)7

The phenomenology of this dynamics by itself is of course the same as the
phenomenology of standard Loop Quantum Cosmology. It is however applied
to a subspace of a full theory of quantum gravity and may as such be used to
shed light on the dynamics thereof.

7.4 Towards a Fundamental Dynamics for DQG

The main problem of constructing a complete anomaly-free implementation of
the scalar constraint (resp. the master constraint) for full Loop Quantum Grav-
ity is the difficulty in finding phenomenologically acceptable diffeomorphism co-
variant regulators for the classical constraints in terms of loop variables. These
regulators are necessary due to the singular smearing of the loop variables and
anomaly-freeness rules out most regulators. In ordinary quantum field theory
on a background on the other hand one constructs various regulators through
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point-splitting the operator products that depend in the same points. In stan-
dard Loop Quantum Gravity there is however no intrinsic notion of distance
outside the graph, so one can not split points, let them approach each other
again and then renormalize the observables that emerge in the limit of coin-
ciding points. Using an E,-representation however, one has an intrinsic notion
of distance (w.r.t. the essential geometry), suggesting that one can use very
similar techniques as in a background dependent field theory. In short: The
E,-geometry opens the door for the application of a wide range of (common)
regularization techniques.

Other than background dependent quantum field theories however, one does
not have to implement the entire set of Hamiltonian constraints, but it is suf-
ficient for the construction of a physical theory to construct the kernel. Since
we are using the idea of Dirac to postpone the imposition of the constraints un-
til after quantization, we have to ensure that the so constructed kernel-Hilbert
space is a quantization of the classical constraint surface. This means that for
each point (A, E) on the classical constraint surface, there is a coherent state
peaked around this point. We saw in the previous section that the Qg  states
are coherent states, which are due to diffeomorphism covariance sharp in the
densitized inverse triad E and infinitely wide in the connection A. Moreover, all
spin network excitations around Qg are still sharp in E, but with distributional
spatial eigen-geometries?. This suggests the construction of the constraint ker-
nel through regularizing the distributional spatial eigen-geometries stemming
from the spin-network excitations by point splitting techniques in the essential
E,-geometry.

Viewing the Qp, states not only as kinematic coherent states, but as dy-
namic coherent states®, one can describe a programme to construct the kernel

2Using the volume operator defined in the next chapter, we have a set of geometric ob-
servables that is (1) large enough to reconstruct the geometry and (2) when using an external
regularization has the spin network functions as eigenfunctions.

3There is a nice motivation for considering the F,-states as dynamic coherent states: har-
monic oscillator coherent states |(zo,Po)w) with the matching width parameter w transform
classically under time evolution, i.e. Ut|(Zo,Po)w) = €¢®|(x(x0,Po, 1), p(To, Do, t))w), Where
2(Zo, Do, t), P(To, Do, t) are the classical trajectories, otherwise they obtain a time-dependent
width w(t). The E,-states transform classically under the spatial diffeomorphisms, i.e.
Usl¥y)E, = |¥g(y))E,, Which is a subset of the four-diffeomorphisms chosen by the folia-
tion of space-time. To put all four-diffeomorphisms on an equal footing implies to consider
the E,-states as dynamical coherent states as well as kinematic coherent states.
To show that this argument does not only work for a harmonic oscillator, let us assume
that |a) are coherent states, i.e. ala) = «a|a) with the phase space peakedness property,
ie. a |(8,a)|? falls off rapidly as 8 departs from . These states are assumed to evolve
classically under the phase space flow oy, so |a(t)) = |ot()). The condition for the scalar
product so this action is unitary is: (c—¢(a), 8) = (a,0¢(8)). A scalar product that has the
phase space peakedness property and supports this flow unitarily can be defined as follows:
Denote the o-trajectory that contains a by T'(«) and choose a hypersurface that intersects
each trajectory precisely once at a base point a,. Then each point a can be given coordinates
(ao(a), t()), where t() is defined through o¢(as()) = a and ao(a) is the base point of the
trajectory that contains a. Choose a metric d on the hypersurface, which extends to a metric
on the trajectories. Then for suitable flows,

<a7ﬁ> ‘= exXp (7d2 (a()?lBO) + i¢(a07 507 t(a)7t(ﬁ)) - 02(t(a) - t(IB)))
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projection operator as follows:

For this purpose, we first define a notion of closeness for regions R, R’ us-
ing the essential geometry E, of the vacuum state g, by defining a distance
between them through the difference of essential areas:

dp,(R,R) = (V,(R) + Vg, (R)) — 2V, (RN R)). (7.15)

For every gauge-invariant embedded spin network function ¢ = g, (SNF)Qg,,
we define a sequence of smooth densitized inverse triads {F,, }2; to be a regu-
lator of v, if for every region R in ¥ and every ¢ > 0 there exists an n, > 1 and
a region R’ with dg, (R, R’) < ¢, such that

(), V(RY) = Vg, (R) < eld,Vn > n,. (7.16)

The regulator sequences {E,, }5° ; tend towards the distributional quantum ge-
ometry of 1 in the limit n — oo, but each element is a smooth densitized inverse
triad. This allows us to evaluate functions of each element of the sequence clas-
sically in a way very analogous to point-splitting techniques.

Let us now consider sequences of phase space points {(Ay, Fy)}22, consist-
ing of pairs of smooth connections and smooth densitized inverse triads. We
define this sequence to be a constraint solution for v, if all elements (A,, E,,)
are solutions to the (diffeomorphism-extended) master constraint

d3o
M:
= Vldl

and {E,}52, by itself is a regulator of .

Using the density of the gauge-invariant embedded spin network functions
in the gauge-invariant Hilbert space, we are able to define the kernel of the
master constraint operator through the extension by density of the action on
gauge-invariant embedded spin network functions :

(C%*(0) + quyD*(0) D" (o))

1 if 3 a constraint solution {(A,, F,)}52, for ¢

0 otherwise. (7.17)

Py =1 {
It follows immediately from the construction that there is a state {2g, for each
classical solution to the master constraint (A,, F,), that is peaked around the
classical 3-geometry of the solution.

defines a scalar product on the span of the states |a) whenever ¢ is antisymmetric and the
inner product satisfies positivity, which supports U¢|a) := |o¢(e)) as a unitary representation
of the flow o¢. The commutation relation of a,a* will however in general fail to be canonical.
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Chapter 8

Loop Quantum Geometry
based on a fundamental
Area Operator

This chapter is devoted to a version of quantum geometry that is based entirely
on the existence of a fundamental area operator. Since the area operator is
viewed as fundamental, it remains to construct a volume and a length operator;
we start with the construction of the volume operator. This work was triggered
by the discovery of the smooth geometry sates (chapter 6) and it is due to the
existence of this version of quantum geometry that the algebra used in chapter
6 is physically complete.

8.1 Volume Operator with a Fundamental Area
Operator

The quantization strategy is analogous to the one applied in section C.3: We
use the classical expression for the volume functional of a region, reexpress it
as a limit of cell volumes of a family of partitions of the region, which we then
reexpress using classical areas. Then we replace the classical area variables with
the corresponding area operators and take the limit on spin network functions.
We then use a similar averaging procedure to obtain a background independent
volume operator for spin network functions. The final operator is then the Her-
mitian extension of the essentially self-adjoint operator defined on spin network
functions.

8.1.1 Classical Volume Functional

Given a three-dimensional Riemannian manifold (3, ¢) with metric ¢, we derive
a functional for the volume of a three-dimensional region R C ¥ as the limit
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of Riemann sums over volumes of cells in a homogeneous metric. Each cell is
a parallelepiped and its volume is expressed through the six independent area
measurements in the parallelepiped. This is a three-dimensional generalization
of Heron’s formula, however the derivation is much more involved.

Volume of a Parallelepiped in a homogeneous Metric

Consider a parallelepiped P, in a homogeneous metric background on R3: More
concretely, consider a homogeneous metric ¢2,. Then due to homogeneity we
can assume without loss of generality that the parallelepiped P(d’o,go,é'o) is
spanned by three (linearly independent) vectors at the origin. Let us change
into the Riemannian normal coordinate system at the origin, so the transformed
metric is Fuclidean g, = d4p due to homogeneity. The coordinate transform
amounts to the multiplication by a constant invertible matrix. The transformed
parallelepiped P(d, I;,E) is then spanned by the three (linearly independent)
transformed vectors d, 5, c.

Using the rotational freedom of Euclidean R?, we can assume without loss
of generality that the three spanning vectors take the form:

i = (a1,0,0), b = (b1,h,0), @ = (c1,c2,0c3). (8.1)
The volume of P(&,b,c) is
V(P) = det(@, b, ) = aybacs. (8.2)

There are six independent area measurements at this parallelepiped, the three
independent face areas (denoted by v/A,)! and three independent diagonal cross
cuts (denoted by v/B,). There is an ambiguity about which three of the six
possible diagonal cross cuts one should choose, which we fix by choosing the
three that contain the origin. Having fixed the three diagonals, we may move
the surface areas to the center, which is an isometry due to homogeneity, so all
six areas intersect at the center of P. The resulting surfaces are depicted in
figure 8.1. The squares of the areas have the following expression on terms of
the components of a, I;, c:

A, = b x @2 = (bacy — brca)® + (B3 + b3) 3

A, = |@ x c)? = a}(3+c3)

Ao = axb? = a3b3

B, = |(g+ 5’) X d|2 = a% ((b2 + 02)2 + C%)

By = [@+8xb? = (ba(ar+c1)—brea)” + (b3 +3) 3

B. = |(@+b)xa? = (baer— (a1 +b1)ea)’ + <(a1 o) bg) %

(8.3)

1Tt turns out to much more convenient to express the square of the area rather than the
area itself, which is the reason for the notation /A, and /B, for the respective areas.
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Figure 8.1: The six surfaces of the parallelepiped spanned by the vectors (ar-
rows) containing the origin (solid dot) with independent areas. The top line
contains the translated faces, the bottom line the diagonal cross sections.

Inverting equation 8.2 for a; = % and inserting into equation 8.3 yields the
system of six independent equations, which we want to solve for V' while elimi-
nating the remaining vector components by, ba, c1, ¢2, c3:

Ay = (b2e1 — blc2)2 + (b% + b%) c%
4, — (Er)v?

b = b2 2
A, = ‘g_;

3

B, = leteel+c)v? (8.4)

‘o T
Bb = (b2 + b2) C3 + (b20103 I)Clsczcs+v)2

2

B, = (b201 —C2 (b1 + %)) T2 (b% n (bl n b;g) )

Solving this system of equations is possible and was carried out, however it
amounts to very messy algebraic manipulations. (It turned out to be necessary
to map out the solution strategy and to implement it in computer algebra, due
to the size of the appearing terms, which seemed unfeasible on paper.) The final
result is:

vV = ab’>c2dA, + b*de? Ay
AT dZ A2 —8b2c2d Ap Ac+16cT A2) T 16 (b2 d2 Ap2—8b2 2 d Ay A.+16 ¢t A2)
. bt d? f Ay . act A,
16 (b7 d? Ap2—8b2c2d Ay A.+16ct A, 2) bTd2 Ap2—8b2c2dAp Ac+16ct A2
b2 e A, b2c2df A,

T I AT 8 P d A, A.FI6 T AT)

t I E AT 8 P d A, A 16T A7)

\/ab6c2d262Ab2—4ab4C4d62AbA +b6c2det Ay Ac—bSc2d2e2 f A, Ac+4bictde? f A2

T(b7 d2 A,2—8b2 2 d Ap A.+16c2 A7)
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@ = (47— (A= B’ +24, (A + Ba)) (4d2 + (Ae — By =2 Aa (Ao + B))
b = A2+ (A= B.)? —24, (A.+ By)

¢ = Ay (47 +(A— B’ — 24, (A + B,)

d = (A+ A= B (A2 + (A~ Ba)® =24y (Ac+ Bo))

e = (“A2 (A~ BP 24, (At B) (At Ay~ B

fo= (42— (A= B +24y (Ac+ Ba)) (42 + (4 — B)’ =24, (4, + Bo))

Classical Volume of a Region

Let (X,q) be a three-dimensional Riemannian manifold with analytic atlas
{(U;, ¢;)} Y, for ¥ and regular metric ¢ thereon. With regular, we mean that
given any analytic chart (U, ¢) and any coordinate cube C(€) of coordinate size
€ in this chart that the expression ¢ 3V (C(e)), where V denotes the volume,
converges with a positive power of € as € — 0. This condition is obviously satis-
fied by smooth classical metrics. Our task is to calculate the volume of a given
pre-compact region R C X.i.e. an open region that is contained in a compact
set, which we assume to be an open sub-manifold, so there is a neighborhood of
each point = € R, that is isomorphic to a simply connected open subset of R3.
So, we are classically led to consider:

V(R) := /R Vigld®z. (8.6)

Since the density \/|g|d3x is bounded, i.e. for any compact set C the functional
V(C) < oo, we can insert a partition of unity R = {R;, p;}*_, for the region R
to obtain:

V(R) = ZV(R,;). (8.7)

Without loss of generality, the resolution of unity R can be chosen to consist
of sets that are topologically equivalent to open balls in R?, which additionally
can be assumed to be completely contained in one chart of U; of the given atlas
of . So, using equation 8.7 we have to only consider equation 8.6 for regions F
that are topologically equivalent an open ball and which are coordinized using
a single chart.

Our strategy to construct an equivalent expression to equation 8.6 using a
limit of Riemann sums over a cell decomposition of E, where each cell is assumed
to be a parallelepiped in the chart containing £. The summands in the Riemann
sums are then expressed, using the result of the previous section, in terms of the
six independent areas of each cell. To do this, we need to calculate the g-volume
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of a parallelepiped P(z,,d, g, ) at base-point x,, spanned by d, 5, c

6_3V(P(xo7€a'7 65, 66)) = 6_3 fP(e) d3u |¢*q‘(u)
— e Jre dPur/|p*q|(x,) as: € — 0

where the constant approximation for e — 0 is due to the regularity assumption
on our metric. The number of cubical cells in the decomposition of E on the
other hand grows as C(E)e~3 as ¢ — 0, where Cy(E) denotes the coordinate
volume of E in the chart (U, ¢).

Let us be more specific about the cubical decomposition of 3: Given a region
E that is topologically equivalent to an open ball, ¢ > 0 and a chart (U, ¢)
containing F, we can apply a translation in U, moving the coordinate center of
mass of F to the origin of U. We then use a piecewise stratified diffeomorphism
that makes F to a coordinate cube of side length 2ne with n € N large enough
such that the coordinate center of mass is again at the origin of the transformed
chart. We denote the transformed chart again by (U, ¢). Then we take the
cubical lattice fixed at the origin of U, such that for all (ny,n2,n3) € Z we have
a coordinate cell:

(8.8)

1

(N = {(u,uz,u3) 1y < € tup < nyptlng < e luy < notl,ng < e tuz < ng+1}.

ni,n2,n3
Denote the set of all cells C for which C N ¢(E) = C by Ds;. Clearly, L§, =
¢~ 1(D§;) defines a cubical decomposition of E, and the number of elements of

grows as
|LS| — Cy(E)e® as: € — 0.

So, we are able to approximate the volume as a sum over the volumes of C' € Lj;
with homogeneous metric inside C', such that this approximation becomes exact
in the limit € — 0.

Internal versus External Regularization

Given a cellular decomposition Lf; of E, we need to specify which surfaces we
want to use in equation 8.5, to calculate the volume of a cell. There are two
very distinct ways to proceed and a few ”middle-roads”:

The first, which is closest to [40] can be called internal regularization, because
one chooses only surfaces ”inside” the cell. This can be achieved by moving the
three faces, that one uses to calculate the volume, to the ”coordinate center of
mass” (see figure 8.2, left). Since all areas are measured using open sets, there
is no measurement on the boundary of the cell and hence the approximation is
"internal”. This divides the cell into 24 distinct regions (see figure 8.2, right).
Gauge invariance seems to have been the reason for using an internal regular-
ization in [40]. The area measurements that we use here are however already
gauge invariant and we are thus free to use a more general approach.

The second, which is closest to [41] can be called external regularization,
because there is an open region around the ”coordinate center of mass” of the
cell that contains no surface. The construction can be described as follows: cut
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Figure 8.2: The left side shows areas, which are isometric to the faces in a
homogeneous metric, that are used in the internal regularization. All six surfaces
in the internal regularization meet at the ”coordinate center of mass” of C' (solid
dot). The right side shows the net of the cell with the 24 distinct regions in the
internal regularization.

the cubical cell into the six square pyramids that meet at the ”coordinate center
of mass” of the cell. Each square pyramid has one face as boundary. Move the
tip of the square pyramids to the opposite face, so the center of the bottom
square of the square pyramid is at the ”coordinate center of mass” of the cell.
The set of the six times four triangular faces of the six moved square pyramids
will be referred to as "moved diagonal cross sections”. Figure 8.3 shows the six
times four resulting surfaces on the left of each half of the figure. The relation
to the diagonal cross cuts is indicated on the right hand side of figure 8.3. As
such figure 8.3 provides the graphical proof of the equality between the area of
the shaded regions of the moved diagonals and the diagonal cross section, which
was already evident from our construction.

It turns out that the treatment of the diffeomorphisms is less ambiguous in
the external regularization, because in the quantum theory we want to capture
vertices of a spin network at the coordinate center of mass to ensure convergence
of the limit of Riemann sums. In the internal regularization one uses surfaces
which intersect precisely at the ”coordinate center of mass” and we have to
carefully work the action of the diffeomorphisms on the vertex out, which on
the other hand depends heavily on the class of diffeomorphisms that one chooses.
Hence, let us describe the external regularization in a little more detail:

Given a cell ¢(Cy ; ,,) in a chart (U, ¢), then additional faces of the external
square pyramids that are added are denoted by ¢(F, K Limi, j), where the indices
k,l,m denote the cell that they are attached to, ¢ = 1,...,6 is a label that
denotes the face that the pyramid originated from and 7 = 1,...,4 is a label
that labels the triangular face of the the moved pyramid. A particular labeling
(4,4) is provided in figure 8.4. Since one only needs three out of the six diagonal
cross sections to calculate the volume in a homogeneous metric, one will also
only need twelve out of the 24 faces to calculate the volume of the respective
cell in a homogeneous metric. The correspondence between the faces and the
respective diagonals is illustrated in figure 8.4.

100



4 7

- 4 7 A [
/\ 8 / P J/

Figure 8.3: This figure shows the six times four pieces of the "moved” diagonal
cross sections on the left and provides a graphical proof of the equality of the
area of a diagonal cross section and the sum of the shaded areas of the "moved
diagonals”: Both lines illustrate the equality between twice the respective half of
the diagonal cross section area and the shaded surfaces of the "moved” diagonals

on the left.
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Figure 8.4: This figure illustrates the relation between the ”used diagonal cross
sections” and the "used faces” in the moved diagonals. The numbers indicate
the pair (¢,7) in the labeling of the face Fj i m, i ;. The coordinate chart U is
assumed to be right-handed cartesian and the 1-direction is assumed to be going
from left to right.

There are six distinct diagonal cross sections, however one only needs three to

calculate the volume. Thus there are ( g ) = 20 choices, but only those choices

that provide a cross section for each face of the cubical cell are permissible, thus
there are only 23 = 8 permissible choices, because after fixing one vertex of
the cell there are two possibilities for the cross sections through the three faces
adjacent to the vertex. These possibilities are illustrated in figure 8.5. The
choice for the diagonal cross section that contains the chosen vertex is labeled
with 0, the one that avoids the respective vertex is labeled by 1. After choosing
an ordering for the adjacent faces, one obtains a binary number that encodes
the permissible choice of diagonal cross sections.

The particular choice of faces is irrelevant for the classical volume functional.
For the quantum theory it will however turn out to be important, so let us fix
the choice of faces to be 000 form now on.2 We will use the arithmetic mean
for the surface areas A, = $(AL(C) + A%(C)), where AL(C) denotes the C-face
with the lower coordinate value for the a-component and A2 the component
with the higher coordinate value, and the moved C-diagonals B, goo(C'), which
we add to the respective area of the diagonal cross section as indicated in figure
8.5. Inserting this into equation 8.5 yields the regulated expression:

V(0) = V(5(AL(O) + A3(C)), - Byono(O)) (39)

It will turn out that diffeomorphism covariance of the quantum operator requires
a kind of averaging that removes the particular choice of faces.

2We have provided a volume functional only for choices that are labeled by a ”?Y™”, but it
is not difficult to reexpress the volume functional for a ”A” choice.
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Figure 8.5: This figure illustrates the relation between the ”used diagonal cross
sections” and the "used faces” in the moved diagonals. The coordinate chart
U is assumed to be right-handed cartesian and the 1-direction is assumed to be
going from left to right.

Approximation of the Classical Volume

Classical densities are smooth and so their restriction to compact sets are in
particular continuous and bounded and is thus Riemann integrable. So, if we
have a chart (U, ¢) and a cubical partition L{;, which has the property that the
maximal coordinate volume of a cell C' in Lj; goes to zero as e — 0, we are able
to define the Riemann integral as the limit of the Riemann sums, labeled by the
partition Lg;:

V(L) = Y VIO = 3 VANO) + AC)), . Baw(C)),  (8.10)

CeLg CceLg

where the volume of a cell is still given by equation 8.9. Continuity and compact
support of the integral ensure the convergence for all classical metrics, we are
thus able to identify the classical relation between the volume of a region R,
which is still assumed to be contained in a single chart:

V(R) = lim V(L{) = lim > V(). (8.11)

For regions that are not contained in a single chart, we will use a partition of
unity R that consists of regions that are contained in a single chart and write
the volume as a sum over the volumes of the elements of R.

Notice that this classical definition of a volume depends on a particular atlas
{(U;¢;) }1_, for 3. While differential geometry and convergence of the Riemann
integral imply that volume functional (equation 8.11) is independent of the atlas
for any classical Riemann metric, we will have to pay special attention to this
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issue when quantizing equation 8.11, due to the singular nature of quantum
geometries.

Averaging

Although equation 8.11 converges to the volume of R independent of the chart,
we have to consider how to get rid of the chart dependence. The approach
taken in [40] is to take a given chart and average over a sufficient set of trans-
formations of this chart so the average becomes independent of the particular
choice made for the initial chart. Due to the tangent space sensitivity of the
Ashtekar-Lewandowski volume operator they where forced to average over the
action of diffeomorphisms on the tangent space of the intersection point of the
internal regularization. Our regularization procedure however uses an external
regularization, which is not sensitive to the tangent space structure.

So let us consider a possible averaging procedure, although the averaging
procedure is trivial at the classical level: Let (U, ¢) be a chart containing R and
let L{; be the cubical partitioning of R induced by the chart. Given a finite set
of piecewise analytic diffeomorphisms ¢; : R?® — R3, then the volume defined in
equation 8.11 can be modified to

=l LS, 1)) (8.12)

Equation 8.12 will still converge to the classical volume of R.

Let us consider a particular set of diffeomorphisms: Let v; be a finite set
of points in R and let ¢; be a sphere of coordinate radius § around v; and
let p;; be a set of points on the coordinate sphere c;. For each pair of sets
{vj, {pij i Vo= and {v;, {p};};=1}}—, there is a piecewise analytic diffeomor-
phism ¢ leaving the v; invariant and mapping ¢ : p;; — pllj, and given k sets
{vy, {p}; iz )=, there are k piecewise analytic diffeomorphisms leaving the v;
invariant while mapping ¢" : p;; — p;;. We will use a similar set of k such dif-
feomorphisms in the operator version of equation 8.12 to perform the averaging
in the quantum theory that results in removing the dependence of the operator

version of equation 8.12.

8.1.2 Volume Operator

We will now give a definition of a volume operator based on equation 8.12. We
will give the definition of a self-adjoint operator on the domain of spin network
functions and consider its Hermitian completion from this dense domain.

Adaption to the Graph

One has the freedom to adapt the precise action of the volume operator to
the graph of the spin network, but such an adaption must be diffeomorphism
covariant, so we obtain a diffeomorphism covariant operator in the limit ¢ —
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Figure 8.6: Adaption to a graph: left: a sample cubical decomposition, center:
a sample refinement of a cell, right: a sample split of a cubical cell into two cells
that are diffeomorphic to a cube.

0. The definition of diffeomorphism covariance, that we use here is due to J.
Lewandowski and first appeared in [44]: If there is a diffeomorphism relating
two cylindrical functions C'yl,, Cyl,/, then there must be a diffecomorphism that
maps the adaption to C'yl, to the adaption of Cyl,,. We can construct such an
adaption as follows:

We assume a chart (U, @) that contains R and a suitably small ¢ > 0. For
each vertex v € V() remove a coordinate cube ¢, of size €3 with coordinate
center of mass v from R. € is assumed to be small enough, such that all ¢,
are disjoint. Then decompose R\ (U,¢,) into coordinate cubes Lf; as described
in section 8.1.13. The left picture in figure 8.6 depicts an example cubical
decomposition. The cells in L, may still contain more than one edge. Since the
neighborhoods ¢, of the vertices v of 7y are removed from R, we can always find
a refinement, decomposing a cubical cell of L{, into several cubical cells, such
that each cell contains only one edge. A sample refinement is depicted in central
picture in figure 8.6. These refined cells contain at most one edge. Each cell that
contains an edge can be split into two cells, that are each diffeomorphic to a cube
and which contain the edge in their mutual boundary. A sample decomposition
is depicted in the right picture of figure 8.6. This refined decomposition of
R\ (Uycy) together with the set {c,},ev(y) defines the partition P)(R).

We then define the refinement process of the partition P} — P, as follows:
For each cell that does not contain a vertex is split into 3 x 3 x 3 cells by
dividing it at the coordinate thirds in each direction in the chart used to define
the parent cell. Each cell that contains a vertex is refined in the same way,
such that the vertex lies in the central cell. However, the adjacent cells may

3In section 8.1.1, we assumed that the considered region is topologically equivalent to
an open ball. This is in general not the case for R\ (Uycy). We will therefore have to
decompose R\ (Uycy) into regions that are topologically equivalent to an open ball to apply
this construction.
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contain edges going through their interior, so we subsequently apply the step
previously described for Lg;, such that cells that do not contain a vertex have
edges only running through their boundary. Packaging the partitions P (R)
together defines the family F,(R). For each family F we have the classical
identity:

Vr(R) = lim > Vo). (8.13)

ceP,

Due to the sensitivity of the quantum volume cell V(cv) to the topological
relations between the edges adjacent to the vertex v and the surfaces used to
measure the cell volume, we have to constrain the partition process to a process
that preserves these topological relations for all n > n, to ensure convergence.
This is possible due to piecewise analyticity of -, which ensures that all edges
are outgoing form v for small enough € > 0.

Averaging

Using the quantum version of equation 8.13 as a basis for our quantization,
we see that we have to only consider the volume of an individual cell. Due to
the sensitivity of the quantum volume cell V(c,) to the topological relations
between the edges adjacent to the vertex v and the surfaces used to measure
the cell volume, we have a sensitivity to the chart used to define the cell, which
introduces a background dependence.

Using the piecewise analyticity of v we know that all edges adjacent to v are
outgoing from v for € > 0 small enough. Thus, we can get rid of this background
dependence by averaging over all possible topological relations between purely
outgoing edges and the surfaces used to measure the cell volume. To be more
specific: Let 7 (v) denote the set of topological relations that exist for any
e > 0. Since the edges are all outgoing for small enough €, there are only
three possible relations between a measuring surface and an edge: (1) the edge
avoids the surface, (2) the edge penetrates the surface transversally or (3) the
edge is tangent to the surface. Since there is only a finite number of edges,
only six surfaces and a finite number of relations between each edge and each

surface, we conclude that 7 (v) is a finite set, moreover the number of topological

relations is bounded by 36xvalence of v fjowever, not all topological relations

can be achieved by a diffeomorphism?, leaving us with a nontrivial combinatorial
problem. Let A(v) C T (v) denote the set of possible topological relations that
can be achieved between ¢() and the set of measuring surfaces by applying an
appropriate diffeomorphism ¢. We can therefore equivalently describe A(v) by
a set of representative diffeomorphisms that achieve these topological relations.

4The sensitivity to the tangent space structure in the internal regularization is the source
for additional complications because a diffecomorphism acts only as a linear transformation
on the tangent space yielding additional constraints for the topological relations that can be
achieved with a diffeomorphism. Using extended diffeomorphisms, that do not act as linear
transformations on the tangent space, we can remove some of these constraints.
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We are now able to refine the definition of the cell volume V,(c,) by using the
adaption to the graph and the averaging over the possible topological relations:

1
V. (c,) = A ¢§u> V(cy) o ¢. (8.14)

Definition of the Volume Operator

We have now collected all the ingredients needed for the definition of a volume
operator, so we can finally insert equation 8.14 into equation 8.13 and insert
equation 8.5, where we replace the area functionals with the respective area
operator. To be able to use equation 8.5 however, we have to ensure that there
exists a parallelepiped with the squared surface areas A, ..., B.. To truncate
the data A, ..., B. correctly, we define the function

O(An, .. B) = { 1 4f 3 parallleepiped with suqred areasA,, ..., B.

0 otherwise

(8.15)

This makes V(A,,..., B.)0(Aq, ..., B.) a positive semi-definite function for all
6-tuples (Ag, ..., B.). Using the observation that the gauge-variant spin network
functions are eigenfunctions of the area operator, we are able to define for any
gauge-variant spin network function SNF, on graph +:

V(R)SNF, :=Vz (R)SNF, = lim > V(c). (8.16)

n—oo

ceP,

Using the observation that all area operators vanish when there is no edge in
the cell, we observe that the sum has to be taken only over the calls containing
vertices, so:

V(R)SNF, :=Vz (R)SNF, = lim > V(e), (8.17)
" eV (inR)
where:
V(Cv)SNFW = queAA(v) m@((A(Aa(cv)))Q, 0 (A(BC(Cv)))2) (8.18)

V((A(Aa(€0))?s s (A(Be(€0)))?) SN Fyi),

and where V(...) is given by equation 8.5. The gauge-variant spin network
functions are eigenfunctions of the volume operator, since the gauge-variant spin
network functions are eigenfunctions of the mutually commuting area operators,
so we can make sense of equation 8.5 through a spectral definition. We also see
that this operator is positive semi-definite for all gauge-variant spin network
functions, because it is the sum over averages of positive semi-definite values.

8.1.3 Properties of the Volume Operator

Let us now collect some important properties that we need to prove that equa-
tion 8.17 defines a positive semi-definite Hermitian operator, that is gauge in-
variant and transforms covariantly under diffeomorphisms.
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Cylindrical Consistency

Any cylindrical function can be expanded in gauge-variant spin network func-
tions, so using linearity of the volume operator, we can prove that V(R) is non-
graph-changing and cylindrically consistent by showing this for gauge-variant
cylindrical functions:

non graph-changing: The gauge-variant spin network functions are eigen-
functions of the volume operator, thus the action is non-graph changing.

cylindrical consistency: A gauge-variant cylindrical function SN F, o< [, Pl . (he(A))
has a minimal graph +,, which consists precisely of the edges e for which j. # 0.
So enlarging the graph ~, adds only edges with representation 0, which do not
contribute to an area measurement. Hence V(R)SNF, = V(R)SNF,,, since
we expressed the volume operator only through area operators.

Positivity, Symmetry and Hermitian Extension

We already saw that the gauge-variant spin network functions are eigenfunctions
of our volume operators V(R) with positive semi-definite eigenvalues. Moreover,
since the gauge-variant spin network functions form a complete orthogonal set
in L?(X,dpar), we see that all operators V(R) are real-symmetric and positive
semi-definite in this dense domain. Hence there is a unique unbounded Her-
mitian operator on L?(X,dpar), that coincides with our definition of V(R) for
any gauge-variant spin network function.
This Hermitian extension is the volume operator V(R) for any region R.

Covariance with respect to the Kinematical Constraints

Gauge-invariance: The volume operator is a spectral function of area operators,
which are gauge-invariant, implying its gauge invariance.

Covariance under Diffeomorphisms: We have to show that U;V(R)U¢ =
V(¢~Y(R)) for any diffeomorphism ¢. Consider therefore two spin network
functions f, and gs depending on the minimal graphs v and ¢ respectively:

(1 UsV(R)Usgs) = (Usfy, V(R)Usgs)
= <fg>(y),V(R)9¢(5)>
= VR"fo(v) 9o(6))

since the gauge-variant spin network functions are eigenfunctions of our volume
operator. The eigenvalue however is a sum over eigenvalues associated with the
vertices of §, so we have to only consider the eigenvalues ‘A/(cq, )9 (5) associated
to the vertices vy € V(4(5)). Notice that ¢~'vy = v € V(v). There are now
two cases (1) vy N R = 0 then the eigenvalue vanishes, which is also implied
by vN ¢ H(R) = 0; (2) vy N R = vy, which is equivalent to v N ¢~ (R) =
v, in which case the result is non vanishing. The volume eigenvalue of the
unaveraged cell volume depends on the germ of edges at the vertex, which is
altered by the diffeomorphism. However, since we averaged over all possible
topological relations that can be achieved using a diffeomorphism, we see that
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the eigenvalue is unchanged. This implies the covariance of the volume operator
under diffeomorphisms.

8.2 Length Operator

Having a volume operator based on area measurements at our disposal, we apply
our presentation of Thiemanns length operator (section C.4) with one small
modification, which is due to the unknown behavior of our volume operator on
tri-valent vertices. Since Thiemanns argument (footnote 3) can be applied to the
trivalent as a special case of case 5, we can immediately use the gauge invariance
of our volume operator and insert this volume operator into the formula equation
C.8 for Thiemanns length operator to obtain a length operator in terms of area
operators. Since our volume operator acts nontrivial at vertices only, we see
that the simplification (equation C.9) holds as well.
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Chapter 9

Conclusion

Standard Loop Quantum Cosmology has turned out to be a valuable tool to in-
vestigate Quantum Gravity effects. It is a quantum cosmological model that has
many features induced from Loop Quantum Gravity and shares in particular its
discreteness. The results of this thesis, which is concerned with broadening the
understanding of the relation between macroscopic models and Loop Quantum
Gravity itself, can therefore be used in particular to ”sharpen” this tool. The
technical problem attacked in this thesis is twofold:

(1) Loop Quantum Gravity is a continuum theory arising from a lattice gauge
theory on a floating or changing lattice therefore inherits lattice discreteness for
the geometric observables. This discreteness obstructs the construction of a
smooth classical geometry, while it is widely assumed to provide mechanisms
for singularity avoidance.

(2) The states of Loop Quantum Gravity depend on particular classes of
lattices, which generically resolve only a compact spatial topology and make
the predictions vulnerable to lattice effects.

To overcome these technical problems, we looked at the relation of classical
cosmology and General Relativity and tried to read off mechanisms that could
be applied to the quantum theory, very often using hints from noncommutative
geometry. This lead to the following main results:

1. Construction of the quantum analogue of a phase space embedding: In
analogy to using the pull-back under a Poisson-embedding of a reduced system
into a full classical system, we demanded that a quantum embedding provides
(1) reduces to the pull-back under such an embedding in a suitable classical
limit and that (2) the expectation values of the reduced system are matched by
expectation values in the full system. Using the noncommutative analogue of
embedding a vector bundle over the reduced phase space into a vector bundle
over the full phase space and recovering the embedding using the bundle pro-
jection, we construct a quantum embedding as follows: The noncommutative
analogue of a vector bundle is a Hilbert-C*-module (induction module) and for
transformation group systems there exists an induction module given by func-
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tions on the configuration space. Having a pair of linear maps p,q' from the
reduced configuration observables into the full configuration observables, that
satisfy certain consistency conditions, we are able to use methods similar to
Rieffel induction to construct a quantum embedding prescription that satisfies
our demands.

2. The extended Diffeomorphism-group is physically relevant: It was conjec-
tured by Fairbairn and Rovelli [26] that the gauge-group of Loop Quantum
Gravity contains certain extended diffeomorphisms. The authors did however
not consider problems arising form piecewise analyticity of the path groupoid
used to construct Loop Quantum Gravity, which is vital to obtain a closed ob-
servable algebra. Since the existence of this extension was important for the
application of quantum embeddings to Loop Quantum Gravity, we formulated a
physical completeness argument for the gauge group of a quantum theory. Using
this completeness argument, we showed that the diffeomorphism-orbits of spin
network functions are labeled by the knot-class of the underlying graph.

3. There is an embeddable cosmological sector in Loop Quantum Gravity de-
scribing discrete cosmology: Using the previous two results, we constructed an
algebra for diffeomorphism invariant observables in Loop Quantum Gravity. We
carefully constructed an observable algebra for diffeomorphism-invariant observ-
ables in Loop Quantum Gravity and constructed an induction module therefore
using the span of a subset of spin network functions. Since the spin network
functions are particular functions on the configuration space, that underlies Loop
Quantum Gravity, we used an explicit expression for homogeneous connections
to construct a quantum embedding from this induction module. The reduced
observable algebra and its induced representation turned out to be equivalent to
a super selection sector of standard Loop Quantum Cosmology. The construc-
tion presented in this thesis is however not unique and we traced the ambiguities
back to finding a gauge for the diffeomorphisms.

4. There are states on the algebra of Loop Quantum Gravity describing smooth
spatial geometries: For each classical geometry, we constructed positive linear
functionals on a tailored version of the Weyl-algebra of Loop Quantum Gravity,
which turn out to be eigenstates of the geometric observables with eigenval-
ues that match the classical values of the corresponding geometric observables
in this given geometry. Using these states to perform a GNS-construction we
find new families of representations of the algebra of Loop Quantum Gravity
with diffeomorphism-variant vacua, which is an instance in which the celebrated
LOST/F uniqueness result does not hold. These representations turn out to be
labeled by the classical geometry they where constructed from. Summing over
orbits of these GNS-representations, we construct a Hilbert space that carries
a unitary covariant representation of the SU(2)-gauge transformations and dif-
feomorphisms. Using the group-averaging procedure, we constructed the gauge-

IThe map p can be constructed as the pull-back under an embedding of the reduced
configuration space, while ¢ is a partial inverse of p.
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and diffeomorphism-invariant Hilbert space, which turns out to contain a basis
given by gauge-invariantly coupled spin-networks that are embedded modulus
isometries.

5. One can interpret standard Loop Quantum Cosmology in terms of the

aforementioned states: Using the aforementioned states on Loop Quantum
Gravity, one can build mini-Hilbert spaces to model symmetric geometries by
constructing the Hilbert-completion of the span of the symmetric vacuum states.
Since the vacuum states transform coherently under spatial diffeomorphisms, we
conjecture coherence under all diffeomorphisms, allowing us to conjecture a dy-
namics that has a viable classical limit.
Constructing the mini-Hilbert space for standard cosmology, we obtain a kine-
matic equivalence with standard Loop Quantum Cosmology. This was used to
transfer Bojowald’s dynamics to our model. This gives an interpretation to stan-
dard Loop Quantum Cosmology in terms of states on the full theory, opening
the door for the study of fluctuations.

6. We constructed a volume operator based on fundamental area operators:
This volume operator is a quantization of the classical volume functional
when this is reexpressed as the limit of Riemann sums which extend over
cell volumes expressed as functions of areas in cells and thus physically
justifies the adjustment of the observable algebra of Loop Quantum Grav-

1ty.

This work is obviously only a first step towards the understanding of the re-
lation between Loop Quantum Gravity and cosmology, leading to further ques-
tions:

1. Can one invert the quantum symmetry reduction to learn lessons for the
full theory? The suggestion that the lessons learned from Loop Quantum Cos-
mology could be applied to complete the full theory is a widely used motivation
for the study of standard Loop Quantum Cosmology. Since our construction
presented in this thesis establishes a concrete link between the full theory and
the reduced model, one has reasonable hope to ”invert” this link so one can
apply results from cosmology (or other symmetric models) to the full theory.

2. Is there a criterion for the selection for ”the correct way” to impose
Bianchi symmetry in the quantum theory? Particularly: (1) Is there a math-
ematical reason for ruling some choices out and (2) is there a physical reason
ruling other choices out?

3. Are there even more states on the observable algebra of Loop Quantum
Gravity? The states constructed in chapter 6 are eigenstates of the momentum
operators of Loop Quantum Gravity. They are semiclassical in the sense that
they describe classical spatial geometries as opposed to the "bumpy” weave
geometries of spin network states. There are ansdtze for the construction of
further states that are also labeled by classical fields, which do not describe
spatial geometries. It seems that if these conjectured states exists then they are
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due to lattice effects of the floating lattice of Loop Quantum Gravity, which could
give new ansétze for the application of Smolin et al.’s programm of constructing
a standard model as lattice effects in Loop Quantum Gravity.

4. Can the dynamics conjectured in chapter 7 be implemented successfully?
5. Can one find a way to induce a nontrivial dynamics for the reduced model?

There are many more questions that we omit for the sake of brevity.
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Appendix A

C*-algebras and strong
Morita Equivalence

This is appendix is intended to serve as a lexicon that fixes the notation that we
use in the treatment of C*-algebras. In section A.1 we included only definitions
and theorems, because the field of C*-algebras is readily available in textbooks
[29, 30, 31] and [1]. The following section, which is concerned with Morita
equivalence and Rieffel induction for C*-algebras, includes instructive proofs
that are meant to illustrate methods that are used in this field. This is necessary,
beacuse this field is not very much known among physicists and most of the
background has to be extracted from original works in this field of mathematics,
e.g. [35, 36, 19, 37, 38]. The final section contains two applications of the Morita
theory for C*-algebras, which have physical significance. These are directly
taken from original literature [19, 18, 32] and include the important steps of
the proofs, that play a role in the construction of quantum embeddings and in
proving their properties.

A.1 Preparations

This section quotes basic definitions and central theorems about the theory of
C*-algebras without proving these. It is intended to fix notation and to quote
theorems for so we can refer to them elsewhere.

A.1.1 Foundations

We introduce the abstract concept of a C*-algebra without referring to a par-
ticular representation as bounded operators on a Hilbert space. This allows us
to abstractly discuss representations of C*-algebras.

Definition 32 1. An operator on a Banach space B is bounded, if it is a
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linear map O : B — B with finite operator norm:

0] := sup{||Ob]| : b € B [p] < 1}.

2. A Banach space B is a Banach algebra if B is an algebra and if for all
b17 by € B:
[1b1b2[| < [[ba]] [1b2]]-

3. An involution on an algebra A is a antilinear map * : A — A, such that
for all a,a1,a0 € A:

(a1a2)* = ajal and o™ =a.

4. A C*- algebra is a Banach algebra with involution satisfying
llaa™]] = [[al|?
for all a € 2.

5. A linear map | : B — C on a Banach algebra B is called a functional,
iff it has finite norm:

[12]]:= sup{|L(b)| : b € B; |[b]] = 1}.
The dual B* of a Banach space B is the space of all functionals.

6. A linear map m : A — B between two C*-albegras A and B is called a
morphism if for all a,a;,a2 € A

m(ayaz) = m(ar)m(az) and m(a*) =m(a)*

7. Given a b € B, the set o(b) := {z : b — zI is not invertible in B} is called
the spectrum of the element b of the unitial Banach algebra B.

8. A closed linear subspace T of a Banach algebra B is an ideal if for any
beBandalli € Z: bi € T andib € T. An ideal T of B is maximal, if
there is mo proper ideal of B that contains T as a proper subspace.

Let us quote some important theorems about Banach spaces and C*-algebras
whose proofs can be found in various textbooks:

Theorem 3 1. Hahn-Banach: Fach functional on a linear subspace B, of
a Banach space B has a norm-equivalent extension to B.

2. Every morphism m of C*-algebras A, B satisfies ||m(a)|| < ||a]| for all
a €U

3. For each Banach algebra B there exists a morphism into a unitial Banach

algebra B, such that B, /B = C.
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4. The spectrum o(b) is a nonempty, compact subset of {z € C: |z| < ||b]|}
for each element b of a Banach algebra.

5. Gel’fand-Mazur: If every nontrivial element of a unitial Banach algebra
B is invertible, then B is isomorphic to C.

6. The spectral radius r(b) := sup{|z| : z € o(a)} of an element b of a unitial
Banach algebra is:

r(b) = lim [|b"||".

n—oo

7. Giwen an ideal T of a Banach algebra B, then B/Z is a Banach algebra
with norm and multiplication:

oIl := inf{[|b+ ]| : i € T} and [b1][ba] = [brba],

where [b] denotes the equivalence class of elements of B under b ~ b+ iif
1e€7.

One can unitialize C*-algebras 2 in the following way: Consider each element
a € A as an operator O(a) : A — A by b — ab. Then the algebra 2; = {a+ 2I:
a € A, z € C} with multiplication (a1 + z10)(a1 + 220) = (a1as + z1a2 + 22a1) +
(#122)1 and natural involution and operator norm is a unitial C*-algebra, whose
spectrum A(®l;) is the one point compactification of A(%).

Lemma 29 To each C*-algebra A there exists a C*-algebra 2y with A, /A = C.

To each element a of a C*-algebra 2, there exists a smallest C*-algebra C(a,I),
which is generated by a and the unit element I, which turns out to be the norm
closure of the polynomials in a. C(a,I) is commutative for all normal elements
a.

Definition 33 1. An element a of a C*-algebra is called normal if it com-
mutes with o*. It is self-adjoint if a = a™.

2. An element a of a C*-algebra is called positive, if it is self-adjoint and if
its spectrum o(a) is positive. Positive elements are denoted by a > 0 and
At :={aeNA:a>0}.

Theorem 4 1. Given a self-adjoint element a in a C*-algebra A, then its
spectrum is real and coincides with the spectrum of a in C(a,I). Moreover,
A(C(a,1)) is homeomorphic to o(a), such that the Gel’fand transform
becomes the identity.

2. For each self-adjoint element a of a C*-algebra A and for each f €
C(o(a)), there exists an operator F(a) € A, such that o(F(a)) = f(o(a))
and ||F(a)|| = [|f|]sup-

3. Given a C*-algebra A then each norm ||.||s on 2 for which ||a*a|| = ||a||?
coincides with the C*-norm on 2.

4. The set of positive elements AT is a convex cone for each C*-algebra .

5. AT ={a*a:a € A} for each C*-algebra A.
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A.1.2 Commutative C*-algebras

Let us now consider commutative algebras, i.e. ab = ba for all elements of these
algebras. We start with some standard definitions:

Definition 34 1. Given a Banach algebra B, the set A(B) consisting of the
nontrivial functionals w which satisfy for all by,by € B is called its spec-

trum:
w(blbg) = w(bl)w(bg).

2. The Gel’fand topology of A(B) is the restriction of weak *-topology to
the spectrum A(B) of the Banach algebra B. Le. w, — w in the Gel’fand
topology iff wn(b) — w(b) for all b € B.

3. Given a locally compact Hausdorff space X, the x-algebra of all continuous
complex valued functions on X, which vanish at infinity, with pointwise
multiplication, pointwise addition and pointwise involution is denoted by
Co(X). If X is compact then vanishing at infinity is waived and the algebra
is denoted by C(X).

4. The sup-norm on C,(X) is given by

A1 := sup{[f(2)] : = € X}

Given a Banach algebra B, we can embed B into B** by the following construc-
tion: .
B =B byb:w— wb). (A1)

Taking w € A(B), then b defines a function on A(B), which is continuous in the
Gel'fand topology on A(B). This lets us define the Gel’fand transform as a
map from B to C(A(B)) by:

B —=C(AB)) :b—b.

There are various consequences of this construction, we quote some here and
refer to standard literature for the proofs:

Theorem 5 1. Fachw € A(B) is continuous and of unit norm and satisfies
for unitial B: w(l) =1, ||w|| =1 = |w(b)] < ||b]|Vb € B.

2. Given a commutative unitial Banach algebra B: For each w € A(B) there
is a mazimal ideal T, := ker(w) and for each mazimal ideal Z,, there is
an wz,, € A(B) such that I,, = ker(wz,,). Moreover, Ty = Iy if and only
Zf w1 = Wy.

3. For any commutative Banach algebra B: A(B) is a compact Hausdorff
space in the Gel’fand topology.

4. Given a locally compact Hausdorff space X, then C,(X) is a C*-algebra
whose norm is the sup-norm.

117



5. Given a commutative unitial Banach algebra B, the Gel’fand transform

is a homomorphism from B to C(A(B)), whose image separates points in
A(B). Moreover, \|l;||sup < ||b]| for all b€ B.
For a nonunitial commutative Banach algebra B A(B) is locally compact
and Hausdorff and the one point compactification of A(B) for B,. The
Gel’fand transform is a homomorphism from B to C,(A(B)) whose image
separates points in A(B) and ||b]|sup < ||b||Vb € B.

6. Given a commutative C*-algebra 2 then if A is unitial there is a compact
Hausdorff space X such that A = C(X) and if A is nonunitial, then there
is a locally compact Hausdorff space X such that A = C,(X).

7. Stone-Weierstrass: Given a compact space X and a unitial C*-algebra
A of functions on X, which separates points in X, then A = C(X).

8. Any locally compact Hausdorff space X is homeomorphic to A(C(X)) with
its Gel’fand topology.

We refer to the one-one correspondence between commutative C*-algebras and
locally compact Hausdorff spaces as the Gel’fand theory for C*-algebras.

A.1.3 Approximate Units and Ideals

C*-algebras do not generally have units, neither do proper ideals of a C*-algebra
contain unit elements. The study of ideals of commutative C*-algebras is equiv-
alent to the study of functions vanishing on open sets. A useful concept for this
study is given by approximate identities, which exist also for nonunitial C*-
algebras and proper ideals.

Definition 35 1. Given a nonunitial C*-algebra 2, a directed set (N, <) and
a family {Z, }nen of elements of A indexed by elements of the directed set,
then we call {I,}ncn an approximate identity if each I, is self-adjoint

with
o(I,) C [0,1]
and for each a € 2A:
lim||la — I,a|| = 0 = lim||a — al,||.

2. A C*-algebra is called separable, if it contains a countable dense set.
Approximate units always exist:
Lemma 30 1. A nonunitial C*-algebra has an approximate identity.

2. A separable C*-algebra has an approzimate identity with countable directed
set (N, <).

Using approximate identities one can prove important results for ideals of C*-
algebras, which we quote without proof:
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Theorem 6 1. Every ideal of a C*-algebra is self-adjoint, i.e. it contains
the adjoints of all its elements.

2. The quotient of a C*-algebra by an ideal T is a C*-algebra with the induced
algebraic operations [a1][az] = [a1az], induced norm ||[a]|| := inf{||la+1]] :
i € I} and induced involution [a]* := [a*].

8. For any ideal Z of a C*-algebra A and a € A and any approximate identity
{I, }nen for Z, one has

[l[a][] = lim [ja — all,[.
4. Bvery ideal in a C*-algebra A is the kernel of some C*-algebra morphism
m B — A
5. An injective morphism of C*-algebras is isometric.

6. Let m : A — B be a morphism of C*-algebras, then m(A) is a C*-
subalgebra of B.

A.1.4 Representations and GNS-construction

For the purpose of doing quantum mechanics, one needs to construct particular
Hilbert space representation for a given C*-algebra of quantum observables.

Definition 36 1. Given a C*-algebra and a Hilbert space H, we call a linear
map 7 : A — B(H) a representation of 2 on H if for all a,aq,as € A:

m(aras) = 7(ar)w(az) and w(a*) = w(a)*.

2. Two representations (Hi,m1) and (Ha,m2) of a C*-algebra A are called
equivalent, iff there is a unitary map U : 'H1 — Ha such that for all
acU:

Umi(a)U* = ma(a).

3. A representation (H,nl) is called cyclic, if there exists an element Q2 € H
such that m(A)SY is dense in H. The vector § is then called cyclic vector.

4. A functional w on a C*-algebra A is called a state, iff it is (1) positive,
i.e. w(at) > 0Wat € AT, and (2) normalized, i.e. ||w|| = 1. The set of
all states is denoted by S(2).

5. A linear map m : A — B between two C*-algebras is positive, iff for all
at €At : m(at) e BT.

Let us recall some results about representations and states:
Theorem 7 1. Riesz: Fuvery state on C(X) is a probability measure on X.

2. A bounded functional w on a unitial C*-algebra is positive, iff ||w|| = w(l).
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8. Every positive map between C*-algebras is continuous.

4. Cauchy-Schwartz: A positive linear functional on a C*-algebra A sat-
isfies: |w(a*b)|> < w(a*a)w(b*b) for all a,b € A.

5. Given a nonunitial C*-algebra A and a state w thereon, then wy : a4+ zI —
w(a) + z is the unique extension of w to Ay .

6. Given an element a of a C*-algebra A and z € o(a), then there exists a
state w, on A with wy(a) = z.

7. The set of states on a C*-algebra A is a conver space and is compact, if
A is unitial.

8. Every nondegenerate representation of a C*-algebra is a direct sum of
cyclic representations.

A very important tool in the representation theory of C*-algebras is the GNS
construction which works as follows:
Given a state w on a C*-algebra 2, one can define a sesquilinear form on 2 by
setting for a1, as € A:

(a1,a2) := w(ajasz). (A.2)

For all @ € A: (a,a) = w(a*a) > 0, i.e. (.,.) is positive semi-definite. Consider
the null space:
J,={a€eA:w(a"a) =0}, (A.3)

which turns out to be a closed left ideal of 2, which we call the Gel’fand ideal
of w. The space H, := A/Z, consists of the equivalence classes [a] under the
equivalence relation a ~ b iff 3i € Z,, : a = b+1i. The sesquilinear structure (., .)
induces an inner product (.,.), on H, defined for any a;,as € A by:

([a1], [a2])w = (a1, a2),. (A.4)

The completion of H, in the inner product (.,.), is a Hilbert space denoted
by H,. This Hilbert space carries a natural representation 7, of 2 defined for
a € A and [b] € H, by:

7w (a)[b] := [ab], (A.5)

which is continuous and can thus be extended by density to all of H,,. Finally,
Q,, := [I] obviously defines a cyclic vector and hence for all a € :

w(a) = (Qu, 7o (a) ) w- (A.6)

Thus, given a state w on a C*-algebra 2, we have a cyclic representation
(He, T, Qw) of A on H,,.

This construction can be used to prove very important properties of represen-
tations of C*-algebras:
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Theorem 8 1. Given a C*-algebra and two cyclic representations (Hq, w1, Q1)
and (Ha, ma, Qa) which satisfy wi(a) := (Q1,71(a)Q2) = wa(a), then the
map U : w1 (a)Qq — m2(a)Qs extends to a unitary equivalence between the
two representations.

2. Every C*-algebra is isomorphic to a norm closed subalgebra of B(H) for
some Hilbert space H. Particulary, there exists a faithful representation
for each C*-algebra.

3. An element a of a C*-algebra is positive iff w,(a) > 0 for all cyclic repre-
sentations.

There is an important generalization to the GNS construction, which needs the
following notation:

Definition 37 1. Given a C*-algebra 2, for each n € N, the C*-algebra
M, () denotes the matriz algebra of n x n -matrices with entries in 2.

2. Let A and B be C*-algebras and let m : A — B be linear. m is called
completely positive, iff for all n € N the induced map mn(M);; =
m(M;;) between the matriz algebras M, () and M, (B) is positive.

8. A linear map W between two Hilbert spaces Hy and Ho is called o partial
isometry, iff the W pre-image of Ho is closed in H1 and for all elements
vy, wy in the W-pre-image: (vi,w1)1 = (W(vy), W(w1))2 and W = 0
outside the W -pre-image.

Let us now assume a completely positive map m : 2 — B between two C*-
algberas and given a faithful representation (H, p) of B, we can modify the GNS-
construction to the Stinespring construction to construct a partially isometric
representation of 2 as follows:

We start with defining a sesquilinear form (., .), on 2A®H by setting for a;,as € A
and hy, ho € H:

(a1 ® hi,a2 ® ha), := (hi,m(m(ajaz))hs), (A7)
which is positive semidefinite since m is completely positive. The null space
I={veAH: (v,v), =0} (A.8)

can be factored out of A ® H, i.e. we define the space H, := (A ® H)/Z, on
which the sesquilinear structure (., .), is nondegenerate through the equivalence
classes [v] of the equivalence relation vy ~ vy iff 3i € Z such that v; = vo + i.
This is used to define the inner product (.,.) for all aj,as € A and all hy,hys € H
by:

([a1 @ h], [a2 @ ha]) := (a1 ® h1, a2 ® ha). (A.9)
The Hilbert space ) is the completion of H, in the sesquilinear form (.,.). The
representation 7 of 2 on § is defined on H, for all a,b € /A and all h € H

through:
m(a)[b ® h] == [ab® h], (A.10)
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which is well defined because m(a)Z is contained in Z. Moreover 7 is continuous,
since ||7(a)|| < ||a|| for all a € 2, such that we can extend 7 by density to all of
$. We can build a partial isometry W between H and ), which is defined for
all h € H by:

Wh:=[I® h]. (A.11)

The adjoint W* of W is given by the extension of the structure that acts for
each a € 2 and each h € H as:

W*[a ® h] := m(p(a))h. (A.12)

The extension by density clearly satisfies: W*W = 1. This can be summarized
as:

Theorem 9 Given a completely positive map m : A — B between two unitial
C*-algebras with m(I) = I and given a representation (H,p) of B, Then there
exists a Hilbert space representation (,m) of A and a partial isometry W such
that p(m(a)) = W*r(a)W.

A.1.5 (*-algebra of compact operators on a Hilbert space

An important C*-algebra is the algebra of compact operators on a Hilbert space.
This very special C*-algebra is explained in this section, because Morita theory
for C*-algebras views general C*-algebras in a similar way.

Definition 38 1. The finite rank operators on a Hilbert space H is the
finite span of the rank one projections in H, i.e. those projections on
‘H that do not have a proper subprojection. The algebra of finite rank
operators is denoted by By(H).

2. The norm closure of By(H) is the C*-algebra of compact operators
on 'H, i.e. the smallest C*-algebra that contains By(H). The algebra of
compact operators is denoted by B,(H).

3. The algebra of Hilbert-Schmidt operators consists of the operators
with finite Hilbert-Schmidt norm: |lal|z = />, ||ae;||?, where e; is an
arbitrary orthonormal basis of H. The algebra of Hilbert-Schmidt operators
is denoted by Ba(H).

4. The algebra of trace class operators consists of the operators for which
1 . .

the trace norm |lall1 = ) ,((a*a)2e;,e;), where e; is an arbitrary or-

thonormal basis of 'H, is finite. The algebra of trace class operators is

denoted by By (H).

Let us now review some properties of the algebra of compact operators and its
subalgebras Bg, By, By:

Theorem 10 1. An operator lies in B,(H), iff it can be norm-approzimated
by finite rank operators.

122



The unit operator lies in B,(H), iff H is finite dimensional.
The B,(H) is an ideal of B(H).
Let B be the unit ball in H and let a € B,(H), then aB is compact.

AR T

Denote the rank one projection with image v by P,. An self-adjoint oper-
ator a is compact, iff there is a sequence A\, € R whose only accumulation
point is zero and a = Zn M Py, , where v, is an orthonormal set of ele-
ments of H.

n’

6. Every bounded operator a on H has a polar decomposition
a:=Ula| = UVa*a,
where U is a partial isometry, whose kernel coincides with the kernel of a.
7. For 'H infinite dimensional one has

B#(H) C Bi(H) C By(H) C Bo(H) C B(H).

8. The state space of B,(H) consists of all positive elements of the algebra of
trace class operators p € B1(H) with unit trace. (density matrices)

9. The pure states of the algebra of compact operators consists of all rank
one projections.

10. There is exactly one unitary equivalence class of irreducible representa-
tions of the algebra of compact operators. I.e. every representation of
the algebra of compact operators is unitarily equivalent to the fundamental
representation on H.

A.2 Morita Equivalence of C*-algebras and Ri-
effel Induction

This section serves as a briefing on Hilbert C*-modules and related structures.
This subject is not widely known amongst physicists, thus although the proofs
are all available in the literature, we include the proofs of certain fundamental
theorems, mainly to explain the techniques used in this field of mathematics. If
it becomes too technical, we rather sketch the proof and focus on the underlying
construction.

A.2.1 Preparations

Gel’'fand theory for commutative C*-algebras tells us that commutative C*-
algebras are equivalent to locally compact Hausdorff spaces, since A(C(X)) = X
as a topological space and C(A(21)) = A as a C*-algebra for any locally compact
Hausdorff space X and any commutative C*-algebra 2. There is an analogous
correspondence for vector bundles:
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Definition 39 1. A vector bundle is a bundle E(m, X, F) in which each
fibre is a finite dimensional vector space, such that the subspace topology
of each fibre is the topology of this linear space, particularly that each
trivialization T : 7= (z) — F is a linear map.

2. A wvector bundle is complex, if the typical fibre F = C™ for some finite
number m.

The space of sections I'(E) of a a complex vector bundle E over the base space
X has the remarkable property that it can be written as a finitely generated
projective module:

I'(E) = p(@"C(X)) (A.13)

for some idempotent matrix p*> = p in My, (C(X)). On the one hand each
finitely generated projective module p(&™C(X)) over C(X) corresponds to a
space of sections in a complex vector bundle I' in a canonical way. Each complex
vector bundle on the other hand defines a finitely generated projective module.
Thus:

Theorem 11 Serre-Swan: There is the analogue correspondence between the
finitely generated projective modules M = p(®™) over a commutative C*-
algebra A and the space of sections T'(E) of fibre bundles E over A(RL), which
means that every finitely generated projective module over a commutative C*-
algebra is a space of sections in a complex vector bundle over its spectrum.

A Hermitian structure over a complex vector bundle E over X is a map (., .),
that defines an inner product on each fibre 7=!(z), such that = — (fs,gz)s €
C(X).

Definition 40 A Hilbert bundle H is a projective module over a commu-
tative C*-algebra C(X) such that the typical fibre F is a Hilbert space with
Hermitian structure © — (., .),, with values in C(X).

Finitely generated projective modules with Hermitian structure are clearly Hilbert
bundles with a canonical Hermitian structure; general Hilbert bundles do how-
ever not necessarily possess a finite dimensional fibre, but their fibres are allowed
to be arbitrary Hilbert spaces. An important step in the understanding of non-
commutative geometry is done by generalizing Hilbert-bundles to modules over
not necessarily commutative C*-algebras:

A.2.2 Hilbert bundles and Hilbert C*-modules

A Hilbert-bundle is a generalization of a complex vector bundle, in the sense
that we take an arbitrary Hilbert space as fibre.

In a similar way, one can view a Hilbert C*-module as a generalization of a
Hilbert bundle, just that its base algebra is not commutative C(X) anymore,
but a generally noncommutative C*-algebra. Let us prepare the definition of a
Hilbert C*-module:
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Definition 41 We call a triple (E,{.,.)o, ™) consisting of a complex linear
space E together with a right action (w,2) of a C*-algebra A on E (i.e. w(ab)e =
eab = w(b)w(a)e) and a bilinear structure {.,.)g : E x E — 2 a semi Hilbert
C*-module, iff for alle,ei,e5 € E, a € A:

1. (., .Y is linear in the second slot

(-
2. (e1,e2)y = (e2,€1)a

3. (e1,e2a)9 = {(e1,e2)9a

4. (e,€)u

where we used the notation w(a)e = ea.

For a semi Hilbert C*-module, one can introduce a semi-norm, which is defined
for e € E:

llel| := [[{e, e)a]|2 = V/sup{w({e, e)ar) : w € E(A], (A.14)

which is obviously a semi-norm, since (e, e)g > 0. By factoring out the zero-
space of this norm, we obtain a pre-Hilbert C*-module:

Definition 42 A semi Hilbert C*-module (E, (., .)a, ™) is called a pre-Hilbert
C*-module, if for alle € E: (e,e)gq =0 e =0.

In the definition of a semi Hilbert C*-module, we can actually allow any 2, to
be a pre-C*-algebra and use the C*-norm to complete this algebra to 2.

Lemma 31 If E is a pre-Hilbert C*-module, then ||.|| is a norm on E.

proof: ||e]| is clearly a semi-norm, since (e, e)g > 0. Since (e,e)q =0 < e =0
and since for any a > 0 there exists a state s.t. w(a) > 0, we see that ||e|| = 0
implies e = 0. O

Definition 43 A pre-Hilbert C*-module is a Hilbert-C*-module (E,{.,.Ya,T)
over a C*-algebra A, such that E is complete in ||.||.

Lemma 32 Any pre-Hilbert C*-module over a pre-C*-algebra 2, can be com-
pleted to a Hilbert C*-module over the C*-completion 2.

proof:

1. FE can be completed in |].||.

2. Since |lea|| = \/||{ea, ea)s || = v/]|a* (e, e)nal], and since {e,e) > 0, we can
use a*b*ba < ||b||?a*a, which implies:

lleal| < V/[[l[{e, e)alPa*all = V/I{e, e)alllla*all = lle][/]al|

. Now suppose any pair of sequences 2, > a,, = a € A and E, > ¢, —
e € E, we can extend w(an)e, = epa, from A, and E, to 2A and E by
continuity, since the inequality implies convergence.
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3. Consider e, f € E,ya € Ap: 0 < (e — fa,e— fa) = (e,e)a — a*(f,e)a —
(e, f)ua +a*(f, [haa, since setting @ = (f, e)al|7]| 2 s in %, for f £ 0,

we have
(e, HallFII72(fs e)at(e, Falfs e)al fIIT? (e, e)a > [IFII7He, Half, falfse)a
Since (f, f) > 0: ¢*{f, Hac > c*||{f, f)al|, which implies:

<e7f>91<f7 e>Ql < <€»€>m||f|‘2,

which implies (e, fYo < |le]|||| f]]-

Using this analogue to the Chauchy-Schwarty inequality, we see that for
any two E, 3 ey, fn — e, f € E the {(e,, fn)a — (e, f)a lies in the norm-
completion 2A of 2A,.

4. Obviously for any two sequences E, 3 ey, f, —, (e, f)5 = (f,e)a holds
by continuity as well as for a, 3 a, — a € A (e, fa)y = (e, f)aa holds
by continuity. Moreover, the positivity and nondegeneracy of (e, e)g also
obviously hold.

O
If we allow the base algebra of a semi Hilbert C*-module to be a pre-C*-algebra
A,, then we can again complete it in the norm to a C*-algebra and conclude:

Corollary 16 Any semi Hilbert C*-module E, over a pre C*-algebra U, can
be turned into a Hilbert C*-module E over the C*-completion 2.

proof: First factor the zero-space of the E,-norm out to obtain a pre C*-module
FE and use then the previous lemma. [

The practical value of this is, that one can construct Hilbert C*-modules from
dense subalgebras and that one does not have to worry about nondegeneracy and
completeness, which can be achieved after a module with the desired properties
is constructed.

A.2.3 Adjoinable Maps

One important property of a Hilbert C*-module F is, that it defines a certain
C*-algebra, which we want to describe in the following: Let us consider the
linear maps A : E — E, then we can look for the subset of these maps, that is
adjoinable in (.,.)g:

Definition 44 A linear map A : E — E is called adjoinable, iff there exists
a linear map A* : E — FE, such that for alle, f € E:

<67 Af>91 = <A*6, f>Ql
Since E' is a Banach space, we can define a norm on for the adjoinable maps by
[|A|| := sup{||Ae]| : e € E, ||e]| < 1}. (A.15)

This algebra is actually a C*-algebra, whose involution is given by the adjoining.
We call this algebra C*(FE,2l) and note the following properties:

126



Lemma 33 Let C*(E,2l) be the algebra of adjoinable maps on a Hilbert C*-
module E over U, together with the above defined morm and the adjoining as
involution, then

1. The C*(E,2)-action on E is compatible with the action of 2, i.e. (Ae)a =
Alea)Va € A,e € E.

2. The action of C*(E,2) is bounded.
8. The adjoint of an element A is unique and defines an involution.
4. C*(E, Q) is a C*-algebra.
5. All A € C*(E,) satisfy (Ae, Ae)gy < ||A||*(e,e)a for alle € E.
6. The action of C*(E,2) on E is nondegenerate.
proof:
1. To show that A(ea) = (Ae)a for all e € E,a € A and A € C*(E,2)

consider:

(f; Alea))a = (A™f,ea)a = (A" f,e) aa = (f, (Ae))a = (f, (Ae)a)a,

which holds for all e, f € E and thus implies A(ea) = (Ae)a due to
I(f, €)all = OV finE = e = 0.

2. To show that A is bounded we define the form Ty : £ — A : e —
(A*Af e)a. Then:

T¢I = sup{||Tyell - [lell <1} = sup{|[(A"Af, e)al| - [le]| <1}

< sup{[[A“Af|[[le]| - [le]| <1} = [[ATAS]| < oo,

which shows the boundedness of Ty from the fact that A*Af € E.
On the other hand:

T¢I = sup{[|(f; A" Ae) al| : [le]| < 1} <|[|f||sup{[[A"Ae]| : |le]| <1}

Using ||T¢|| < oo implies sup{||A*Ae|| : [le]| < 1} < 1 and the Banach
Steinhaus theorem!, we see that sup{||T%|| : ||f]| < ¢} < oo for all finite
values of ¢ > 0. Thus,

1Al = sup{||Ae|| : |le]| < 1} = sup{|[(Ae, Ae) al| - [[e]| <1}

< sup{[[(Af, Ae)all : [lel| < L [|fIl <1} = sup{|[Ty[| : [[f]] < 1} < o0

1The Banach Steinhaus Theorem states that if X is a Banach space, Y is a normed linear
space and if {T; : X — Y};e7 is a family of bounded linear maps such that for each i € 7 :
sup{||Ti(z)|| : = € X, ||z|| < 1} is bounded, then sup{||T;|| : ¢ € Z} is bounded.
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3. e Assume 3B # A s.t. (Be, f)a = (e, AfyaVe,f € E. Then ((B —
A*)e, fya # 0 for some e, f € E

= <B67f>A - <A*67f>A - <€7Af>A - <67Af>A =0

= contradiction! — A* is unique for each A.

(Ae, f)a = ((f, Ae)a)" = (e, A"f)a = (A€, f)a,
which is true for all e, f € E and hence A** = A.

(e, A(Bf))a = (A"e,Bf)a = (B"A%€, f)a,

which is true for all e, f € E and hence (AB)* = B*A*.
= the adjoint map defines an involution.

4. We first show that C*(E,2l) is a Banach algebra that is closed under the
involution:
For a Cauchy sequence {A,} there and each ¢ > 0 there is an N(e) such
that
sup{[[Ane — Apel| : le]] <1} <,

which implies that e, := A,,e converges in F to Ae due to completeness
of E. Hence there is an map A : E — E defined by the linear extension
of Ae for all e in the unit ball =

sup{||Ane — Ael| : |le]| < 1} < €¥n > N (e).
Thus, A,, — A. Let us consider
[[{e, Anf)a — (e, Af) 4]l < e Vn > N(e)
= [[{e,(An = A)fHall < e
= [[((A5 = A%e, fall <e,
thus A7 converges to A*. To prove ||A[|?> < [|A*A]|, consider
1A][* = sup{[|(Ae, Ac)al| : [le]| < 1}

sup{(e, A" Ae) 4 : [[e]| <1}
sup{|[ A= Ael| |le]| - [le]| < 1} = [[A"Al],

IA I

which makes C*(E, ) a C*-algebra.

5. To show the bound (Ae, Ae)s < ||A]|*(e,€)a, we consider A > 0 = 3B
s.t. A= B*B:

S VA 0+ (e, Achs = (Be, Be)a >0,
which considering that [|A*A|[l — A*A > 0 implies:

(e, (JJA"A|[l — A" A)e) 4 = [[A"Al[(e, €) 4 — (Ae, Ae)a > 0.
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6. To prove nodegeneracy, assume there is e # 0 € E such that e is annihi-
lated by all A € C*(E,2l) and consider A : e — ej(ea,€) 4:

= ei{es,e)a =0Ve,e0 € E
= (eg,e)4 =0Veq € E

= (e,e)a =0

= e=0.

O

Given a Hilbert C*-module E over 2, there is an obvious subalgebra of C*(E, ),
that is particularly easy to construct. Let us consider the linear mapst: E — FE,
which are labeled by two elements e, f € F and act on g € E as:

te,r 19— e(f,9)a, (A.16)

which is obviously an adjoinable map. The similarity to the rank one-operators
on a Hilbert-space suggests:

Definition 45 The C*-subalgebra Co(E, ) of C*(E, ), which is the subalge-
bra generated by the operators t.r, is called the algebra of ”compact opera-
tors”.

From the properties of Hilbert-C*-modules, we obtain the following properties
for the operators ¢, by simply inserting the definition of ¢.f and using the prop-
erties quoted above:

Zf = tre

ales = tacy (A.17)
tefa = teary
[tesll < lellIfI]-

With these two constructions we are able to associate two important C*-algebras
to each Hilbert C*-module E over 2, namely C*(E,2) and C,(E,2), where it
is obvious, that the later is a two-sided ideal of the first.

A.2.4 Full Hilbert C*-modules

In order to become able to start viewing Hilbert C*-modules E as structures,
that mediate between the C*-algebras 2 and C*(E,2() resp. Co(E, ), let us
apply the concept of denseness to Hilbert C*-modules:

Definition 46 We call a pre-Hilbert C*-module E over 2 full, iff span{{e, f)« :
e, f € E} is dense in 2.

To a given Hilbert C*-module, we can associate its conjugate E:

Definition 47 To a given Hilbert C*-module (E,(.,.)a,7) we associate the
conjugate Hilbert C*-module E consisting of the complex conjugate bundle to-
gether with the right action T(a)e := a*eand the C,(E,A)-valued bilinear form

(e, fle, (e = te,f-
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Lemma 34 For a given full Hilbert C*-module E over 2, E is a full Hilbert
C*-module over Co(E, ) with compatible left A action m(a)e := ea*.

The proof consists of checking the various properties of full Hilbert-C*-modules
through the already established properties of the operators 1.y, e.g.:

=T = (eflo,= ([0,
T2, =Tesa = (e, fa)e, = e, fHe,a (A.18)
T2l =0ce=0 = [[{ee€)c,l=0 —e=0
We will not quote the entire proof here, since another more adapted technique
is more useful in the cases that we consider later.
The proof of the next corollary is rather technical such that we omit it here.

Corollary 17 For a given full Hilbert C*-module E over A, C,(E,C,(E,2))
is isomorphic to .

This establishes full Hilbert C*-modules over a C*-algebra 2 as structures link-
ing this algebra with C,(F, %) in the sense, that both algebras can be calculated
from this module and its conjugate respectively.

We are now in the position to define Morita equivalence for C*-algebras:

Definition 48 Let E be a full Hilbert C*-module over A. Then E is called a
Morita equivalence bimodule between A and C,(U, E). Moreover two C*-
algebras A, B are called Morita equivalent if there exists a Morita equivalence
bimodule E linking A with B = C,(2A, E).

The following lemma lets us construct an equivalence relation given by the
existence of a full Hilbert C*-module linking two algebras:

Lemma 35 Given two full Hilbert C*-modules F, Ey linking the C*-algebras
A, B and B and €, one can construct a full Hilbert C*-module E linking A and
¢.

Rather working through the proof of this lemma, let us consider the main idea:
Given a Morita equivalence bimodule F; linking 2 to % and given a Morita
equivalence bimodule E linking B with ¢, we can build the tensor product
E, ®p FE5 as the quotient of E = E; ® Es by the ideal Z = {e10® e3 — e1 @ besg :
b € B}. The space E carries a left action of 2 which is given by:

m(a)er ®p e2 1= ae; ®p €. (A.19)
Let us now define the sesquilinear map with values in 2 by
(e1 ®@e2, f1 ® fa)o := (e1(f2; €2) B, f1) A (A.20)

It is easily checked that E together with the structure (.,.), is a full Hilbert
C*-module over . Using the analogue of the rank one operators T, on E:

Te.ph :=e(f, h)o (A.21)

it turns out that the linked C*-algebra C, (2, E) is indeed €. This tensor product
construction is essential for the proof of:
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Theorem 12 Morita equivalence is an equivalence relation for C*-algebras.

proof: Reflexivity: Given a C*-algebra £, it is easy to verify that E = 2 together
with (a1,a2)4 := ajas satisfies the axioms for a Hilbert C*-module with values
in & and that the rank one operators T, 4, : b — a1a3b span exactly 2.
Symmetry is clear from the construction of E, which links C, (2, E) with 2
exactly inverse to F which links 2 with C, (2, E).

Transitivity is due to the previous lemma and is achieved through the tensor
product construction. [

As we have seen earlier, we can construct Hilbert C*-modules over a C*-algebra
from pre-Hilbert-C*-modules over a dense pre-C*-algebra. Let us now collect
the analogous properties, that are necessary to link two C*-algebras with a
full pre-Hilbert-C*-module. This is a very practical way to construct Morita
equivalence bimodules.

Lemma 36 Given
1. a pre-Hilbert C*-module E over a C*-algebra 2,

2. a left action of a C*-algebra B on E, such that E is a full Hilbert-pre
C*-module over B, such that for all e1,es,e3 € E :

(e1,e2) pes = e1(e2,€3) 4

3. which satisfy for alle € E, e € A and b € B:

(ea,ea)p < |lal[*(e,e)p

(be,be)a < [[bl|*(e, €),
then E can be completed to a Morita equivalence bimodule linking the C*-
algebras A, B.

The proof consists of checking the properties of a Morita equivalence bimodule
for the completion of F and its conjugate F directly and is not instructive.

A.2.5 Induced Representations for C*-algebras (Rieffel In-
duction)

Given a Hilbert space representation (H, 7) of C*-algebra 2, it is the purpose of
this subsection is to construct induced representations for a Morita equivalent
C*-algebra 9B using the Morita equivalence bimodule E that links the two C*-
algebras. This is done by a generalization of the GNS construction known as
Rieffel induction:

Given a full Hilbert C*-module E over 2, let us first describe the induction
out of a state w on A to a representation of C,(E,2A):

For a given state w on 2, we define the sesquilinear form (.,.), on E by
defining for e;,es € E:

(e1,€2)0 :=w({e1,€2) ). (A.22)
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This sesquilinear form is positive semidefinite, since (e,e)4 > 0 for all e € E
and since w : AT — R}, For each element E in its null space

N,={e€ E:(ee), =0} (A.23)
it is implied that (e, f), = 0, since

0=w({e,e)a)w((f. f)a)o = (e, f)ol (A.24)

by the Cauchy Schwartz inequality for states.
The form (.,.), can be turned into an inner product (.,) on E/N,, which
using the equivalence classes [e] € E/N,, is defined by:

(le], [f]) = (e, f)o- (A.25)

This structure is actually well defined since for all e1,e2 € N, and all f1, fs € E:

(e1+ fi,ea+ f2)o = w({e1+ fi, €2+ f2) a) = w({f1, f2)4) +0+0+0 = (f1, f2)o-
(A.26)
The closure of E/N,, defines the Hilbert space H.
The induced representation p of C,(E,2) on H is first defined on the dense
subspace E/N,, through:
p(A)le] = [Ae], (A.27)

which turns out to be continuous because ||p(A4)|| = sup{||p(4)[e]ll| : |le|| < 1},
which can be estimated to be ||p(A)]| < ||A]|, since

[1o(A)[e]|]* < S;l[p]w«p(A)e,p(A)@A) < s:[1:>]w(||A|P<e,e>A) <4l sup el
(A.28)
The continuous extension from the dense set E/N, to H defines the represen-
tation p, which clearly satisfies p(a)p(b) = p(adb) and p(a*) = p(a)* as can be
checked by direct computation. This completes the induction of a representation
(H, p) of Co(E,2) from a state w on 2.
This construction can be extended to general representations (H, ) of 2,
which are necessarily direct sums of cyclic representations:
Given a representation (K, 7) of 2 and given a full Hilbert C*-module F
over 2, let us define the sesquilinear form (.,.), on E ® K for e1,es € E and
v1,v2 € K by the linear extension of:

(61 & v1, €2 ®U2)o = <Ul,ﬂ'(<€1,€2>a)1]2). (A29)

This form is again positive semi-definite since the inner product of K and (.,.) 4
are positive semi-definite. Its null space

N ={t e E@K: (t,t), =0} ={tc EQK: (t,5) =0Vs € E® K}, (A.30)

where the second equation follows form the Cauchy Schwartz inequality.
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Using the canonical equivalence classes [e] in E ® /N, one can define an
inner product (.,.) by setting for ¢,s € F ® K:

([t]’ [S]) = (t,8)o, (A.31)

which turns out to be well defined using a similar argument as in the GNS
construction. Thus, the completion of £ ® K/Nk in (.,.) defines a Hilbert
space, say H.

This Hilbert space H carries a natural representation p of C*(E,2l), which
we define for t € E® K as:

p(A)t] == [(A® D). (A.32)

The extension to H by density is well defined and possible, since ||p(A)|| < ||4]]
using a similar argument as before.
Rieffel induction has an important consequence:

Theorem 13 Given two Morita equivalent C*-algebras A and B, then:

1. FEach representation of A induces a representation of B by Rieffel induc-
tion and vice versa.

2. The from (H,w,2l) induced representation of B using the equivalence mod-
ule I induces a representation of 2 which is unitarily equivalent to (H, )
using Rieffel induction by the conjugate equivalence module E.

8. The induced representation of an irreducible representation is irreducible.

4. The induced representation of a direct sum of representations is the direct
sum of the induced representations.

The proof consists of direct construction of the unitary intertwiners.

The irreducible representations of a commutative algebra 2 are given by
the GNS constructions through the states that are given by the evaluation at
points in the spectrum X = A(2A). This lets us consider Rieffel induction as
maps between the spectra, which also applies to noncommutative C*-algebras.
This is the idea behind the construction of noncommutative embeddings using
a construction similar to Rieffel induction.

A.2.6 Linking Algebra

Given two Morita equivalent C*-algebras 21 and B, there is always a C*-algebra
¢ such that 2 and B are complementary full corners of €. Let us introduce
some notation:

Definition 49 1. A subalgebra B of a C*-algebra 2 is hereditary if for all
b1,bo €3 and all a € A: biaby € ‘B.

2. A subalgebra B of a C*-algebra A is called full, if there is no proper
two-sided ideal in A that contains B.

133



3. A subalgebra B of a C*-algebra A is a corner, if there is a projection p in
the multiplier algebra M (L), such that B = {pap : a € A}. pAUp is dense
in A if the corner is full.

4. Two corners pAp and p’Ap’ are complementary, if p +p' = 1.

5. Two C*-algebras A, B are stably isomorphic if A ® K is isomorphic to
B R IC, where K is the algebra of compact operators on a separable infinite
dimensional Hilbert space.

Given a full hereditary subalgebra 9B of a C'*-algebra 2, one can construct
BA={ba:beB,ac A},

which is a left-B-right-2A-module. It is easily seen that the closed span AB
extends to a Morita-equivalence bimodule between 8 and £, since

<bla1 b2a2>A = aTbTbQCLQ
’ ’ A.33
(blal,b2a2>3 = b1a1a§b§ ( )

are dense in 2 and ‘B respectively.

Theorem 14 1. Two C*-algebras are Morita equivalent if and only if there
exists a C*-algebra such that the two Morita equivalent algebras are com-
plementary full corners.

2. If two C*-algebras are stably isomorphic, then they are Morita equivalent.
proof:

Definition 50 The C*-algebra that contains two Morita equivalent C*-algebras
1s called their linking algebra.

If two C*-algebras are complementary full corners, then there exist a projections
p,q in the multiplier algebra M (2() of the linking algebra such that the first
B = pRAp and the second is € = ¢2g. The module

E=qAp:={qap:ac A}
is easily verified to be a left-€-right-B-module, with the inner products:

(qaip,qazp)p = paiqqaszp, (A.34)
(qa1p,qazp)a = qaippasq,

which are easily verified to satisfy the conditions for a Morita equivalence bi-
module.

On the other hand, if there is a Morita equivalence bimodule E between €
and B, then one can construct the linking algebra 2l directly as follows:

Let E be the adjoint equivalence bimodule, and consider the matrix algebra
2, of the following form:

m:{(}% z>;ce¢,be%,eeE,feE}, (A.35)
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together with the matrix product:
c e e\ _ e+ e f e ce tel (A.36)
Fo)lp v )= Fetbf o+ (fe)s '

and the involution: .
c e (o f
(co) (2 L), s

The Hilbert-C*-module E @ B carries a natural B-valued inner product

((e1,b1), (e2,b2)) B := (e1,e2) B + b1ba,

upon which 2 acts faithfully by
c € 'y T._ / bbb /
f b (67 ) T (ce +eb, +<f7€>B)'

It is easily seen that this action is bounded by verifying this for the for matri-
ces with one nonvanishing entry separately. Using the operator norm for this
representation lets us complete 2, to the linking algebra .

One can then verify that the two operators

[ 1Ig 0 (0 0
P=0 0 0 )97\ o0 1p

are projections in the multiplier algebra of 2, such that pp and ¢2q are corners
of A, which turn out to be full.

The second statement follows from considering the linking algebra B ® K,
such that B is isomorphic to B ® p for any rank-one projection p in X, which
makes it into a full corner of the linking algebra. This makes 6 ® K Morita
equivalent to B. The same argument applies to €, such that the stable isomr-
phism implies that B is Morita equivalent to €. [J
If we consider a locally compact space X and hence a commutative C*-algebra
C(X) and we want to factor the free and proper action of a transformation
group G out, then we can consider the transformation group algebra C*(X,G)
and try to find the unique commutative C*-algebra that is Morita equivalent to
C*(X,G), which is precisely C(X/G).

A.3 Two Important Examples of Morita Equiv-
alence of (*-algebras

This section contains two examples of explicit Morita equivalence bimodules,
that have significance for physical systems.

The first are transformation group systems. A transformation group C*-
algebra C*(X,G) of a locally compact space X and a locally compact group G
is particularly interesting, since C'(X) can serve as the algebra of configuration
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variables for a physical system and the contained unitary action of G can be
interpreted as the Weyl-group consisting of an extension of the exponentiated
Poisson actions of momentum vector fields.

Groupoid C'*-algebras on the other hand arise naturally as quantum algebras
in the quantization of integrable Poisson systems.

A.3.1 Transformation Group algebras

Let us consider two locally compact groups G,H, which are both supposed
to act freely on a locally compact Hausdorff space X, such that the actions
commute (gx)h = g(zh) for all g € G,z € X and h € H and wandering, which
means that the set We := {g € G : (zG)NG # @} for any compact set C C X is
precompact and similarly if G is replaced by H. The wandering condition has the
consequence that X/G and X/H are both locally compact and Hausdorff. The
transformation group C*-algebras based on the occurring spaces have physical
interpretations: let G be the group of gauge transformations and H be a group of
gauge invariant Weyl operators, then C*(X/G, H) is a gauge invariant quantum
algebra. For these algebras there is a theorem by Green:

Theorem 15 Give a locally compact Hausdorff space X and two groups G, H
whose actions on X are free and wandering and commute with each other, then
C*(X/G,H) is Morita equivalent to C*(X/H, G).

proof: We construct an explicit pre-Hilbert-C*-bimodule between 2 := C.(X/G, H)
and B := C.(X/H, G) and prove the conditions in lemma 36.
Consider the function space E = C.(X), upon which both G and H act
”unitarily” by:
Uge: z+— Aclg)ze(g )
Vie: x— Ag(h)"ze(hz),
where g € G, h € H, e € F and z € X and Ag and Ay denote the modular
function in G and H respectively. A function f € C(X/G) defines a function
on F € C(X) as the constant extension of f along the orbits of G. The same
applies to f € C(X/H). Thus, there is a ”covariant” representation of 2 and of
B on E given by:

(A.38)

ae: x— [, duH(h)e(hx)a(%h)lAH(h)_%
be: xw— [,duc(9)b(z,9)Ac(g)7e(g™ ),

where a € A, b € B, g € G, h € H, e € E and duy,duc denote the Haar
measure in H and G respectively. The commutativity of the actions of G and
H then implies that the actions of 2 and 28 commute, which makes E into an
2A-B-bimodule. The algebra-valued inner products are defined by:

(A.39)

(e1,e2)a(h, [z]e) = AH(h)flé Jadnc(9)er(g w)ea(h" g~ ) (A.40)
(er.e2)B(g, [7]n) == Aclg)™2 [y dpn(h)er(h z)ea(h™ gz),

where g € G, h € H, z € X, ej,e2 € E and [z]¢ and [z]y denote the G—
resp. H—orbit that contains x. It is clear that (e, es)ae3 = e1(ea, e3)5. Thus
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one needs to check that the inner products are positive and dense in A and ‘B
respectively and the continuity, i.e. (ae,ae)p < |la||*(e,e)p for a € A, e € E
and the converse for {.,.) 4. Since the roles of 2l and % can be interchanged by
switching the groups G and H, we have to only prove the situation for 2:

The tool for proving these properties is an approximate identity of the form
id; = > <e§-7e§>,4. This approximate identity shall be of the form idc ().,
where U (76) are decreasing neighborhoods of the identity in H, C are increasing
compact subsets of X/G and decreasing € > 0, such that:

idC,U(e),e =0 VheG \ U(e)

| [ disr () A(R)12id ¢ (o) (b [#]e) — 1] <€ V]alg €C (A1)

Such an net will converge in the inductive limit topology on 2.

A key ingredient in the construction of this approximate identity is the
observation that the freeness and wandering property of the action of H implies
that for each € X and neighborhood U(e) of the identity of H, there is a
neighborhood Ny (p) such that the wandering set Wy := {h € H : hNy(p) N
Nu(p) # 0} is a subset of Ny (p). In other words if we shrink the neighborhood
of a point z closer and closer to x itself then the set elements of H that transform
at least one element of this neighborhood inside the neighborhood has to shrink
closer and closer to the identity element of H.

Thus, for each C' and U(e), we can find a finite covering of C by open sets
N; := Ny(pi). Moreover we can choose e; € CF(Ny(p;)), such that >, e; €
C.(C) is positive definite on C. By group-averaging with respect to G, we can
turn these functions into functions on X/G. Thus, we have a net that satisfies
idC,U(e),e =0WheG \ U(e)

Using the observation that of the form x — f(z) [, dun(g)f(g~ =) with
g € CH(X) are dense in C} (X), we can for every e > 0 approximate e; by func-
tions of this form. We can particularly find continuous regularizations e; of the
characteristic functions of Ny (p;) such that [ dun(g) >, ei(9~'x) = 1 inside
C and approximate them by functions of this form. Thus using these f;(x), we
have an approximate identity >, (fi, fi) 4 that satisfies all three conditions.

The convergence of id in the inductive limit topology implies that id e con-
verges to e for all e € E, such that

(ide,eyp = >, ((fi, fi)ae,e)p = >, (fi(fi,e)B.e)B
:Zi<fi,€>E<fi,e>B > (A.42)

which implies the positivity of the inner product.
Moreover, since for all a € 2A: aid — a, we have

aid = Z<afiafi>A — Q,

)

which implies the density of the inner product in 2.
The operators V}, are ”unitary” for (.,.) 4 as seen by direct calculation.
Moreover using the positivity of (e, e) 4, we can reuse the proof of the continuity
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of the representation of C'(X) on L?(X), since the operator ||f||*I — f*f has a
positive square root as a multiplication operator on C(X), which implies that
(fe, feya < ||f]I*(e,e)a, when X is replaced by X/G. Combining these two to
an integrated a = [}, du(h)a(z, h)Vy, we obtain that for all a € 2% and e € E:
(ae,ae)a < |lal|*(e,e)a. O

We saw the important role of the approximate identity in the above proof.
Reusing exactly the same reasoning as in the proof above, we obtain the corol-
lary:

Corollary 18 Let E be a pre-Hilbert-C* -bimodule between two pre-C*-algebras
A and B with two sesquilinear forms: (., )a : EXE — A and {.,.)p: EXE —
B, which satisfy:

(e1,e2) ae3 = e€1(e2,e3)B

for all e1,e2,e3 € E, and let there be approximate identities ida =, (€;, €;)a
and idg = > (f;, fj) B, where e;, f; € E which are both approzimate identities
for the C* completions and the action of the C*-completions on E, then:

E extends to an Morita-equivalence bimodule between the C*-completions of A

and B.

This way of constructing an approximate identity makes this example very use-
ful.

A.3.2 Groupoid C*-algebras

It was proven by Muhly, Renault and Williams [18]that a C*-algebra of two
Morita equivalent groupoids with Haar system are themselves Morita equivalent.
This example is actually a generalization of the previous example, which can be
viewed as the special case of a transformation groupoid G(X, G).

We will focus on the Muhly-Renault-Williams theorem in the context of finite
dimensional Lie groupoids, which always posses Haar systems and follow([32].

Definition 51 1. A Lie groupoid is a topological groupoid G such that G
and the unit space G are manifolds and such that the range and source
map are surjective submersions.

2. A left action of a Lie groupoid G on a manifold X is given by a smooth
momentum map pu : X — G and a smooth map a : GxX := {(g,z) €
G xX:s(9) = ple)} — X, such that ag g, = oy, (ag,x), whenever
(91, 09,2) € G*x X and p(agz) = t(g) forallg € G X. A right action is
defined similarly with reversed order of multiplication and toggled roles of
s and t. Left and right actions are shorthanded by >, < respectively.

8. A manifold X is a G — H-bimodule, if it carries a left G-action and a
right H-action, such that (g>x) <h = g> (z < h), whenever (g,z) € G*X
and (z,h) € X*G.

4. A left action (u, ) of G on X is principal, if the momentum map p is a
surjective submersion and the action « is free, i.e. g>x = x implies that
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g € G and proper as a map form G * X — X x X. Reversing the order
of the components gives the definition for a principal Tight action.

5. A left- and right principal G —H-bimodule X is a equivalence bimodule,
if the left momentum map reduces to an isomorphism of X/H — G and
if the right momentum map reduces o an isomorphism of G\ X — H(),

6. Two Lie-groupoids are called Morita equivalent as Lie groupoids, if
there is an equivalence bimodule between them.

Let us review some facts about Lie groupoids before we state the main theorem
of this section:

Theorem 16 Let G be a Lie groupoid, then:

1. The object inclusion map e is an immersion of G(©) — G and the inversion
g— g~ ' is a diffeomorphism of G.

2. G%G is a closed submanifold of G x G and the fibres s~ (u) and r~'(u)
are submanifolds of G for each u € G(©).

The Muhly-Renault-Williams theorem states that if two Morita equivalent groupoids,
mediated by X, have Haar systems, i.e. a system of measures u* on each fibre

s~ Y(u) : u € G which is invariant under the groupoid operations, then the
convolution C*-algebras, i.e. the algebra functions on the groupoids with prod-

uct fi* f2(g) := [1(g') f1(g) f2((¢') " 0 g) and involution f*(g) := f(g~1), of

the two groupoids are Morita equivalent as C*-algebras. The pre-equivalence
bimodule for this case is C.(X). Lie groupoids allow for the definition of half
densities [1] and thus possess a canonical convolution algebra. This allows the
restatement of the theorem as[32]:

Theorem 17 Given two Morita equivalent Lie groupoids, then their convolu-
tion C*-algebras are Morita equivalent.

In order to prove this theorem, let us review the theory of half-densities on a
Lie groupoid:

Definition 52 1. Given a finite dimensional (n dimensional) vector bundle
E over a manifold X, we denote the n-fold antisymmetric tensor product
without the zero section of E by A(E), on which C\ {0} acts by pointwise
multiplication.

2. An a-density is a section in the line bundle A*(E) associated to A(E)
through the representation of C\ {0} by: ¢ — |z|*. These sections define
maps s : A(E) — C, which satisfy s(ca) = |c|*s(a), for any c € C\{0},a €
A(E).

Notice the isomorphisms AY(E) ® A?(E) = A“TA(E) and A%(E; © Fy) =
N (Er) @ A*(Ez).
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Theorem 18 1. Special case: using A2 (T(X)) and consider two smooth, sec-
tions s1, 82 of compact support therein. Then fX s182 is well defined and
independent of a measure on X.

2. Let 7= : X — E be a surjectively submersing fibration and Ty (X) be the
subbundle of T(X) that is tangent to the fibres =1, then for each smooth
section s in N'Ty(X) of compact support in X, fxs is well defined and

for each pair of smooth sections sections s1,sa in /\%TW(X) with compact
support in X, fx s182 1s well defined.

Let us denote the smooth sections of A%(T (X)) with compact support in X by
C (X, A¥(T7(X))) and for short by I'¥(X).

Let us define the category of principal G-bundles. Given a principal left G-
bundle X with momentum map p and action «, we consider the pull-back under
the action of G on sections in /\%T(X)7 which turns I'*(X) into a principal
left-G-space itself. Let us consider CS& (X, A2TH(X)) the G-equivariant sections
of compact support on the space of G-orbits in X in the part of T'(X) that is
tangent to the momentum map . It is canonically isomorphic to C°(G\ X, G\
(A2T*(X))) by identifying a section constant along a G-orbit with the section
in the bundle over the orbit space.

Given a second principal left-G-bundle Y with momentum map v, then we
can construct X« Y := {(z,y) € X x Y : pu(z) = v(y)}, which carries a diagonal
action of G given by g (z,y) := (g>z,g>y). Let us now define (X,Y)s by

(X,Y)g = C®(X* Y, A2 TH(X) ® T(Y)). (A.43)

Using the isomorphism T(’;(z;zy(y)(X *Y) = TH(X) @ T/ (Y), we obtain the

induced isomorphism for the space of sections:
(X,Y)g = C(X x Y, AZTH= (X x Y)). (A.44)

The spaces (., .)¢ are the morphisms in the category of principal G bundles, and
their composition is defined as follows:

Having a principal left-G-space Z, we can compose (X,Y)q with (Y, Z)g by
composing the sections s; € (X,Y)q and so € (Y, Z)¢ to obtain s1xs9 € (X,Z)qg
as:

51 % so(x,2) = / s1(z,.) ® s2(., 2). (A.45)
v (u(z))

This category is actually involutive; using the toggle map 7 : F1 @ Ey — Fo® Ey
by e1 ® e3 — ex ® e; we define the involution .* mapping (X, Y)q into (Y, X)q
by:

s*(x,y) = 7(s(z,v)). (A.46)
The pre-C*-algebra C2°(G) arises as a special element of this category. First we
consider G as a left G-bundle with the range map providing a momentum map
and the G-action given by left translation in the groupoid. Then, using again

THD= W (X% Y) = TH(X) & T7(Y), we apply the observation ¢\ (G*X) = X by
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the map [g,7]g — ¢! > for any principal G-bundle X. Taking the derivative
maps this yields

(G, X)g = C2(G*x X, A7G xX) = C°(X,A?TI(X) @ AZTH(X)),  (A.47)

where T9(X) denotes the fibering induced by the derivative of the action of G
on X. The special case of this isomorphism is given by considering:

(G,G)c = W(g*g AZT™="(G * G))

(g\(g*g) G\NZT"="(G*G))

0o (G, AT (G) & NET7(G) (A.48)
Ce(9),

which turns out to be the convolution algebra of smooth half-densities with
compact support on G, which itself is dense in the C*-algebra C(G) if the Lie-
groupoid is locally compact.

A principal G-module X with surjective momentum map induces a Morita
equivalent groupoid H in a canonical way, i.e. one can construct a groupoid
‘H such that X is a left-G-right-H-module, which is principal for both actions
with surjective momentum maps. This groupoid is constructed from the double
space X x X := {(z,y) € X x X : p(z) = u(y)}, where the left G-orbits are
factored out by the diagonal action of G on X x X. The orbits [z, y]g carry a
natural composition law [z, y]g o [y, z]¢ = [z, z]@, which turns H = X x X/G
into a groupoid over H(®) = X/G. The right action of H on X is 2> [z, y]g = y.
In the case of Lie groupoids it turns out that H is again a Lie groupoid.

We can now rerun the steps that we have constructed for left-G-bundles for
right-H-bundles, which done by only changing names and reversing the order of
the action of the groupoid. Thus, we can construct:

X, H)g = O3 (XxH,A2T"=5(X x H))
c h T (A.49)
= CX(X Az TY(X)® Az2TH(X)),
for which the definition of a G-H-bimodule X imply that T#(X) = T"(X) and
T¥(X) = T9(X). The pull-back under this equivalence lets us identify:

(G.X)c =X, H)n, (A.50)

which is indeed a bimodule connecting the pre-C*-algebras C(G) and C&F (H)
by defining the operator-valued inner product (.,.)¢ and (., .}y by:

(81,82)c = s1 %83 (A51)
(s1,82)m 1= S% * S, ’

which are valued in (G, G)¢ and (H, H) g respectively and thus have a canonical
interpretation as elements of C(G), C(H) respectively. The compatibility of
elements of the two inner products and the compatibility with the action of the
two C*-algebras are easily calculated using the associativity of the convolution
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product. Positivity and density of the inner product are proven in a similar
way as in the case of transformation group C*-algebras. Continuity of the inner
product requires a further technical step that we omit here.

Thus, we have established that (G,X)s is indeed a pre-Morita equivalence
bimodule between C(G) amd C(H).

Finally, we want to remark that the result in the previous subsection are
obtained whenever X is a manifold and G is a Lie group acting freely and
properly by diffeomorphisms on X, so we have the associated transformation
groupoid G(X,G). Given X = Y/H for some free and proper action of a Lie
group H that commutes with the action of G, we turn Y into a Lie groupoid
bimodule connecting G(Y/H, G) and G(Y/G, H), which using the result of this
subsection implies the Morita equivalence in the previous subsection.
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Appendix B

Background on Ashtekar
Variables, Quantum Field
Theory and Loop Quantum
Gravity and Cosmology

This appendix shall serve as a gentle briefing on the ideas that underlie stan-
dard Loop Quantum Gravity and standard Loop Quantum Cosmology. Loop
Quantum Gravity is formulated in terms of the Ashtekar variables for General
Relativity, which are introduced in section B.1. A fruitful approach to con-
structing quantum field theories is to construct theories of groupoid morphisms
explained in section B.2, which provides the construction principle used in this
thesis. Loop Quantum Gravity viewed as a theory of morphisms form the path
groupoid into the Ashtekar-Barbero gauge group is very analogous (section B.3,
which however present using the standard approach used in most of the litera-
ture). We then present standard Loop Quantum Cosmology in section B.4.

B.1 General Relativity and Connection Dynam-
ics

We gave the Hamiltonian formulation of GR in chapter 2, but the formulation
of LQG rests on Ashtekar’s [2] connection formulation of GR, which we review
in this appendix. The derivation of the connection dynamics from the usual
metric dynamics is not important for this thesis, so we present only the final
result and explain its relation to the metric formalism.

We used the foliation of X* = R x ¥ in section 2.1.1 to express the metric
g on X* in terms of a lapse function N, a shift vector field N® and a spatial
metric ¢ on the Cauchy surface ¥ (see equation 2.1). Let us consider a dreibein
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e on X, such that g, = 0y efle{), so we can define the densitized inverse dreibein:

a 1 ab
Ej = 276

where ¢ denotes the Immirzi parameter. Using the spin connection

cEjklelbcelC, (B].)

1 .
I = ie”kei (8[1,62] — ejeflélmabezn) ) (B.2)
we find that the Ashtekar-gauge field which is a linear combination of the spin
connection and the extrinsic curvature K
Al =T + K (B.3)
is canonically conjugate to the desnitized inverse dreibein. The ADM action
(equation 2.2) reads in these variables:

S = % / dtd®c (AgEg — (A'Gi + N*V, + Nc)) ; (B.4)

where A is a Lagrange multiplier for the SU(2)-gauge transformations generated
by G;. The first term is the symplectic potential implying the only non vanishing
canonical Poisson bracket among the Ashtekar variables (A, E):

(B (2), AL (y)} = r63870(2,y), (B.5)

where x is the coupling constant of GR. The second summand is the total
Hamiltonian H = [ d3c(A'G; + NV, + NC'), which is a linear combination of
the three sets of constraints:

G; = D.E¢

— i b
Vo = FabEi S (B.6)
C = (Fl+ (2 + Degmn KKy ) e rifl AL

where D denotes the covariant derivative w.r.t. the connection A, F' = dA+AAA
denotes the curvature two-form of A. The constraint G is the Gauss constraint
generating ordinary SU(2)-gauge transformations, the constraint V is the diffeo-
morphism constraint generating the spatial diffeomorphisms and the constraint
C' is the scalar (or Hamiltonian) constraint constraining the dynamics. Notice
that the extrinsic curvature K is expressed in terms of F.

The classical smearing is achieved using a densitized su(2)-valued vector field
F? and an su(2)-valued co-vector field f, such that the smearing

FU) = [ #oio)Fi0), B = [daBl@)fie) B
can be used to give a precise definition of the Poisson bracket:
{E(f), F(A)} = F(f). (B.8)

However, since A transforms as a connection, we see that this smearing is not
gauge covariant, although it is diffeomorphism covariant. This is the reason, why
quantization is based on the holonomy variables, which are one-dimensionally
smeared.

144



B.2 Field Theories of Groupoid Morphisms

Let us recall the definition of a groupoid as a small category in which each
morphism is invertible. This category theoretic definition can be made more
explicit:

Definition 53 A pair of two collections G and U respectively, together with
two maps r,s : G — U, a map e : U — G and a composition map o : G?) =
{(g1,92) € G* :r(g1) = s(g2)} — G is called a groupoid, iff

r(grog2) = 71(92) s(gioge) = s(g1)
rle(u)) = wu s(e(u)) = u
goe(r(g)) = g e(s(g))eg = g

g1o(g2093) =(g91°92) 093
VgeG:3g 'st.gtog=ce(r(g)),gogt =e(s(g))

Each group H is a groupoid with G = H U = {e}, r(g9) = e = s(g), g1092 = 9192
and e(e) = e. Given a groupoid G and a group H, one has thus a natural
notion of groupoid morphisms, i.e. maps such that A : G — H satisfy A(e) =
e, A(g1 0 g2) = A(g91)A(g2) and A(g~') = A(g)~'. We will now associate a
quantum field theory for each pair G, H.

B.2.1 Decompositions

Elements of groupoids are naturally decomposed into into sequences of groupoid
elements: A decomposition of a groupoid element g is a finite ordered set
(g1,---ygn) such that g = g1 o ... o g,. The set of all finite decompositions of
elements of a groupoid G is denoted by Dec(G). A decomposition d; of g is
finer than a decomposition dy of g if for each element of dsg there is a subset of
elements in d;g that furnish a decomposition of this element.

Definition 54 Given a groupoid G, we call a function d : G — Dec(G) a
decomposition function if odg = g for all g € G and dg; U dgs contains all
elements of d(g1g2).

Given two decomposition functions di, da, we call d; finer than do (denoted by
dy > dy) if dyg is finer than dag for all g € G. Notice that > defines a partial
order on the set of decomposition functions. Moreover, the set of decomposition
functions defines a semigroup through their action on G. Given a semigroup D
of decomposition functions, it turns out handy to consider D-hereditary subsets
of G, which are subsets H of G, such that each D-decomposition of an H element
consists of H-elements only. A D hereditary set H is called G-complete, if every
element of G can be decomposed into elements of H.

Let us now turn Dec(G) into a group by considering the enlarged groupoid
associated to G, that is constructed as follows: To each element u € U, we
associate the set of elements {(¢,u,t) : ¢t € R} and the enlarged unit set consists

145



of the union of all {(¢,u,t) : t € R}!. To each groupoid element g, we associate
the set {(t1,9,t2) : t1,t2 € R} and the enlarged groupoid set consists of the
union of all these sets. The source and range maps of the enlarged groupoid are
defined by s(t1,g,t2) := (t1,s(g),t1), r(t1,9,t2) := (t2,7(g),t2) and the object
inclusion map is e(t, u,t) := (¢, e(u), t).This is compatible with the composition:

(t1,91,t2) o (t2,92,t3) == (t1,91 © g2,13),

whenever gi,gs are composable. This enlarged groupoid is called the (R-)
weighted groupoid. Let us now define weighted decomposition functions,
whose action on the weighted groupoid naturally form groups:

Given a decomposition d of a groupoid element g and a bounded function
f U — R, we have an associated weighted decomposition function df defined
through:

df (t1,9,t2) := ((t1+f(s(dg1)),dgr, —f(r(dg1))), -, (f(dgn), dgn, t2—f(r(dgn))))-

This definition extends to decomposition functions D in a natural way, since
Dg is a decomposition of g to which we can apply the definition. This defines
a weighted decomposition function D f associated to each pair of a decom-
position function D and bounded function f : U — R. Let us now define an
equivalence relation between weighted decompositions through:

((t17gl7 81)7 sy (tkagka O)u (0>gk+1a Sk+1)7 seey (tn7g’n7 Sn))
~ ((tlmgl? 81)7 ceey (tkngk O Jk+1, Sk+1)7 sy (tnagna 571))7

whenever g and giy1 are composable. This relation implies further equiva-
lences and moreover it implies that there is a shortest representative for each
weighted decomposition. The action of weighted decomposition functions on
these equivalence classes of weighted decompositions extends to a group action.
We will use this group as the momentum group.

B.2.2 Configuration Space

The quantum configuration space X is defined as the space of all groupoid
morphisms Hom(G, H). To define a suitable topology we need the notion of
graphs and to define an action of the group of weighted decomposition functions,
we need the definition of a weighted graph.

A finite set 7 of groupoid elements (which are not necessarily composable)
is a graph. An element of v may be called an edge of 7. The set V = {r(g) :
g € v} U{s(g) : g € v} is called the vertex set of 4. This allows for the
definition of weighted graphs: A weighted graph is a triple consisting of a graph
~v and two functions fi, fo : V. — R, so to each edge g in ~ there is a triple
(f1(s(9)),9, f2(r(g))). A vertex is called bi-valent, if there are precisely two
adjacent edges. A weighted graph is called reducible, if it contains a bi-valent

nstead of R, one could take a different group, but R is the only case necessary to be
considered here.

146



vertex v with adjacent weights fi(v) = 0 = f2(v). A reducible graph is defined
to be equivalent to a graph that is obtained by composing the adjacent edges
and removing the vertex (this may require the inversion of one edge!). The
action of weighted decomposition functions on equivalence classes of weighted
graphs is obtained by applying the decomposition function to each weighted
edge (f1(s(9)),9, f2(r(g))) separately modulus graph equivalences.

Let now H be a Lie group, such that a map A : U — L(G) together with a
weighted decomposition function D defines a transformation of groupoid mor-
phisms through:

AMDA:g—
exp(fA(s(g1)))A(g1) exp(—fA(r(g1)))-.. exp(fA(s(gn))) Algn) exp(—fA(r(gn))),

(B.9)
which will be the action of a momentum variable on a groupoid morphism
A€ Hom(G,H).

Assuming that H is compact and Hausdorff, we can apply Tychonov theory

to equip X with a compact Hausdorff topology, even when G is not countable:
A graph v is called larger than +' if each edge of 7/ is contained in v and we
denote v > +/. The set of all graphs on a groupoid is clearly a directed set w.r.t.
>.
Given a directed set S, a projective family (X, p,s) consists of a collection of
sets X, (one for each s € S) together with a collection of surjective functions
prs © X — X, whenever r > s, which satisfy the compatibility condition
Prs © Pir = Pis. Having a projective family, one can define the projective limit
X of (X5, prs) as the space that contains all equivalence classes that are defined
through z, ~ x5 whenever Jx; with x, = p.rx: and x5 = pgray.

Since the set of graphs is a directed set, one can follow the following strat-
egy to equip X with a Tychonov topology by using the graphs as a directed
set. The spaces X, are then the morphisms form the subgroupoid of G gener-
ated by the elements of the graph v to the gauge group H. The compactness
and Hausdorffness of the gauge group then implies that the direct product of
spaces Xoo = Xg4egH is compact and Hausdorff in the Tychonov topology. This
topology is characterized as the weakest topology for X, for which all p, are
continuous, where p, A : g € v +— A(g) with A € X and g € 7 is the restriction
of a map A to a domain given by the groupoid generated by . This topolo-
gizes X, as a compact Hausdorff space, but X, is generally much larger than
X = Hom(G, H), because not all elements of X, have the groupoid morphism
structure.

Let us consider X, the projective limit of the X, where s runs over all graphs.
Then the map M : X = Hom(G, H) — X given by M : A — (y — A(y)) is a
bijection by construction, so X = X. By considering a net A,, of elements of X
that converges to a limit element A € X and using the continuity of the p,, in
the Tychonov topology reveals that X is a closed subspace of X, and hence X
is a closed subspace of X,,. This means that the quantum configuration space
X, given by the groupoid morphisms form G to the gauge group, is a compact
Hausdorff space in the Tychonov topology. This compactness and Hausdorffness
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is necessary for the construction of a C*-algebra of configuration variables.

Using the Gel’fand Naimark correspondence between commutative C*-algebras
and the algebra of continuous functions on a locally compact Hausdorff space
or in turn the spectrum of a commutative C*-algebra in the Gel’fand topology
and a locally compact Hausdorff space, we could have defined the C*-algebra,
which will serve as the configuration algebra of the quantum theory, and then
calculated its spectrum as the quantum configuration space. We will here only
show how this C*-algebra can be constructed but not prove the isomorphism
of its spectrum and X, which is an adaption of the proofs found in standard
literature (e.g. [3]) to this situation.

We achieve this by constructing cylindrical functions and completing their
algebra in a suitable C*-norm. Let I' denote the set of all graphs, then we define
the space of superficial functions as

Supf := UyerC(X5).

This means a superficial function can be viewed as a function on X of the form
fy = fopy, where f € C (G, To factor the redundancies of these functions
that have equal dependence on the elements of X, we define the equivalence

relation f,} ~ f,f/ iff Vo > ~,~": pf,af% = pi,(;f(?.

Definition 55 A cylindrical function is a ~ equivalence class of superficial
functions.

In other words: The space of cylindrical functions is Cyl(X) = Supf/ ~. The
algebraic operations for cylindrical functions are given through the operations of
superficial functions, particularly pointwise addition, pointwise multiplication,
pointwise scalar multiplication and pointwise complex conjugation. These op-
erations are cylindrically consistent, i.e. they respect the ~-equivalence classes.
the unit element of this algebra is the equivalence class of functions id : A, — 1.
A C*-norm is given by the sup-norm:

A1 := sup{][f5loc }- (B.10)
~yel

The completion of this algebra in this norm is a commutative C*-algebra and
it turns out that its spectrum is isomorphic to X. The cylindrical functions are
by construction a dense set in this C*-algebra, which serves as the quantum
configuration algebra.

B.2.3 Quantum Observable Algebra

The algebra of configuration variables is C(X), but we have not yet specified the
action of the momentum Weyl-algebra. As in ordinary quantum mechanics, we
will consider a subset of the homeomorphisms kA on the quantum configuration
space and define the unitary momentum Weyl-operators wy, to act adjointly as
pull-backs under this homeomorphism, i.e. wjwy, =1 = wpw;, and w; fw, =
h*f for f € C(X). We saw how the finite weighted decomposition functions D
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where turned into a transformation of elements of X using a map A : U — L(H)
(equation B.9). It turns out that the transformations AD are homeomorphisms
of X for any finite weighted decomposition function D and any bounded A, as
is easily verified using the continuity of the group product and considering the
transformation of a net A, converging to A. We are thus able to define (a
subgroup of) the finite weighted decomposition functions AD as the momentum
Weyl-group W. For any £ € W we have the canonical action on f € C(X)
defined through:

wg e = we(f) = £°F. (B.11)
This allows for the definition of an action of elements of the form f o w on
elements g € C(X):

fowrg: A f(A)(E g)(A).

The involution for these elements is dictated by the involution in C'(X) and the
“unitarity” of the action of W:

o= f w* = wl
Notice that the algebra generated by the finite sums a = > | f,,ow, does again
contain only finite sums of this form, because (f1 o w1)(f2 0 ws) = frwy *(f2) 0
wyws. We thus have a closed noncommutative *-algebra 2, (X, W) of finite sums
a with a norm that is constrained by

fetll = Al [Row]] = L

Let us now define the canonical representation of this algebra to explicitly com-
plete A, (X, W) to a C*-algebra.

B.2.4 Canonical Representation

Given a compact group H, there is a canonical representation of C(H™) on
L*(G™, ®@"dug ), where dpy is the unique normalized Haar measure. This allows
for the definition of a state w, on C(X) through

f = fvp’y
wolf) = [&dum (g, ... gy) fr (915 - g1))-

This definition is independent of the cylindrical representative f,p, of f due
to the normalization of the Haar measure. Performing the GNS-construction
from this Schrédinger-type state yields a Hilbert space H, which turns out to
be L*(X,dpu,), where dpu, is the canonical Ashtekar-Lewandowski measure on
X (compare e.g. [3]). This measure is characterized as the unique measure in
X, whose push-forward under any p, coincides with @lduy. We thus have
a C*-representation of C'(X) on L?(X,du,) as multiplication operators, which
turns out to be faithful.
The state w, can be extended to a state w on A, (X, W):

(B.12)

a = Yo, fiow
@) = S [ duo(A)fi(4). (B.13)
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Since the Haar measure is invariant under group translations, we obtain that
the Ashtekar-Lewandowski measure is invariant under the transformations AD,
which is necessary for the positivity proof of w. Performing the GNS-construction
from this state yields the canonical representation 7 of 2, (X, W) on L?(X, du,),
which can be characterized through:

=

=

<
|

(A= f(A)P(4))

£, (B.14)
The norm of f o1l as well as 1 o w is clearly satisfied as well as the involution
by this representation and we thus have a *-representation of 2,(X, W) on
L?(X,du,). The closure of this algebra in the Hilbert-space norm then defines
the C*-completion (X, W) of quantum observables.

Let us summarize: For any groupoid G and compact Lie group H, we have a
canonical compact Hausdorff quantum configuration space X. For any subset S
of the finite weighted decompositions, we have a momentum Weyl group W gen-
erated by the transformations AD, which act as homeomorphisms on X. Thus,
we have a canonical pre-C*-algebra 2, (X, W) which is faithfully represented on
L?(X,du,), where du, is the canonical measure on X induced from the Haar

measure on H. Thus, the structural data for this quantum field theory consists
of the triple (G, H, S).

A

£

<
|

B.2.5 Unitary Transformations

The momentum Weyl-transformations AD where implemented as unitary oper-
ators on L2(X,du,). The deeper reason for their unitarity is twofold: (1) these
transformations are homeomorphisms of X and (2) these transformations leave
the canonical Ashtekar-Lewandowski measure invariant:

(wop,wyp) = [ duo(AW(é‘;(Af)lW(ﬁ‘l(A))
I dpio ((A)) 72220 5 (Ao (A) (B.15)
= [du.(A)e(A)y(A) = (¢,9),

where dj“(f’ig((‘:))) denotes the Radon derivative of du, and we used the invariance

of dyu, under the momentum Weyl-transformations.

Given the structure X = Hom(G, H), we can find two other sets of transfor-
mations that act as homeomorphisms on X, that leave du, invariant, so we can
use the calculation equation B.15 to show that their pull-backs act as unitary
operators on L2(X, dy,):

For the first set of transformations consider an automorphism ¢ of the
groupoid G, i.e. a map ¢ : (U,G) — (U',G’) that preserves the groupoid
operations. This can be turned into a transformation (4 on X by

CpA g — A(d(g)).

This transformation is continuous, as is easily verified by considering the action
on a net A,, converging to A € X. Moreover we see that (, leaves dp, invariant,
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since (py)«dpo = QMduy = (Pp(v))«dpto- Thus extending the action of ¢} to
L3(X, dp,) defines a unitary operator (due to equation B.15) as:

Uptp + A (CG)(A). (B.16)

To construct the second set of transformations, consider a map A : U — H.
We can use this map to define a transformation {4 on X through:

Cad 1 g = A7 (s(9) A9)A(r(g)).

Clearly (A A(g1 0 92) = (AA(g1)CaA(g2). Moreover, using a net A,, converging
to A € X we see that (, is continuous due to the continuity of the product in H.
The translation invariance of the Haar measure implies that (p,)«dpo(CaA) =
oMduy = (py)+dpio(A), so Ca leaves du, invariant. We thus have the assocaited
unitary operator on L?(X, dy,) defined through:

Untp: A= (i) (A). (B.17)

These two sets of transformations allow the unitary implementation of diffeo-
morphisms and gauge transformations in Loop Quantum Gravity.
The procedure described here can be used to construct an ”ordinary” background-

dependent quantum field theory, by taking a suitable set of modes M = {f,,}22 ;

and considering the single groupoid defined through G = U = M r(f,) =
fns8(fn) = fase(fn) = fa, fol = fu and f,, o fr, = frn. Ordinary Klein-Gordon
field theory can be constructed as above as the QFT of groupoid morphisms
into R, C respectively.

B.3 Loop Quantum Gravity

The construction of standard Loop Quantum Gravity uses Ashtekar variables
and introduces the holonomies h.(A) of the connection along piecewise analytic
curves e as well as the fluxes Ef(S) of the conjugated electric field through
piecewise analytic surfaces S as fundamental variables:

he(A) = Plexp(f, 7 A)}
By(S) = [yo" fi, (B18)

where 7 and o denote the embedding of e resp. S into ¥ and f : S — L(SU(2)).
The transformation properties of these observables under spatial diffeomor-
phisms ¢ are rather simple:

¢ > he(A) = hy(e)(A) and ¢ > Ef(S) = Eg-(4(5))-

To be able to construct Loop Quantum gravity along the programme outlined
in the previous section, we notice that a classical Ashtekar connection A defines
a groupoid morphism from the path groupoid P(X) into the gauge group SU(2)
by assigning the parallel transport A : e — he(A). Let us describe the path
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groupoid in a little more detail: The unit set is ¥ and it turns out handy to
work with a groupoid set that consists precisely of piecewise analytic paths
modulus zero paths. A path is a piecewise analytic directed curve ¢ : [0,1] —
3} modulus orientation-preserving reparametrizations. A zero path is a closed
(sub)path that does not encircle any area. The object inclusion map is given by
e:x € X [t — x|, the source- and range- maps are s([c]) = ¢(0), r([c]) = ¢(1)
and the composition law is given by the concatenation of paths, while the inverse
map is given by reversing the direction of the path.

Using the holonomy- and flux-variables as elementary variables, whose Pois-
son brackets are implemented as commutators, we obtain that the Poisson-
bracket of any two holonomies vanishes. To calculate the Poisson-bracket of a
holonomy h.(A) and a flux Ef(S) we introduce a decomposition of e into pieces
e;, which are either completely inside S, completely outside S or have one
boundary point on S, so he(A) = hey (A)hey (A)...he, (A). The Poisson-bracket
of a holonomy he, with Ef(S) is then

 k(e,S he, (A)T fi(e(0)) if SNe; = e(0)
{hei (A)7 Ef(S)} - (2 : { _fi(e(l))Tihei (A) if SN e; = 6(1),
+ eabove S (B.19)
where k(e, S) = { 0 e inside or outside S
— e beneath S.

The Jacobi-identity and equation B.19 imply that the Poisson-bracket between
two fluxes fails to vanish. A detailed calculation [46] using three-dimensional reg-
ularizations of the fluxes reveals that the Poisson-bracket of fluxes satisfy a Lie-
algebra structure, that includes one- and zero-dimensional quasi-surfaces. We
see by inspecting equation B.19 that the action of the fluxes on the holonomies
is precisely the derivative of a finite weighted decomposition function on the
morphisms from the path groupoid to the gauge group. If we exponentiate this
action, then we obtain Fleischacks Weyl-algebra for Loop Quantum Gravity and
apply the construction precisely as in the previous section. For this exposition
of Loop Quantum Gravity, we will however follow the standard approach, used
in most of the literature:

B.3.1 Kinematics

Let us begin by introducing the elementary configuration variables called cylin-
drical functions. A cylindrical function ® of the connection A is a function that
can be constructed as follows. Given a smooth function ¢ : SU(2)Y — C and
set of piecewise analytic paths v = (ey,...,en), we define a cylindrical function
through

D,(A) = d(he, (A), -, hey (A))-

The space of cylindrical functions on v will be called Cyl,. Notice that the
same function ®(A) can be constructed as a function on any graph ' that
contains a decomposition of all edges of . This defines an equivalence relation
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~ between cylindrical functions that depend indistinguishably on A. The space
of cylindrical functions is then

Cyl == (U, Cyly)/ ~ .

There is a natural gauge-invariant inner product on each Cyl., given by the
lattice inner product on ~:

(@, 02) ::/dﬂH(gl)"'dﬂH(gN)m(bQ(gl»m»gN)a (B.20)

where duy denotes the unique normalized Haar measure on SU(2). The nor-
malization and translation-invariance of the Haar measure implies that this
inner product respects the cylindrical equivalence classes. This allows for the
definition of an inner product between any two cylindrical functions @#1 , @ig,
because there always exists a class of graphs 7> that contains a decomposition
of all edges of v! as well as for all of ¥2. Then equation B.20 can be used on
7°, because there are functions ¢', ¢* with ®*(A4) = ®;(A), so

(D', 9?) := (@1, D7) (B.21)

defines a Hermitian inner product, which is independent of the particular rep-
resentative 43 due to the normalization and translation-invariance of the Haar
measure.

Since a measure on an infinite dimensional space is conveniently defined as
consistent family of cylindrical measures, let us define a measure du,(A) on the
space of connections by defining the push-forward du,(A) onto each Cyl, to
be the product measure of Haar measures on the holonomies on each edge of
~. The normalization and translation invariance of the Haar measure ensure
the cylindrical consistency of the family dy., thus defining dj, unambiguously.
Equation B.21 then reduces to

(Cyl*, Cyl?) := /duo(A)C'yll(A)C'yZQ(A).

The Hilbert-space completion of C'yl in this inner product defines the Hilbert
space H = L?(A,du,). The occurring quantum configuration space A is pre-
cisely the space of groupoid morphisms form the groupoid of piecewise analytic
paths to the gauge group SU(2), given the weakest topology such that all cylin-
drical functions are continuous.

The algebra of elementary quantum operators contains the fluxes as well.
The cylindrical functions are represented on H as multiplication operators:

7(Cyl)® : A Cyl(A)D(A),

whereas the fluxes are represented through the action of their respective Hamil-
ton vector-fields:

T(Ef(9)® 1 A i{Ef(S), ®}(A),
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which implements the elementary commutator:
[m(Ef(9)), m(Cyl)] = i{E¢(S), Cyl}

as we desired.

Defining a normal-ordering : ... : of products of these elementary operators
by ordering all configuration operators to the left and all flux operators to the
right, allows us to identify the vacuum state:

w(:CylEy...E, ) = /duo(A)C’yl(A).

The connection representation, that we just constructed, arises as the GNS-
representation of the x-algebra generated by the commutative algebra of cylin-
drical functions and i-times the Poisson action of the fluxes as self-adjoint ele-
ments.

Let us now construct a convenient Hilbert-basis for H: Let us first recall
the Peter-Weyl theorem, which states that the matrix elements u(g) of the
irreducible representations of a compact group G furnish a Hilbert-basis for
L?(G,dpg), which are normalized, when divided by the square root of the
dimension of the representation. The matrix-elements of a Lie-group are repre-
sented by the eigenvalues of the Casimir operators (labeling the representation)
and by the eigenvalues of a maximal commuting set of left- /right- invariant vec-
tor fields (labeling the matrix element), so for SU(2), there is a nonnegative
half-integer j for the representation and two labels n,m = —j,—j + 1,...,+j
giving basis ¢7,,,, = u},,(9)/v2j + L.

A gauge-variant spin network function SNF' is a special cylindrical func-
tion on a graph - that can be written as a product of normalized nontrivial
representation matrix elements:

SNF,(A) = [ [ &%l 20

ecy

It follows that all gauge-variant spin network functions are orthogonal and nor-
malized in H and that together with the trivial spin network function A — 1
they are dense in H. For the construction of the gauge-invariant Hilbert-space
it is however useful to consider a different spin network decomposition: Let us
consider the Hilbert space completion H, of Cyl,, and let us fix a group element
g(v) € SU(2) for each vertex v € v and consider the gauge transformations Uh:

UaCyly : A Cyly (g7 (i(ex))hey (A)g(f(en))s ., g7 (ilen) ey (A)g(f(en))-

This operation is a unitary representation of GM in H due to the translation
invariance of the Haar measure, so one can write H, as a direct sum over
irreducible representations of the edges (labeled by half-integers 5) and vertices

=

(labeled by half-integers 1) under Uy, hence:

Ho = @2 H

RN NN

(B.22)
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Notice that each H%;[ is finite-dimensional. To implement a decomposition of
‘H, let us introduce the auxiliary Hilbert space HL{ as the closure of the span of
all H%v,f, where no representation is trivial. Then H can be decomposed into
finite dimensional Hilbert-spaces:

H=a,H,, (B.23)

where the span of the trivial spin network function A — 1 is the summand that
corresponds to the trivial graph.

B.3.2 Kinematic Constraints

Classical general relativity (in terms of Ashtekar variables) is invariant under
all fibre-bundle morphisms; this group is a semidirect product of the local gauge
transformations and spatial diffeomrophisms. Let us now investigate the action
of these transformations on holonomies of the Ashtekar connection along piece-
wise analytic curves. A gauge transfromation is labeled by amap A : ¥ — SU(2)
and its classical action on a holonomy h.(A) is:

A5 ho(4) = A(i(e)he (A (f(e)), (B.24)

where i(e), f(e) denote the initial and final point of e. This allows us to imple-
ment the action of gauge transformations on cylindrical functions as a pull-back
under this transformation:

U6 (e, (A), s by (A)) 1= G(AG(e1) ey (AAT(F(e1))s s Alilen) ey (é)Q-)l(f(eNm,
.25
which turns out to be unitary in H due to the translation invariance of the Haar
measure. Cylindrical consistency is provided by the trivial action on the interior
of decompositions and the trivial action of a pull-back under a variable that the
cylindrical function is independent of.
A spatial diffeomorphism ¢ : 3 — ¥ acts classically on a holonomy h.(A) of
the Ashtekar connection as:

P> he(A) = hye)(A). (B.26)

Again, one can implement the action on a cylindrical function Cyl as a pull-back
under the classical action on holonomies:

Ust(hey (A); oo hey (A)) = P(hg(er) (A); s Pg(en) (A))- (B.27)

This action is unitary due to the invariance of du,(A) under diffeomorphisms,
as can be checked directly

[ dpo(A)UsCyl, (A) J dpo(A)Cylyy (A)
S dpr(g1).-.dpm(gn)o(91, - gn)

| dpo(A)Cyl, (A).
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The strategy is now to solve the kinematic constraints using the group averaging
procedure. It turns however out that it is rather simple to solve the Gauss
constraint directly, which is what we want to do here:

As we saw in the previous section, there is a decomposition of H = ©, 7 fH»yj, P
Since a gauge transformation acts on the vertices of a graph, we see that the
gauge-invariant states are precisely those, that lie in the summands with [= 0,

thus the gauge invariant Hilbert space is:

HGauss = @%;H (BQS)

7,7,0°
These states are precisely the product states of traces over holonomies of closed
loops, where the spins on each edge on v are symmetrized giving the spin ji
representation for the k-th edge. It follows that the vertices furnish gauge-
invariant inter-twiners between the adjacent ji-representations. The gauge-
invariant spin network states are thus of the form:

T, = (H e (he(A))me,ne> MmelneU.--,meNneNa (B.29)

ecy

where M is a direct product of gauge-invariant inter-twiners.

Let us now solve the diffeomorphism constraint with the group-averaging
procedure. Using the observation that H = ®,H,, we can split the group
averaging: Let I, be the subgroup of the diffeomorphisms that maps v onto
itself and let T’, be the subgroup of the diffeomorphism group that acts trivially
on v, then the group of graph symmetries S, := I, /T is a finite group. This
allows us to define the operator PV on H. defined as:

. 1
PoCyly = = > Cylys). (B.30)
155 j5.

We are now able to define the anti-linear rigging map 7(Cyl,) through:

n(Cyly) : ¥ Z <U¢P70yl% o), (B.31)
peDIff/I,

which is well defined and finite despite the over-countability of the diffeomor-
phisms in ¢ € Dif f/I,, because the only contributing summand in this sum
is the one that maps 7 onto the graph that underlies ¥. The rules for group
averaging then imply that the diffeomorphism invariant Hilbert space is made
up of the completion of the image of the cylindrical functions under the rigging
map 7, i.e. n: Cyl C'H — Hgirp.. This Hilbert space carries the implied inner
product (., .)aify.:

1(6), n)aisr. = ()W), (B.32)
which is Hermitian by construction and well defined since it is independent of the
particular representative ¢ used to define n(¢). For diffeomorphism-invariant
operators O we have that:

n()OY] =: (O™ n(d), n(¥))ais.
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is independent of the representative of ¢ used to define n(¢)), which yields the
involution in the algebra of diffeomorphism invariant operators.

B.3.3 Dynamics

In contrast to the mathematically well defined kinematics and implementation
of the kinematic constraints of Loop Quantum Gravity, the dynamics (i.e. the
imposition of the set of scalar constraints) is still unsatisfactory. There is how-
ever a proposal by Thiemann, that anomaly-freely implements the set of scalar
constraints, which we want to present here. This idea rests on a number of
observations that we have to explain first:

First of all, one needs to take care of the square root of the determinant of
E, which is non-polynomial in the flux operator. This can be taken care of by
realizing that

b
6; = —~ Nabc€ ik I 7{ } (B33)
2 Vv IE |
so one can express the troublesome non-polynomial expression in the momen-
tum variables as a Poisson-bracket, which will be implemented as i-times the
commutator in the quantum theory. The same trick can be used to imple-

ment the intrinsic curvature K as a Poisson-bracket expressed using K :=
L—3/2{CE'ucl. (1)’ V}:

i i A 7
K! = ” {4l K} . (B.34)

Second, one can split the scalar constraint into two summands: C(N) =
CFuel —2(,2 4+ 1)T(N), where CFuel- is the constraint of the Euclidean theory:

CEuCl’(N) _ %/EdeN(x) abCTT( ( ){A ( ) V}), (B35)

Rl

whereas the second summand can be expressed as:

T(N)=-— H4L3/d3xN 2)Tr ({Aq(z), K}{Ay(z), K}{Ac(z),V}). (B.36)

Third, for any small line segment s of coordinate length € and for the bound-
ary curve 3 of any coordinate square of area €2, we have the approximations:

{[, AV} —(hs(A)"H{hs(A),V} + O(e)
{[JAK} = —(hs(A))” 1{h( ) K}+O(6) (B.37)
J,F o= 5 (hg=2(A) = hs(A4)) + O(e?),
which allow us to regularize the expressions B.35, B.36 in terms of the regulator

€ using a partition P. of ¥ into coordinate cells of coordinate size approximately
€3. 2 This allows us to use a Riemann sum approximation for the expressions

2The simplest such partition is a partition of R? into regular coordinate cubes of size €3,

but any partition that will for a general open region R of coordinate volume V. (R) yield that
the number of cells in R is approximately Vz(R)/e3 as ¢ — 0 is admissible.
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B.35, B.36, so in the limit ¢ — 0 one has the regulated expressions:

CEUL(N) = ¥,cp, N(e)CE
CRuel = 3, CITr ((plha,) = plhg)p(hy Dphe,, V)})
T(N) = ZcePEN(C)Tc
T. = ﬁZUKTUK
Tr (p(hy o)), Kholhy ) {p(hs,), K holh, ) {p(her), V)

K = R0 (), V),

(B.38)
where sk and f3; are coordinate line segments into the K-direction and loops
around coordinates squares in j x k-direction and C* and T?/X are constants
depending on the representation p used, yield suitably regularized expressions.
The freedom in the choice of the regulator is then used to find a family of parti-
tions P. together with line segments sx and loops §; such that (1) the family of
scalar constraints is cylindrically consistent (2) it transforms covariantly under
diffeomorphisms and (3) it leaves the domain of cylindrical functions invariant.
Then replacing ih{.,.} with the respective commutator gives a densely defined
set of scalar constraints, which define the Hermitian set of constraints. We will
not quote a particular family of partitions, but rather focus on the last two key
observations that are necessary for Thiemanns construction:

Fourth, due to the decomposition of the Hilbert space of Loop Quantum
Gravity into H = @~ H,,, we can adapt the construction of the regulator to the
graph v and define one regulator P for each graph. Cylindrical consistency
gives restrictions on these regulators that can be resolved easily. Diffeomor-
phism covariance on the other hand poses the restriction that if v and ~/ are
diffeomorphic then their regulators have to be diffeomorphic. Amazingly, one is
able to construct such families of regulators e.g. [44]. The resulting regulated
scalar constraints generally act only on the vertices of 7 for ¢(y) > ¢ > 0 for
some t(vy) and add line-segments s, and loops §; that contain only one vertex
of ~.

Fifth, one has to remove the regulator. This is possible on the diffeomor-
phism invariant Hilbert space, due to the observation that

n(Cyls )[C(N)CyL3,] = (CZ(N)n(Cyls, ), n(Cyl2,)) ai (B-39)
so as soon as the resulting graph of C (N) acting on C’ylfy2 does not change its
diffeomorphism class as €, one has already obtained the limit ¢ — 0. Meaning

that the regulator e can be removed trivially on the diffeomorphism invariant
Hilbert space, which is the domain for Thiemanns set of scalar constraints.

B.4 Loop Quantum Cosmology

This section serves to introduce standard Loop Quantum Cosmology.
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B.4.1 Classical Symmetry Reduction

We already introduced the classical symmetry reduction used to construct Bianchi
cosmologies in chapter 2.1.2. Let us now consider Bianchi I cosmology in terms
of Ashtekar variables:

This means we assume a base-manifold ¥ = R3, fix a global chart (U, ¢),
and a symmetry group G' = R? acting transitively on ¥, generated by the three
vector fields 9; (we will always use the global chart (U, ¢) for all vector fields). To
further reduce the symmetry, let us assume local rotational symmetry, generated
by €3;xz;0, as well as complete rotational symmetry generated by all three
Eijkl'jak.

Since Loop Quantum Gravity is constructed as a theory of connections,
we have to classify G-symmetric connections. Following [16] we decompose
a G-symmetric connection on a fibre bundle over ¥ into a connection on a
reduced bundle over /G plus a G-multiplet of scalars on ¥/G. We first use
their classification of G-symmetric principal fibre bundles and then consider
connections thereon:

Connections are by definition invariant under vertical bundle morphisms,
i.e. gauge transformations. Moreover, let G act on a principal fibre bundle
P(X,H,n) as a group of bundle morphisms, such that all G orbits are iso-
morphic. 3/G is reductive and I is the isotropy group of a point, such that
Y = (2/G) x (G/I), then ¥ can be considered an orbit bundle over ¥/G.
Notice that each point in p € P defines a morphism p: I — H by:

pp i aq(p),
where o commutes with the right action in the fibre, such that
pph = Adp-1pp.
If we now fix one particular p, we can construct a symmetric subbundle
Poym(X/H,Cr(p(I)), 7| sym)

over X/ H with the reduced structure group given by the centralizer of the image
of I under p, which is isomorphic to any other subbundle constructed using a
p in the same conjugacy class. This means that the G-symmetric fibre bundles
are completely classified by the reduced bundle P, and the conjugacy class
[0lcon; of the map p.

Having the symmetric bundles classified by the data (Psym., [p]con;), We need
to consider a symmetric connection w on P, which by restriction defines a con-
nection wgym, on Py, but it also defines a linear map L, : £L(G) — L(H)
through:

L, :V—wy(V).

The image of the orthogonal complement of £(I), i.e. £(I), under the map L
is horizontal in the full bundle, so it contains information about the connection,
but not tangential to any direction in ¥/G. Since a connection is invariant under
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vertical bundle morphisms, we obtain that not any linear map L can arise, but
only those that satisfy:

L, (Adi V) = Adp(z‘) (Lp (V) ),

for all ¢ € I, which we can take as the definition of the transformation law
of the ”Higgs-field” L under gauge transformations. Using the invariance of
the Maurer-Cartan form on G as well as the embedding e : G/I — G, we can
decompose any symmetric connection into the part parallel to /G, i.e. the
symmetric connection on Py, and the part parallel to the G-orbits in ¥ as:

W = Wsym + Lo i*@Mc, (B40)

where 0y¢ denotes the Maurer-Cartan form on G and wsy, is the connection
on Pyym,.

Following [13], we can apply this classification to Binachi I cosmologies in
terms of the Ashtekar connection. The assumed base manifold ¥ = R3, and the
symmetry group G = R3 acting on ¥ as translations. Since the left-invariant
1-forms on G are dx’, we can express 0y;c = g;dx’. The Isotropy group of a
point is trivial, so there is only the identity embedding i : R®> — R3. The orbit
space X/G consists of one orbit z, only, so the the reduced fibre bundle is a
fibre bundle over the trivial space.The linear map becomes a matrix over this
point, meaning that we can express the symmetric connection as:

w=Lolyc = Aindm“,

where 7! denotes the I-th generator of the gauge group SU(2) and A is a
constant matrix. The transformation constraint (of the Higgs field under gauge
transformations or of the linear map under vertical bundle morphisms) is trivial,
so it is satisfied by all matrices A. Moreover, using the dual basis X; to w® = dz?,
we can give the symmetric Ashtekar variables (A, E) for Bianchi I cosmologies:

A= Alridx® E=E%r1X,. (B.41)

Let us now impose the local rotational constraint around the 3-axis: The
isotropy-group of a point is U(1), so p, : U(l) — SU(2) can be chosen to
be pn(e®’) = 2™ where Y denotes the generator of U(1). The only integer n
for which the Higgs constraint is satisfied is n = 1 and the matrices A turn out

to be of the form:

a b 0

A= ( -b a 0 ), (B.42)
0 0 ¢

where a, b, ¢ are real parameters.

Imposing complete rotational symmetry, we obtain the isotropy group of a
point to be SU(2), which can be embedded into the gauge group by the identity
embedding. The solutions to the Higgs constraint are of the form:

c 0 0
A= ( 0 ¢ O >, (B.43)
0 0 ¢
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for a real parameter c.
Let us form now on assume complete rotational invariance, so we can con-
struct a chart and a gauge such that the Ashtekar varibales take the form:

A(z) = érrélda E = priss X,.

To be able to convert the gravitational Poisson bracket into a finite Poisson
bracket for these remaining degrees of freedom, we consider these in a cell of

1 2
volume V, and use the densities: ¢ := V¢ and p := 8nGLV,?p, so the grav-
itational Poisson bracket induces the Poisson bracket between p and c¢. The
classical Hamilton constraint (with constant laps) takes in these variables the
form

6
—L—zczsgn(p) V |p‘ + Cmatt =0.

Notice that the physical triad and cotriad have to be scaled with V.

B.4.2 Kinematics

Standard Loop Quantum Cosmology uses the holonomies along straight lines as
the fundamental configuration variables, which are in the global chart (U, ¢) of
the form:

e={e?(0)+ 1% :0<t <1},

and the holonomies of the symmetric connection along these straight lines can
be calculated directly:

l l
he = cos(g) + 26917, Sin(g). (B.44)

The algebra of configuration variables is generated by the matrix elements of
these holonomies, so it consists of the span of the exponentials ez'¢, and a
cylindrical function is thus:

Cyl(A) = & exp(%lkc). (B.45)
k

The smallest C*-algebra that contains all these cylindrical functions is the alge-
bra of almost periodic functions on R, and its spectrum is the Bohr-compactification
Rz of R. Let us now consider p as the flux through a unit square and calculate
its Poisson bracket with cylindrical functions by calculating the Poisson action
of fluxes through a unit square on the cylindrical functions:

8miG

{Cyl(A),p} = 5

Z %lkﬁk eXp(%lkC)a (B.46)
%

which we now want to represent on a Hilbert space. Since each e3¢ can be
obtained as a matrix element of a holonomy over along edge of parameter
length [, we can induce a scalar product for these functions by (e2!1¢, ezl2¢) :=
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((he@y)11; (hey)11) = 652", which is precisely the scalar product of the
Hilbert space L?(Rp, dug), which has the representation:

<e§l1c7 e§l26> = Th_r};o T4 deeshicezlze — (Slff”lgn'_ (B.47)
-T

This nonseparable Hilbert space has the Hilbert basis {(c|u) := e3¢ and the
cylindrical functions are represented thereon as multiplication operators. The
fluxes through unit squares on the other hand are represented by —ih times the
Poisson action B.46:

(e,m(Cyl)p) = gTylL(l;l)ez” (B.A8)
(e.m(p)u) = —Hghlhethe,

where [p; denotes the Planck length. This shows that the states |u) are eigen-

states of the triad operator, meaning that they measure the physical size of

the cell. Homogeneity and isotropy lets us find a simple operator for the cell

volume:

3
sl \
Vi = () i) = Vil (5.49)
For the purpose of conatructing a dynamics analogous to Thiemanns dynamics
in the full theory, one needs inverse powers of the flux operators, which we do
1 1

using the Poisson bracket {¢,V3} = sgn(p)|p| 2. Replacing the if times the
Poisson bracket with the respective commutator yields:

sgn(p) ) = 6

VIpl e 8l

B.4.3 Dynamics

1 1
(Vi = Vi) ). (B.50)

The classical Hamilton constraint can be constructed for constant lapse, which
is precisely the constraint that is implemented in standard Loop Quantum
Cosmology. Using the observation that the full scalar constraint reduces to
\% ” EaiEbj

C=——=

VBrG2 T ab | fiei(E)’
scalar constraint and express the curvature part as the holonomy around a
closed square loop O(l,) of side length [, i.e. Fiyr; ~ —1& (hg(lo) - 1), where

12v,3

oVo

we proceed as in the Thiemann quantization of the

hoa,) = hei(lo)hej(lo)h;l(zo)he_jl(lo) with the edges e;(l,) starting at a fixed point
and extending for background length [, into direction 7. Using the construction
of equation B.50, we obtain the regularized classical expression for the scalar
constraint as:

4 -1 ;-1 -1
C(lo) = _87TGL3Z3 ZTT (hei(lo)hej(lo)hei(lo)hej(lo)hek(lo) {hek(lo)’ V}) .
° ik

(B.51)
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Replacing ¢hAtimes the Poisson bracket with the commutator and the classical
quantities with the respective elementary operators yields the constraint oper-
ator:

3

Crl) = =555 Vg, = Vier,) (I + 4lo) — 2|u) + |+ 4lo)) . (B.52)
8rGI3.312, a

This is the pure gravitational constraint, a matter cosmological model will have
additional degrees of freedom (let us assume that |[v) form a dense set in the
matter Hilbert space), so a state in a matter model will have the form |¢) =
> r @(poes Vi) i) @ vi). Denoting the matter part of the scalar constraint by
Cinatt. vields the full constraint:

(Vitst, = Vs, Jalp + 4lo,v) = 2(Viqu, — Vi, Ja(p, v)+

o o h B.53
Vst — Vs )l — Al ) = —S26200 6oy (B9

Physical states have to satisfy the full constraint, so a(u,v) has to satisfy this
equation. Notice, that the regulator can not be removed from standard Loop
Quantum Cosmology, due to the fixing of the diffeomorphisms at the classical
level.
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Appendix C

Loop Quantum Geometry

This appendix serves as an overview over Loop Quantum Geometry. Technical
reasons suggest the use of the stratified analytic category, which is described
in section C.1. Thereafter we review the standard theory of Loop Quantum
Geometry (sections C.2,C.3 and C.4). This appendix introduces the ”standard”
version of Loop Quantum Geometry andS serves as the background for the
construction of the altered version of Loop Quantum Geometry constructed in
chapter 8.

C.1 Stratified Analytic Diffeomorphisms

This thesis uses a subgroup of the stratified analytic homeomorphisms as an
extension of the diffeomorphism group of Loop Quantum Gravity. We are fol-
lowing Fleischhack [23], who himself was following Hardt [25]. The reason for
considering this class of mappings is the desire to conserve the nice properties
of analytic curves, surfaces and maps while still being able to work locally, i.e.
not having a global structure dictated by local properties of a curve, surface or

mapping.

Definition 56 Let X be a differential manifold with differentiability class p=
(n, 0o or w) and let U be a subset of X.

Then M is called a stratification, iff it is a locally finite, disjoint decomposition
of X into connected embedded CP manifolds X; C X, such that

X;NoX,; #0—X; CoX,; and dim(X;) < dim(X;).

The elements X; of the decomposition are called strata.
M is called a stratification of U, iff U is the union of some elements of M.

Having a notion of stratification, we can define stratified analytic curves as
finite 1-dimensional submanifolds ¢ C X that are can be composed from a finite
number of elements of an analytic stratification M of X. A stratified analytic

164



surface is a 2-dimensional submanifold S C X that can be composed from a
finite number of elements of an analytic stratification M of X.

Moreover, we use the the notion of a stratification to define stratified maps
and particularly stratified CP-diffeomorphisms:

Definition 57 Let f be a continuous map from a CP-manifold X to a CP-
manifold Y (p=n, oo or w). Then f is called

e g stratified map, iff there is a pair of stratifications M, N of X, Y respec-
tively and for each stratum X; there exists an open neighborhood U; and
a CP-map f; : X; C U; — X satisfying X; C U;, filx, = flx., [i(Xs) €N
and rank(f|x,) = dim(f(X;)).

e ¢ stratified diffeomorphism iff f|x, is injective and the restriction of
each f; to the respective U; is a CP-diffeomorphism.

C.2 Area Operators

We will follow [39] to construct an area operator for each closed 2-dimensional
submanifold surface that is embedded by 7 : S — X. Let us re-express the
classical area functional A(S) = [ d*x+/|7*h| in terms of the fundamental flux
operators P{(E) = E/(S) where f = 7% = const.:

— : . pi J
AS)=8mG lm - VP, (E) P, (B), (C.1)
SkGP(S)

where P(S) denotes a projective family of partitions of S and the projective
limit is taken w.r.t. the partial ordering of partitions given by P; > P iff each
element of P, is a composition of elements of elements of P;. Where we have
to use a family of partitions that satisfies a density condition, i.e. for each open
subset U C S and each N € N there is P¥, in this family, such that the number
of cells inside U is greater or equal to N.

The strategy is to define this operator on the set of spin network functions

as an essentially self-adjoint operator and to use its unique Hermitian extension
as the respective area operator. Let us adapt the family of partitions P(S) to
the graph v of a spin network function SNF, as follows:
There exists a partition P, such that each transversal puncture of v through §
is in a separate cell. Then for each n+1 € N let there be a partition P ; such
that each cell of P} is the composition of 3 x 3 cells of P | with the constraint
that if the cell P; contains a transversal puncture of vy, then this puncture lies in
the central cell of the 3 x 3 decomposition of this cell. Since the area functional
does not depend on the particular family if partitions, we can define one for
each graph ~:

n—oo

A(S) = 8mG lim S \/ny Py (B)FL, (E). (C.2)
e (S)
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Replacing the classical flux variables with the quantum flux operators yields an
area operator for each spin network function SNF,. Notice that each cell Sy
contains at most one transversal intersection point with the graph . Let us con-
sider the equivalent graph ~" that contains a vertex at each intersection point,
so the operator nZJPS Pg acts on SN F, precisely the same way as the vertex
Laplace operator A, g = —nd (JU5U — jo5 dow")(J;’ Sup J;’ Sdowny ' here
v denotes the vertex at the transversal intersection point; the J-operators act
only as left-invariant vector fields on the components of the spin network func-
tion, and 7;; Ps Pg acts trivially on SN F,,, if Sy does not contain a transversal

intersection point of 4/. This means that each element > SLePL(S) 1/77”P P
acts on SNF,/ in precisely the same way, meaning that the limit is attalned

already for n = 0. The operator is cylindrically consistent, as can be verified by
using different representatives of the same cylindrical function.

We are thus able to define the action of the area operator on a spin network
function SN F, as:

A(S)SNE, = 4mi?, > V-2, 5,SNE,. (C.3)

veSnvytransv.

Using the spectral root, we can apply this operator to twice differentiable cylin-
drical functions immediately. Density of the essential domain and essential
self-adjointness defines the unique Hermitian extension of the area operator as
an unbounded Hermitian operator on L?(X,u4z). This operator extends to
quasi-surfaces as well: Given an open 2-dimensional surface S and divide it
into two open 2-dimensional surfaces Sp, S and one open 1-dimensional quasi-
surface Sz then A(S3) := A(S)— A(S1) — A(S2) is a nonzero operator. The same
procedure applied to 1-dimensional quasi-surfaces defines the area operator for
zero-dimensional quasi-surfaces.

Working with spin network functions, we can calculate the eigenvalues of
the area operator: Writing A, g, = (JSvup 4 Jovidowny2 _ o s v.up)2
2(J9vdown)2 e obtain that the eigenvalues of the area operator are given
by:

\ = 477Ll2p[ Z \/qup(jup + 1) + deoum(jdown + 1) _ jup-l—down(jup+down + 1)7

so the smallest nonzero value is 271'1%1 V3.

C.3 Volume Operators

The quantization strategy for the volume operator of an open region R is pre-
cisely the same as for the area operator of a surface: We use the classical
expression for the volume functional of a region, reexpress it as a limit of cell
volumes of a family of partitions of the region, which we then reexpress using
the classical flux variables. Then we replace the classical flux variables with
the corresponding flux operators and take he limit on spin network functions.
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There is however one additional caveat: We have to ensure that the partitioning
is defined background independently. Since it is much simpler to define the par-
tition using a chart, we will have to average over a background-independent set
of families of partitions to obtain a background independent result. The final
operator is then the Hermitian extension of the essentially self-adjoint operator
defined on spin network functions.

We follow [40] and consider the classical volume functional V' (R) of an open

region R:
V(R = [ deta= (V8@ [ dava P
R R

We assume without loss of generality that R is contained in one chart, if this is
not the case the we use a partition of unity to write R = U; R;, where each R; is
contained in a single chart. We will again adapt the partition P(R) to the graph
v by starting with a cubical partition® PJ(R), such that each cell contains at
most one vertex of v which is supposed to be located at the coordinate center of
mass of the cell, and each cell that does not contain a vertex contains at most
one edge of 7. For each n +1 € N we define P,/ 41 as a partition that contains
a 3 X 3 x 3-decomposition of each cell of P, such that a cell that contains a
vertex contains it at its coordinate center of mass?. For each cubical cell define
three surfaces Sy, 52, S3 as the surfaces that go through the coordinate center
of mass of the cell which are subsets of the x = const.-surfaces for the ith chart
coordinate.
Using the average cell volume density for the cell ¢ € P,(R):
(8mG)3

Go =g ¢ *nabe PS, (E) Pl (E)PE (E)

and the expression for the approximate volume of R in terms of these:

Vn(R): Z \/@

ceP,(R)

we are able to identify the classical volume functional with the limit:

V(R) = lim V,(R), (C.4)
which we are able to quantize immediately by replacing the classical flux vari-
3 .. AL AgoA
ables with the respective flux operators g, = %e” knabCPga Pfgb Péfc. Hence
the definition of the volume operator associated to a family F of partitions
P,(R) is
Ve(R) tm Y V@ (C.5)
n—oo
ceP,(R)

IEach cell in the partition is assumed to be a coordinate rectangle and two cells share at
most one face. We assume that the boundaries of the rectangles are subsets of 2! = 0 for the
ith chart coordinate.

2We assume that the refinement of the cells is achieved by cutting the cell into subcells at
coordinate thirds in each direction.
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It turns out that this volume operator depends on the chart used to define the
family F of partitions. Let us remove this dependence by averaging over a
diffeomorphism invariant set of families of partitions. The final result is:

N (SWLZPZ)S

Qey = ) Gijk/f(el,62,63)jf’eljf’ezjg’ega (C.6)

all triples of edges

where x = +1 if the ordered triple of tangent vectors at the vertex is right
handed —1 if left handed and 0 if degenerate.

A different quantization strategy yields a volume operator [41, 42] based on
the cell volume density

. Ju.e1 Ju,e2 ju,es
ity =" > cigid eI,

all triples of edges

C.4 Length Operators

A length operator [43] was constructed by Thiemann using the observation
that %{AZ, V= %L‘elefl. Using the volume operator Thiemann quantized the

length functional L(c) = [ dz+/¢*(2)é?(z)qap(c(x)) in terms of commutators of
holonomies with the total volume operator. We present a slight modification of
[43] in this section, that will prove useful in chapter 8.

Thiemanns ansatz for the classical length functional L(c) of a piecewise
analytic curve ¢ requires a family F of partitions P of the curve ¢ with the
density property: for open subset ¢; of ¢ and each n € N there is a partition P!
in F such that the open set contains at least n pieces of the partition P!. Using
such a family one can rewrite the classical length functional as:

1
Ly = lim = > \/2Tr({hci, VIR, VY, (C.7)
n—oo K
¢, €Pp
where h., denotes the holomony along the curve ¢; € P. Thiemann quantizes
this length functional by replacing the holomomies with holonomy operators, the
volume functionals with the volume operator and iA times the Poisson bracket

with the commutator of the respective quantities, yielding the length operator:

Lr = tim 2 3 =20 (e, VIR, V). (C.8)
ci€Py

To be able to take the limit in the quantum theory, we have to adapt the family
of partitions again to the graph v of the spin network function SNF, that
f/(c) acts upon. Using piecewise analyticity of both ¢ and v, we know that for
each graph « there is an appropriate partition P?, such that there are only five
topological relations that a segment ¢; may have with v and that each ¢; is
analytic:
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1. yNe; =0
2. vN¢; is an interior point of an edge of ~y
v N¢; is contained in the interior of an edge of

v N¢; is one vertex of

ook W

v N¢; = ¢; and contains both one vertex and the interior of an edge of ~

Using the observation that the volume operator acts nontrivially only at vertices
and that a vertex of v U ¢; is either a vertex of v or a boundary point p € d¢;,
we can rewrite the commutator

[il;la ‘A/]Cyl’y = Z [il;l, Vv] - Z Vvh;1 Oyl’yv
ve(V(y)Ude;) ve(V(vNe)\V (7))

where V() denotes the set of vertices of v and V, denotes the volume operator
acting only at vertex v and the germ of the edges adjacent to this vertex.

Case 1: The first term vanishes because there is no vertex of v that coincides
with a boundary point of ¢;, the second term vanishes because v N ¢; = 0.
Case 2: The first term vanishes because there is no vertex of - that coincides
with a boundary point of ¢;, the second term contains a trivalent vertex, so the
second term vanishes by gauge invariance.

Case 3: The first term vanishes because there is no vertex of v that coincides
with a boundary point of ¢;, the second term vanishes because the vertices in
V(yNe¢;) = Oc; are bi-valent.

Case 4: Generally, the first term does not vanish because there is one vertex of
~ that coincides with a boundary point of ¢;, the second term vanishes because
Vi(yne)\V(y) =0.

Case 5: Generally, the first term does not vanish because there is one vertex of
~ that coincides with a boundary point of ¢;, generally the second term does
not vanish because V(yNe¢;) \ V() # 0.

Thus, we can use a partition P) = P” and use a refinement procedure P, —
P 41 that splits pieces of case 1 into pieces of case 1, pieces of case 2 into pieces
of case 2, pieces of case 3 into pieces of case 1 and one endpiece of case 3, pieces
of case 4 into pieces of case 1 and one endpiece of case 4 and pieces of case 5
into pieces of case 2 and one endpiece of case 5. This defines the adapted family
of partitions FY = {PY}5°,. Observing for cases 3,4 and 5 that [ﬁ;l, V]Cyl,
depends only on the germ of ¢; at the endpoint and that cases 1 and 2 do not
contribute, we conclude that the limit n — oo of Lz+(c) is already attained
with the first partition P). Using this observation and the observation that the
volume operator acts only nontrivially on V() U (U;0¢;), we are able to write
the action of the length operator on an spin network function as the operator:

=2 S (e VIRV (€9)

veV (gamma) ¢; € Po:v€dc;
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Cylindrical consistency of the definition of this operator is easily checked by
verifying that the action of the length operator on different representatives for
the same cylindrical function is independent of the representative.

Observing that the length-segment-squared operator I2, := —81p;[hc,, Vo ][k, Vo] =
8lpi > ap KLBKAB, because [(he,)ap, Vo]t = —[(h;')] 5. Vo] by the unitarity
of the SU(2)-holonomy matrix (hs)apfor any curve s. This implies that I2 is
positive semi-definite on the domain SNF,,. To show that lgi is self-adjoint on
gauge-invariant spin network functions, we observe that the only graph-changing
cases are 1, 2, 4 and 5. However [ﬁ;l, {A/]C’yl.y always vanishes for case 1 and van-
ishes by gauge invariance for case 2, so gauge-invariance ensures for the length
operator to be non-graph changing for gauge-invariant states in these cases. The
resolution of cases 4 and 5 needs the gauge invariance of the length operator,
which maps gauge-invariant states to gauge invariant states; which makes the
argument for the non-graph changing action of IZ, more complicated?.

Since cylindrical functions with nontrivial dependence on two different graphs
are always orthogonal, we conclude that l?;i is a positive semi-definite symmetric
operator on the gauge-invariant spin network functions, implying after using the
spectral root for the definition of the length operator, that the length opera-
tor is a positive semi-definite real symmetric operator on the gauge-invariant
spin network states. Density of the gauge-invariant spin network states in the
gauge-invariant Hilbert space yields the existence of a Hermitian length operator
thereon.

3Let us quote Thiemanns proof that if a gauge-invariant cylindrical function Cyl, depends
nontrivially on every edge in a graph  then lgi Cyly depends at most on v: lfi Cyly is gauge
invariant, since lng is gauge invariant and depends at most on v U ¢;. Decomposing lgi Cyly
into gauge-invariant spin network functions yields:
Case 4: There is no gauge-invariant spin network function that depends nontrivially on the
extra edge c¢;.
Case 5: ¢; coincides with the initial segment of an edge, say e € v. v U ¢; does not contain e,
but ¢; and e\ ¢; and the additional bivalent vertex v between these two edges. The only gauge-
invariant two-valent intertwiner is the trivial one, so the only gauge-invariant spin network
functions that depend nontrivially on ¢;, e \ ¢; depend on e only
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