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ABSTRACT

In this thesis, a number of tools are developed to better understand fuzzy spaces
and finite noncommutative geometries in general. These tools depend only on the
spectrum of the Dirac operator. Dimensional measures based on Weyl’s law and heat
kernel asymptotics are defined. A new dimensional measured called the spectral
variance is defined as a modification of the spectral dimension to remove some of
its undesirable properties. Volume measures based upon the Dixmier trace and
the work of Stern are adapted to the finite setting and tested on the fuzzy spaces.
The distance between two geometries is investigated by comparing the spectral zeta
functions using the method of Cornelissen and Kontogeorgis. All of these tools
are then used to investigate the fuzzy sphere, the fuzzy tori and the random fuzzy
spaces introduced by Barrett and Glaser. The role of symmetry in the creation of
tuzzy spaces is investigated using the characterisation of the Dirac operator given
by Barrett. It is shown that all SU(2)-equivariant Dirac operators for type (0,3)
and (1,3) fuzzy spaces produce the round metric on the sphere, despite the Dirac
operators not agreeing with Grosse-PreSnadjer or Barrett operators. A pathway for

turther research is presented along these lines.
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INTRODUCTION

Modern physics has many fundamental questions that require answering. Such
as explaining the existence of dark matter and dark energy, explaining the matter-
antimatter imbalance, why does spacetime have 3 spatial and 1 temporal directions?
However arguably the most sought after answer is to the question of how to describe
gravity quantum mechanically. The apparent incompatibility of gravity with that of
quantum field theory is famously difficult to resolve. Birthing ideas such as string
theory and loop quantum gravity as potential models, amongst others.

Gravity is best understood by Einstein’s theory of general relativity [1]. In which
the “force” of gravity is understood in a purely geometric manner - as the curvature
of spacetime. This theory has been subjected to the most penetrating of tests over
the last century or so and come out victorious every time. Recently the direct mea-
surement of gravitational waves is just another feather in general relativity’s cap [2].
The modern, mathematically rigorous, view of quantum field theory is described in
a quite contrasting manner. By a process of assigning noncommutative algebras - an
algebra of observables - to regions of spacetime [3} 4]. The best quantum field theory
of nature, known as the standard model of particle physics, is also very successful.
It describes the known fundamental building blocks of matter and their interactions
near perfectly. However, one of its limitations is that it only accounts for three of the
four known fundamental forces. It includes the strong and weak nuclear forces, and

electromagnetism but does not included gravity.
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INTRODUCTION

Despite general relativity (GR) being a classical field theory akin to classical elec-
tromagnetism. Attempts to treat gravity as a quantum field theory fail to be useful.
When converting electromagnetism to a quantum field theory the process of renor-
malisation is required. This process can be loosely understood as measuring a finite
number of quantities to renormalise the theory with. For electromagnetism these are
the electron mass and charge as measured at a given energy scale. If one does not
undergo this process, the quantum theory of electromagnetism predicts infinite val-
ues for quantities known to be finite. However once sufficient renormalisation has
occurred the theory is highly accurate. Applying the same process to gravity would
require an infinite number of measurements to be made in order to renormalise the
theory. This is impossible to do in practice and in such situations a theory is called
non-renormalisable. Consequently, in situations where the energy scales are close
to the Planck scale (Ep ~ 10'9GeV) the theory fails to be predictive and requires
us to consider new approaches. Note that for energies much lower than the Planck
scale, the quantum theory of general relativity can still be predictive and can provide
potential quantum corrections to the classical field theory results [5].

If a high-energy quantum theory (E > Ep) of gravity is found, that reduces to
general relativity for low energies, it is called a UV completion. The UV completion
does have to be a quantum field theory and it may not be unique'} The search
for such a theory has produced many different potential quantum gravity models.
The most famous of these is string theory, which is an extension of quantum field
theory where the o-dimensional point-like particles, are replaced by 1-dimensional
string-like objects. The different matter and force-carrying particles are formed by
the different vibrational modes of the fundamental string. Gravity is included in this
description as one of the vibrational modes is always the graviton - the hypothetical
particle that conveys the force of gravity. The cost of this approach is the inclusion

of six extra dimensions to the usual 4-dimensional spacetime [6].

The Schrodinger equation has both the Dirac equation and the Klein-Gordon equation as possible
UV completions.
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There are still many questions to be answered within string theory. The theory is
defined on a fixed background - called its vacuum state. This means that the theory
is not background independent, which is a core assumption of general relativity.
Also, the number of different consistent vacuum states of the theory is very large
due to the numerous ways to compactify the extra six dimensions. With the number
originally being estimated at 10°% [7] and with modern estimates of 1027909 [8]. As
such, to make predictions with string theory requires arbitrarily picking a vacuum
and hoping it is the correct setup. This problem is called the landscape problem
of string theory, see [g] for a recent review. This amongst other issues such as the
necessary existence of supersymmetric particles, for which no evidence exists, has
lead to increased interest in other approaches.

Many of the other attempts to find a UV complete theory of quantum gravity, are
based around making spacetime have a discrete nature at the smallest scales. The
reason for this is to define a path integral over geometries that is free of divergences.

The path integral for GR is
7 — / DgeiSEH[g], (1)

where Sy = [ %(R —2A),/—gd*x is the Einstein-Hilbert action and Dg is an
integration measure on the space of all Lorentzian metrics. This integration mea-
sure is poorly defined and attempts to quantise this path integral lead to the non-
renormalisable quantum field theory mentioned above. Making spacetime discrete
yields two main benefits to this effect. The first is that the integral over all geome-
tries is often turned into a combinatorial problem, making the integral well defined.
The second is that in the quantum field theory of GR, the divergences occur from the
high energy aspects of the theory. A consequence of many discretisation procedures
is that there becomes a maximum allowed energy state. Such a maximum allowed
energy is called a UV cutoff and is usually taken to coincide with the Planck energy
Ep.

Covariant loop quantum gravity (LQG) [10], causal dynamical triangulations (CDT)

[11, 12, 13] and causal set theory [17, [15] are all models that discretise spacetime,
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where different aspects of spacetime are treated as fundamental. In LQG the back-
ground independence of general relativity is made sacred, whereas in CDT and
causal sets the causal nature of events is the founding pillar.

LQG and CDT find their origin in Regge calculus [16]. Originally developed as
a tool for numerical relativity, Regge calculus builds a discrete version of spacetime
out of simplices. The curvature of the spacetime is calculated by the deficit angle
when gluing simplices together. A key component of Regge calculus is a discrete
version of the Einstein-Hilbert action. This allows one to define a path integral
over these discrete geometries. The edge lengths of the simplices are allowed to
vary in the full Regge action, leading to a complex action. Analytic calculations
are extremely difficult with this action however, numerical simulations of Euclidean
spaces have been conducted, for instance see [17, [18]. Note that because the edge
lengths are allowed to be any size, this does not incorporate any quantum features
into the theory. This is the starting point for the development of LQG and CDT.

CDT makes a simplification to the action by making all the edge lengths the same,
which greatly reduces the complexity. This automatically provides us with a so-
called atom of geometry and builds into the theory a fundamental smallest length
scale, called a Planck length. Lorentzian versions were developed in [12]. Upon
numerical exploration, three distinct phases of the theory were found, depending
on the values of different parameters in the action. One of these phases produces
geometries that undergo a dimensional reduction. They have a dimension of 4 at
low energies, and a dimension of 2 at high energies. This is notably different to the
scenario in string theory, where the extra dimensions are accessible at high-energies
and hidden at low-energies.

LQG describes gravity using spin-foams. Spin foams can be conceptually viewed
as the evolution of spin-networks, a discrete model of 3D Euclidean space. A spin-
network of 3-dimensional space is built from simplices, which are tetrahedra in this
dimension, like in Regge calculus. Each of the 6 edges of the tetrahedra are labelled
with a spin representation of SU(2), denoted j; where i labels each edge. These

representations can be viewed as labelling the lengths of each edge. The use of
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SU(2) representations implements a Planck length in this theory, due to the fact that
ji have to take half-integer values {1/2,3/2,5/2,...}. Also as the representations
are assigned to each edge, they are subject to conditions to make the tetrahedra close.
These closure conditions are distilled in the form of assigning a Wigner-6; symbol
to each tetrahedra. The area and volume of the tetrahedra are also quantised by this
procedure, see [10] for details. Applying this procedure to the entire triangulation
of a space produces as spin-network. Spin-foams can be defined independently of
spin-networks by implementing a similar procedure for a 4-simplex [19].

The action for the 3D Euclidean model is produced by integrating over all possi-
ble spin configurations of all the tetrahedra. It can be shown to produces the 3D
Einstein-Hilbert action in the semiclassical limit of j — oo [20, 21]. The situation
is much harder for the Lorentzian 4D case, and such a semiclasssial limit has not
been formally shown for spin foams. Despite this, the classical values for black-hole
entropy, Unruh temperature and Hawking radiation can be derived from the LQG
approach [22} 23, 24].

Causal set theory abstracts even further, building spacetime from partially ordered
sets. A random set of points is generated and a causal relationship between them
is defined using a certain type of partial order. A causal structure is only available
in Lorentzian signature so if causal sets are manifold discretisations, they are of
Lorentzian manifolds. The set of points can be sampled from a Lorentzian manifold
along with their causal relations to each other, or they can be randomly generated
and one could attempt to map these into a Lorentzian manifold, whilst preserving
the causal relations. There is a causal set analogue of the Einstein-Hilbert action
called the Benincasa-Dowker action [25], for which numerical simulations have been
investigated for low dimensions [26, 27, 28]. Evidence of manifold-like phases of the
theory were discovered. Also, a prediction for the cosmological constant is possible
that fluctuates around zero. See [15] for a review of recent causal sets.

Each of these approaches have a fundamental quanta of geometry, an atom of
spacetime. The quantum effects are due to the presence of such atoms. The dy-

namics of gravity is then how these atoms of spacetime interact. The dynamics is
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governed by a path integral over all allowed geometries. Where each geometry is
weighted by a factor of exp(iS), for some action S that recovers the Einstein-Hilbert
action of GR in some classical limit. The inclusion of the rest of physics in LQG,
CDT and causal sets is not obvious and a major area of research. As ideally, the
frameworks would also neatly explain the other aspects of nature, by either includ-
ing the standard model of particle physics or by another unknown process. If they
do not, then serious questions about the usefulness of such models are drawn into
question. How can gravity and matter interact if they are not expressed in the same
framework?

The approach of investigation in this thesis is via noncommutative geometry. Un-
derstanding quantum gravity from noncommutative geometry begins from a differ-
ent viewpoint than other theories. It begins by noticing that the transition from
classical mechanics to quantum mechanics is hinged on the idea of noncommutativ-
ity. Classical mechanics is understood in terms of differential geometry. The position
and momentum of particles are functions of the phasespace, as such they are com-
muting variables. You can know both quantities simultaneously at any instant of
the theory. The key revelation of early quantum mechanics was the introduction of
noncommuting position, x, and momentum, p, by Heisenberg, to explain the quan-
tisation of atomic spectra [29, 30, 31]. The position and momentum became infinite
matrices, formally called operators, that satisfy the relation: [x,p] = xp — px = ih.
A consequence of this noncommutativity is the Heisenberg uncertainty principle,
which states that the more accurately to you know the position, the less accurately
you know the momentum. The modern view of quantum mechanics is built from
these ideas, where the observable quantities of the universe, are expressed as Hermi-
tian operators. These operators need not commute, and if they do not commute then
there exists an uncertainty relation between them. Thus the observables in a quan-
tum theory form a non-commuting algebra. The starting point of noncommutative
geometry was to develop a common framework, on which the noncommutative al-
gebras of quantum mechanics, and the differential geometry of classical mechanics,

can be simultaneously expressed.
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The mathematical study of differential geometry and noncommutative algebras
has traditionally been distinct. However, there are various powerful correspon-
dences between geometric and algebraic objects that link them. The most famous is
that provided by Gelfand and Naimark (1943) [32] which allows us to pass between

a locally compact topological space to a commutative C* algebra.

compact Hausdorff topological space +— commutative unital C* algebras

The commutative C* algebra in the duality is non other than the space of continuous
functions over that topological space M, f : M — C, equipped with pointwise
multiplication and addition. Likewise any unital commutative C* algebra can be
viewed as the space of continuous functions over a compact Hausdorff space, C(M).
This provided a way to generalise the notion of a topological space in a manner
that was not possible before, by studying noncommutative C* algebras. The premise
is that noncommutative C* algebras can be treated as the algebra of functions on
a noncommutative topological space. Many of the usual topological properties can be
formulated in a purely algebraic manner. Such as compactness, which is provided
by making the algebras unital, and connectedness which is given by making the C*
algebra projection-less.

The existence of this duality raises the question - what other geometric quanti-
ties can be translated into a purely algebraic way? It turns out that there are many
dualities between geometric constructions and algebraic constructions. Such as the
Serre-Swan theorem [33} 34]. Which states that vector bundles over a compact topo-
logical space M are equivalent to finitely generated projective modules over the
commutative C* algebras C(M). By studying finitely generated projective modules
over noncommutative C* algebras, you are in effect studying vector bundles over
noncommutative spaces. The general area of study of generalising geometric con-
structions to noncommutative algebra is broadly known as noncommutative geometry

(NCG).
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Noncommutative geometry is a fascinating field of study for both mathematicians
and theoretical physicists alike. For mathematicians it offers unexplored mathemat-
ics and a new viewpoint to tackle problems from. The realisation that all of topology
and differential geometry may in-fact be a very specific case of a much wider realm,
is the sort of realisation that produces leaps and bounds in understanding.

For physicists, the world of noncommutative geometry also offers a new view on
some of the most well tested theories of reality. Given that quantum field theory
is described in terms of noncommutative algebra, a natural question is whether one
can pass from the pseudo-Riemannian geometry description of general relativity to a
purely algebraic description using the tools of noncommutative geometry? In doing
so, is a single framework developed that describes both quantum field theory and
general relativity in a compatible way? This is the focus of a lot of current research
and there is a construction to pass between compact Riemannian spin manifolds to a
purely algebraic description which was recently formally shown to be a duality [35].

The fundamental ingredients of this duality is a spectral triple, (A, H, D), the de-
tails of which are outlined in section For a compact Riemannian spin manifold
these consist of the algebra of smooth functions on the manifold M, A = C®(M),
the Hilbert space of square integrable spinor sections, H = L?(S), which carries an
action of the algebra, and the Dirac operator D = ).

The Dirac operator ) = —i'y”eg Vf, encodes the metric via the veilbeins eff , which
satisfy the relation 5%¢) e, = g"". There are a number of different actions that are de-
tined in terms of veilbeins that produce to Einstein field equations as their equations
of motion. Such as the Palatini action [36], the Plebanski action [37] and the Holst
action [38]. Therefore it is plausible that in principal a path integral exists in terms
of the Dirac operators that has the same content as the GR path-integral eq. (1). The

spectral action [39] does precisely this. Defined as

$(D) = Tr(f(D/Q)), (2)



INTRODUCTION

where f is a smooth approximation of a cutoff function that regularises the trace,
and () is an energy scaling factor that can be used in the renormalisation group

equations [40]. This action has the following asymptotic formula:

Einstein-Hilbert Cosmological Constant
O . 5 96 L .48 h
Tr(f[D/Q]) "~ fO 24712/R\/§d X+ 40 F/\/gd x
fo 11 .
102 /(? RR - Wi Wed'x,  (3)

Gauss-Bonnet ¢ ¢ormal gravity

where f; = fooo f(v)v'~1dv are the moments of the cutoff function. These moments
can be tuned along with Q) to select the Einstein-Hilbert action (or some modifica-
tions as shown in eq. (3)). For further details on how to use the spectral action and
noncommutative geometry in cosmology see [40].

One of the most surprising success of this approach of noncommutative geome-
try, is the description of the standard model of particle physics as a spectral triple,
that is minimally coupled to gravity and complete with neutrino-mixing [41, 42].
This model can be shown to produce a reasonable Higgs mass (with the original
model famously over shooting with a value of ~ 170GeV) providing that all the
tields in the model are deemed necessary - specifically by treating a coupling con-
stant as a scalar field [43] 44]. These models are examples of almost-commutative real
spectral triples. Where the commutative real spectral triple for an ordinary spin
manifold, (C*(M),L?(S),P), equipped with a real structur is combined with a
finite-dimensional real noncommutative spectral triple which are defined later in
section [2.2.6] For the standard model the algebra is taken to be A = C & H & M3(C)
and the Hilbert space is taken to be H = C%°. For the Hilbert space a copy of C
is taken for each left and right handed fermion and anti-fermion, accounting for
the three generations. The Dirac operator is then given by the Yukawa coupling

constants and the Majorana masses

The concept of real structure is introduced in section It can be viewed as a geometrical form of
charge conjugation.

There is also a real structure (defined later in section that interchanges the respective particles
and anti-particles and there is a Z,-grading that distinguished the left and right handed particles.
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The motivation behind this thesis is then asking the question, what happens if the
commutative spectral triple of spacetime is replaced with one that is noncommuta-
tive? Would this amount to using noncommutative geometry to describe a theory
of quantum gravity? The program is to investigate the use of spectral triples to de-
scribe spacetimes that have a suitable notion of a Planck length, that is compatible
with the continuous symmetries of ordinary physics. This minimal length scale is
viewed as there existing a maximum energy scale available and not a restriction on
the measurements capable on the space. By limiting the highest energy, the diver-
gences in the non-renormalisable quantum field theory of general relativity would
be regularised.

One way to impose this physical wish list in NCG is by using a finite noncommu-
tative real spectral triple to model spacetime. These are noncommutative generalisa-
tions of the spectral triples in the duality outlined by Connes [35]. As they have a
noncommutative algebra of functions, the notion of a infinitesimal point is impossi-
ble on these spaces. You can think of this as not being able to simultaneously diago-
nalise the coordinate operators as they are now noncommutative. These spaces also
have a bounded Dirac operator, which encodes the energy cut-off condition. This
thesis will be concerned with fuzzy spaces which are finite real spectral triples where
the algebra of function is taken to be a finite dimensional matrix algebra. The motiva-
tions for this is that matrix algebras are the simplest noncommutative algebras, and
there exist fuzzy spaces that approximate the 2-sphere and the 2-torus. The construc-
tion of these are introduced in section [2.3| The fuzzy sphere has long been studied
and the descriptions as a finite noncommutative real spectral triple were outlined
in [45) 46]. These are finite noncommutative real spectral triple that still possess the
Lie group symmetry of rotations by SO(3). The Dirac operator for the fuzzy sphere
has a spectrum which is just a truncation of the continuum spectrum. Thus in terms
of spectral geometry, this makes the fuzzy sphere a near-perfect approximation of
2-sphere.

The spectral triple for the fuzzy torus was introduced in [47] and further studied

in [48]. Many of the geometrical construction on the ordinary torus are shown to

10
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have noncommutative analogues on the fuzzy torus. The fuzzy torus also possesses
an analogous group symmetry to that of the ordinary 2-torus. The spectrum of
the Dirac operator for the fuzzy torus was also shown to converge to the ordinary
spectrum as the matrix size is sent to infinity. Thus fuzzy spaces can be viewed as
approximations to ordinary manifolds, where the algebra of functions is deformed
to be noncommutative.

It should be noted that the term “fuzzy space” does not always have the same
meaning in the literature. The only common feature amongst the different defini-
tions is the use of matrix algebras as noncommutative geometries. The presence of
extra structures, such as Laplacians, Dirac operators or real structures are often not
considered. For instance, the fuzzy sphere as introduced by Madore [49] is a non-
commutative geometry in the general sense. As the algebra of functions are built
from matrix representations of so(3) and so is noncommutative. However, it does
not fit into the spectral triple characterisation of Riemannian manifolds presented by
Connes [50]. It lacked the notion of a noncommutative Dirac operator, which was
provided later by Grosse and Presnadjer [51].

There are also slightly different definitions of the term “spectral triple” within
the literature. A spectral triple here will be taken to mean a real spectral triple
that satisfies the axioms laid out in [50]. It should be noted that there exist many
finite noncommutative analogues of geometries outside of these strict axioms, see
for example [52, 53| 54, 55, 56, 57, |58, 59, 60l

The possible Dirac operators on a fuzzy space were given an explicit expression
in terms of Hermitian and anti-Hermitian matrices in [46]. This parametrisation
allowed for the entries of the Dirac operator to be randomised, whilst keeping the al-
gebra and Hilbert space fixed. The space of fuzzy Dirac operators forms a R-vector
space and so integration over all possible fuzzy Dirac operators is well defined.
A Monte-Carlo simulation of the path integral over fuzzy spaces was conducted
in [61], where the simplest actions were investigated with surprising results. The
tindings showed that the Dirac operators from certain models exhibit a phase transi-

tion upon varying the action parameter. It was found that near this phase transition,

11
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the eigenvalues of the Dirac operators were similarly distributed to those of an ordi-
nary manifold. However the analysis in [61] was qualitative and more concrete tools
of comparison were needed. This is what chapter [3| of this thesis is concerned with.

As the only variable in the random fuzzy spaces is the Dirac operator, the tools
developed are spectral in nature. That is they depend solely on the eigenvalues of
the operator. Thus many of the tools are adapted from those used in the spectral
geometry of manifolds. A number of different spectral measurements are introduced
with the aim to define a notion of dimension and volume for a fuzzy space.

Using the fuzzy sphere as a key example of an ideal fuzzy space, the notion of
symmetries in fuzzy geometry is investigated. Given that the fuzzy sphere and fuzzy
torus both possess Lie group symmetries which preserve their structure. The precise
nature of how these symmetries manifest in the Dirac operator is investigated. First

for the commutative case and then for the fuzzy case. This is the subject of chapter

This thesis is therefore split into three main chapters (not including this introduc-
tion).

Chapter |2| introduces the spectral triple formalism that the rest of the thesis relies
on. In the first section, a constructive approach to the spin geometry of Riemannian
manifolds is given. Specifically the Hilbert space of spinors and the Dirac operator
for a Riemannian spin manifold are described in a constructive way. This is done
by introducing the notion of a Clifford algebra bundle over a Riemannian manifold
(M, g). The notion of a spin-c structure is briefly described in terms of the exis-
tence of a bundle isomorphism. The spin structure is defined as the existence of
an anti-linear operator which plays the role of the real structure in a spectral triple.
Whether these structures exist for all manifolds is not addressed, as it is a well stud-
ied problem, see [62] for instance. The Dirac operator is described in terms of local
coordinates and how to reconstruct the metric from the Dirac operator is briefly
outlined.

The next section gives the axioms for a spectral triple. An explanation of how

some of the axioms are realised in the commutative setting is provided. The axioms

12



INTRODUCTION

for a finite real spectral triple are given in full, along with any necessary algebraic
definitions. A detailed account of Clifford algebras and Clifford modules is given.
With the procedure on how to construct the high dimensional Clifford modules from
lower dimensional ones explicitly demonstrated. The characterisation of the Dirac
operator of a finite spectral triple is given and the section is concluded with the
definition of a fuzzy space.

The final section of the chapter introduces the fuzzy spaces examined in this thesis.
The philosophy of why making the algebra of functions noncommutative preserves
the symmetry of the fuzzy sphere is given. The metric on the commutative 2-sphere
is given as the induced metric from the embedding into R3. It is shown to be
equivalent to the canonical intrinsic form. The Dirac operator for the 2-sphere is then
also given in terms of the embedding of the sphere in R3. As the correspondence
with the fuzzy sphere Dirac operator is clearly seen in this form. The spectral triple
for the fuzzy sphere is then described. Introducing both the Grosse-Pre$najder Dirac
operator [51] and the Dirac operator given by Barrett in [46]. A discussion of the
other constructions of the fuzzy sphere is given.

The flat 2-torus is next introduced. A discussion of the modular transformations
that send the torus to a parallelogram and how they affect the metric. How they
also affect the Dirac operator is discussed with emphasis on the changes to the
spectrum. The Dirac operator for the fuzzy torus is then presented, highlighting
some of the subtleties that arise in the noncommutative geometry setting. Such as
the spin structure of a fuzzy torus being fixed based upon its shape.

The procedure of how the random geometries are created via a random matrix
model is then described. The choice of action that is investigated is given and the
unsuitability of the spectral action for random matrix models is discussed. The
location of the phase transitions for the types of fuzzy spaces studied in [63] are also
provided.

Chapter [3|is mostly based on the joint work by the author, John W. Barrett and Lisa
Glaser, which resulted in the following publication [64]. It introduces the spectral

measures investigated in this thesis and showcases them being applied to the fuzzy
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spaces introduced in chapter Weyl’s law for the Dirac operator is stated and
then adapted to fuzzy geometry to try to measure the dimension and volume. It’s
limitations are discussed and used as justification for the introduction of the more
advanced methods of heat kernel asymptotics. How the volume and dimension are
encoded in the heat kernel is described, and how to use the spectral zeta function
to isolate each quantity is outlined. This also adapted and then applied to the fuzzy
spaces.

The spectral dimension of quantum gravity studies [12] is introduced and a dis-
cussion about its limitations when applied to fuzzy spaces is given. A modification
called the spectral variance is introduced as a remedy for problems the spectral dimen-
sion faces. Both quantities are applied to the fuzzy sphere and fuzzy tori, to justify
their use as dimensional measure. The random fuzzy spaces are then examined with
this measure.

The question of the volume of a fuzzy space is then addressed. Two methods are
investigated, both of which are based upon singular traces of operators. The first
method is based upon the Dixmier trace, which is often used in noncommutative
geometry to define the noncommutative integral [65]. It is shown to be related
to the spectral zeta function, which is used to extract the volume from the heat
kernel asymptotics. The second method is based upon the work by Stern [66]. It
is similar to the Dixmier trace, in that it expresses the residues of the spectral zeta
function as a limit of partial series. It also utilises the same heat kernel asymptotic
expansions as the Dixmier trace. The main advantage of the Stern volume is that it
converges much faster than the Dixmier trace. The Stern procedure also provides
a methodology to access the subsequent poles of the spectral zeta function. Which
historically required analytic continuation and a spectral expression did not exist.
These measures are applied to the fuzzy sphere and tori to justify their use on the
random geometries.

The actions investigated in the Monte Carlo matrix model allow for an arbitrary

scaling of the Dirac operators. This scaling of the random geometries becomes im-
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portant when investigating their volumes. A method to counteract it is introduced
and justified by examining the volume measures.

The final spectral measure investigated is again based upon the spectral zeta func-
tion. It is a spectral distance measure between two geometries as introduced in [67].
With the zeta distance equalling zero if and only if the spectra are the same. This
tool allows for the quantitative comparison of fuzzy spaces to continuum spaces,
which was done for the fuzzy sphere and fuzzy torus. This analysis showed that
as the matrix size is increased, both the fuzzy sphere and fuzzy torus get closer to
their continuum counterparts, and subsequent fuzzy spaces get closer to each other.
This zeta distance is then used to measure how similar the random geometries to
each other and to the fuzzy sphere. This was investigated at various values of action
parameter. Providing more evidence that the fuzzy spaces are closer to continuum
geometries at the phase transition.

Chapter 4 is concerned with investigating the role of symmetry in the construc-
tion of Dirac operators for fuzzy spaces. This chapter is somewhat exploratory, and
outlines the progress that has been made in understanding the role symmetry could
have in constructing new fuzzy spaces. Using the sphere as a guiding example, the
necessary differential geometry to describe the Dirac operator on a manifold which
possess a Lie group symmetry is given. The sphere is an example of a coadjoint
orbit, which are naturally symplectic manifolds and have a canonical Kéhler struc-
ture. They can also be described as homogeneous spaces and additionally have a Lie
algebraic description via representation theory. Such an abundance of different de-
scriptions makes them perfect for investigating using the tools of noncommutative
geometry. However, not every coadjoint orbit is a spin manifold, which is required
for the duality that the construction of fuzzy spaces is based upon. The necessary
condition for a coadjoint orbit to be a spin manifold is given as the existence of a lift
of the isotropy representation to a spin group. As the Dirac operator is of primary
interest in this thesis, a description of how to encode the Lie group symmetry within
the Dirac operator is outlined. With the aim of applying an analogous procedure in

the fuzzy geometry setting. It is shown that the implementation of an SU(2) symme-
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try on the type (1,3) and (0,3) fuzzy spaces reduces the available Dirac operators,
to those that contain the fuzzy spheres as described by the Grosse-Presnadjer and
Barrett operators, but also allowing others. The metric data of all these operators is
the same and equal to that of the fuzzy spheres. This is interpreted as the connection
not being the Levi-Civita connection for the round metric. Which could mean that
tuzzy spaces, as currently described, have torsion.

The final chapter is a summary of the results of the thesis and their implications.
It also contains a discussion of the possible paths of future research that are a conse-

quence of the work in this thesis.
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BASIC NONCOMMUTATIVE GEOMETRY AND FINITE
SPECTRAL TRIPLES

The objects studied in this thesis are noncommutative versions of spectral triples in t
he duality of Connes [35]. The spectral triples in this duality require the presence of a
spin structure and a Dirac operator. The presence of a spin structure is topologically
restricting. Meaning that this duality is not for all Riemannian manifolds, but only
those that satisfy a certain cohomological condition - that the second Stiefel-Whitney
class vanishes, see [62] for the details.

Despite this seeming restriction, spin manifolds are of integral importance in the-
oretical physics. Given that spinors, which are sections of a spinor bundles over a
spin manifold, are how the fundamental fermions of physics are formally described.
The Dirac operator is a vital object of interest when studying fermions, as it encodes
the dynamics of fermions via the Dirac equation. It is thus a necessary component
of the Lagrangian for the standard model of particle physics. It is also used in the
study of quantum field theory in curved spacetime as it encodes the geometry of the
space via the veilbeins it contains (the details of this will be seen shortly).

So exploring extensions of this duality into the noncommutative world is a rea-
sonable endeavour. Pseudo-Riemannian manifolds are not considered in this thesis,
but are vital for physics. As the models of physics are typically conducted on a
Lorentzian manifold. All of the spin geometry discussed here extends to the pseudo-

Riemannian case.
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2.1 A PRIMER ON SPIN GEOMETRY

2.1 A PRIMER ON SPIN GEOMETRY

Spin geometry was born out of the mathematics put forward by Dirac to describe
the relativistic electron [68]. It has grown to become a powerful topic and has far
reaching applications in both mathematics and physics. The modern mathematical
treatment of spin geometry is documented comprehensively in the text by Lawson
and Michelsohn [62]. This text is mainly concerned with the Atiyah-Singer index
theorem which is a powerful statement about elliptic differential operators. However
the details surrounding this theorem are not immediately pertinent to the topics
discussed in this thesis. However much of the background on Clifford algebras and
Clifford modules in this thesis can be sources to this text. The book by Friedrich [69]]
and the book by Berline et all [70] are exemplary introductions to the role of spin
geometry and Dirac operators in the study of Riemannian geometry. Many results
used in this thesis can be found in these texts.

A constructive approach is outlined here, where some of the finer details such
as existence are omitted. Starting with the definition of a Clifford algebra bundle.
Given a Riemannian manifold, M, a Clifford algebr CI(TxM, Qg), can be defined
at each point of the manifold. Where T, M is the tangent vector space at the point x

and Qq is a quadratic form induced by the metric ¢ defined as follows:
Qg(Xx) = gx(Xx, Xx) VXy € T:M (4)

The Clifford algebra CI(TyM, Qg) is then the algebra generated by all X, € TyM and
the multiplicative unit 1 € R such that the multiplication obeys X, - Xy, = —Q(Xy)1.
The Clifford algebra bundle is constructed by letting x vary over M.

Definition 1. The Clifford algebra bundle CI"(TM) is the fibre bundle over M,
where the fibres are the Clifford algebras CI(TxM, Q) and the transition functions

1 A more detailed examination of Clifford algebras is given later in section m
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2.1 A PRIMER ON SPIN GEOMETRY

are inherited from the tangent bundle TM, t;;: U; N U; — SO(n), where n = dim (M)
and their action on CI(T:M, Q) is given by:

tij(0102...0p) = tij(01) .. tij(0k) (5)

Given a Clifford algebra bundle, C1"(TM) the algebra of continuous real-valued
sections can be defined Cliff" (M) := I'(CI"(TM)). By replacing Q, with —Qq
and an analogous but different in general Clifford algebra bundle and its sections
can be defined, C1™ (TM) and Cliff” (M). By complexifying the Clifford algebras
CI(TyM) = CI"(TyM) ® C, the complex Clifford algebra bundle, CI(TM), can be

defined. With the space of continuous sections defined by:
Cliff(M) := Cliff" (M) @R C. (6)

To pass from a Clifford algebra bundle to a spin bundle, some additional require-
ments. These are topological in nature, but are expressed here as the existence of a

bundle isomorphism and the existence anti-linear operator.

Definition 2. A Riemannian manifold, M, is said to be spin® if there exists a vector

bundle 7 : S — M such that there is an algebra bundle isomorphism:

CI(TM) ~ End(S) M is even dimensional (7)
CI%(TM) ~ End(S) M is odd dimensional. 8)

Where CI°(TM) is the even part of the Clifford algebra (see sectionl4.1.4), and End(S)
is the endomorphism bundle of S, i.e. the fibre bundle with fibres End(Sy) where
Sy = m(x) for x € M,. In such a casef] the pair (M, S) is said to be a spin® structure
for M.

This definition looks a little contrived without knowing the motivation for it, which arises when con-
sidering Euclidean space IR" with the standard metric, J. It can be shown that CI(R?") ~ M, (C) and

CI°(R?"*1) ~ M, (C). And this definition is the generalisation to arbitrary Riemannian manifolds.
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2.1 A PRIMER ON SPIN GEOMETRY

If a spin® structure (M, S) exists, then the bundle 7t : S — M is to referred to as the
spinor bundle and the sections as spinors. Let T'(S) denote its set of smooth sections.
To form a Hilbert space of square integrable spinors that is used in physical settings,

the space of sections needs to be completed in the following way.

Definition 3. The Hilbert space of square-integrable spinors, denoted L?(S), is defined
by the completion of I'(S) under the norm induced by the following inner product
for ¢; € T(S):

(¢1,¢2)m = /<¢1/¢2>s\/§dx- C)

M
The inner product of spinors is just the Clifford inner product at each point of the
manifold. Where the inner product on the Clifford algebras can be defined on basis

elements, from its quadratic form as in the following definition.

Definition 4. Let {¢;} be an orthonormal basis of V. Setting & = e1...e, let & =

ep ...eq, then the inner product is

(ei e, .. Ci,, €j1€jy - - - e]-q> = (1, €, - €ir€i €}, .- .ejq> (10)
(0 i P74
=10 ife; # e foranyk (11)
\ Qei,) ... Q(e;,) otherwise

and can be extended linearly to arbitrary elements of CI(V, Q) by («, ) = (1,&8)

However, the presence of a spin® structure is not enough for a model of reality,
as each spinor has to be paired with its anti-particle spinor. To be able to do this

mathematically requires us to have not just a spin® manifold but a spin manifold.

Definition 5. A Riemannian spin® manifold is called a Riemannian spin manifold if

there exists an anti-unitary operator Jp;: I'(S) — T'(S) such that:

1. Jp commutes with the action of real valued continuous functions on T'(S).
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2.1 A PRIMER ON SPIN GEOMETRY

2. Jy commutes with Cliff~ (M) in the even cases and with Cliff (M) in the odd

cases.

The pair (S, Ju) is referred to as a spin structure on M and Jy; is referred to as the
charge conjugation on M.

Another important structure which is necessary for understanding the basic ob-
jects in noncommutative geometry is the notion of a chirality operator. Let {7y,}"_,
be the generators of Cliff" (M) ‘u for some some open neighbourhood, U, of M and
let {x,}'_; be local coordinates on U. The v, satisfy: vsY, + vpva = 28(04,9p) and

if an orthonormal basis is chosen for I'(TM)| y then the 7, satisfy the relation:

YaYp + VbYa = 204 (12)

Definition 6. The chirality operator can be constructed from the <, as follows:

M= (=)"71--Tn (13)

where m = n/2 (when n is even) or m = (n — 1) /2 (when n is odd).

The final object needed is that of a Dirac operator.

2.1.1  The Dirac Operator

The Dirac operator can be thought of a “square root” of the Laplacian of a space and
contains a lot of information. The Dirac operator describes the dynamics of spinors
via the Dirac equation and it also encodes the metric information as is shown later.
To define the Dirac operator, the notion of a spin connection is required. Given
a Riemannian spin manifold M with spin structure (S, Jy). Let {E;} be a local

orthonormal basis for local patch TM|u then ¢(E,, Ey) = 6,5 when restricted to this

21



2.1 A PRIMER ON SPIN GEOMETRY

patch. Let 87 be the duals to E,, then the Levi-Civita connection in this basis acts on

vectors and one forms in the following way:

VE, =T, . dx° ® E, (14)
Vo' = 17 dx’ ®6° (15)

And recall that if E; is an orthonormal basis orthonormal basis for TM|; then the
gamma matrices satisfy: v,y + YpYa = 204p-

Definition 7. The spin connection V° on the spinor bundle (S, M, End(S), f) is the

lift of the Levi-Civita connection to the spinor bundle and is locally is given by:

ViR = (2 - 3T ) v (16)

The notion of Clifford multiplication is also necessary to define the Dirac operator.

Definition 8. Clifford multiplication is defined as the linear map:

c: QY(M) xT(S) = T(S) (17)
(w, ) = "9 (18)

where Q' (M) is the space of 1-forms on M and w* vector field in I'(TM) associated
to w. The vector field acts an endomorphism on the fibres of S via the embedding
I(TM) — Cliff" (M) C T(End(S)). Choosing local coordinates for U C M the one

forms can be written as w|;; = w, dx? and the Clifford multiplication as follows

c(w, P)lu = wa (V') |u- (19)

Where the dx? have been identified with 9, via the metric and then embedded in
Cliff" (M) and become the 7.
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2.1 A PRIMER ON SPIN GEOMETRY

The pair (I'(S), c) is a called Clifford module and will play an important roll in the
noncommutative setting. For completeness the definition for a Clifford module has

been included below:

Definition 9. A Clifford module over a compact Riemannian manifold (M, g) is a
pair (I'(E),c) where T'(E) is the sections of a smooth vector bundle, E, and c is a

Cl(TM)-module homomorphism from I' (C1(TM)) — I' (End (I'(E))).

The Dirac operator for a Riemannian manifold is now ready to be defined. Its
expression in local coordinates has been given to indicate why so much preparatory

work was necessary.

Definition 10. The Dirac operator for a spin manifold M with spin structure (S, Jy)
is the composition of spin connection with Clifford multiplication and can be ex-

pressed in local coordinates as:

Dy =coV5:T(S) = I(S) (20)

Dup(x) = ~in" (2 - 3Thr"m ) p(x) @)

To see how the Dirac operator encodes the metric, it is useful to look at the defini-
tion of a Dirac operator in terms of vielbeins. Vielbeins are defined in the following
way. Take an orthonormal basis {e,} for I'(TM) such that}| g(es, e;)(x) = J4. This
can expressed in terms of the coordinate basis {9, } as follows e,(x) = €’;(x)9,(x).
A vielbein is defined to be ¢" ., the invertible transformation matrix, however the
name often extends to the orthonormal basis also. Also note that the metric equa-

tion about can now be rewritten as g, (x)e",(x)e, (x) = &, or equivalently

gyv(x) = eyu(x)evb(x)(sab/ (22)

This is for Riemannian metrics, for pseudo-Riemannian metrics the J in the relation is replaced with
the corresponding pseudo-Riemannian equivalent.
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2.2 SPECTRAL TRIPLES AND FUZZY SPACES

where e'';(x)e?,(x) = ", and e”a(x)eby(x) = 6,'. The Dirac operator in terms of
vielbeins is then:

Dy = —iy"e,' V5. (23)

So given a Dirac operator, the vielbeins can extracted and therefore the full metric

can be reconstructed.

2.2 SPECTRAL TRIPLES AND FUZZY SPACES

This thesis is primarily concerned with fuzzy spaces. These are matrix algebras that
capture some features of an ordinary manifold. The archetypical example is that of
the fuzzy sphere. This is a matrix algebra that is rotationally invariant. As there
are no longer a set of points on which the rotation group can act, the notion of ro-
tational invariance needs careful thought. A precise explanation of this is presented
in section

Usually when you restrict to finite dimensional algebras you no longer are able to
have continuous symmetries. Think about approximating a circle by finitely many
points, you can no longer rotate this space by an infinitesimal amount and remain
in the same space (see Figure [1). For fuzzy spaces, it is possible to have a finite
dimensional algebra and retain these symmetries at the cost of commutativity.

The term “fuzzy space” is used to describe any construction of matrix algebras
that emulates a normal topological space. In this thesis a fuzzy space will mean
a noncommutative finite spectral triple. These are described below in full, but the
main difference between this construction of fuzzy spaces and others, is the presence
of a noncommutative analogue of a spinor bundle over the space. This is captured
by the presence of an operator that is the analogue of the Dirac operator. As the
Dirac operator specifies a metric tensor, spectral triples are key research entities into
studying noncommutative Riemannian geometry. With current efforts to loosen the

restriction from spin manifolds to arbitrary Riemannian manifolds. As the existence

4 This is explicitly demonstrated for the case of the sphere in section
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l

Figure 1.: An example of a circle approximated by finitely many points. The red
lines indicates a rotation that does not preserve the set of points. The
green line indicates a rotation that does preserve the set of points. So
the approximated circle does not possess the full rotation group, SO(2),
symmetry.

of a spin structure is quite restricting in a topological sense. There is also work to
try and include pseudo-Riemannian geometries into the noncommutative geometry

framework.

2.2.1  Spectral Triples

The details for a finite spectral triple as presented by Barrett in [46] are given in full
below. The details of a infinite spectral triple are omitted as it’s not pertinent to the

current work and can be found in [71].
Definition 11. A spectral triple is a triple (A, H, D), where:

* Ais a *-unital algebra represented as bounded operators on H.
* H is a Hilbert space

* D is a self-adjoint operator on # such that the resolvent (i + D) ! is a compact

operator and [D, a] is bounded for each a € A.
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Table 1.: The KO dimension, 7, of a real spectral triple is determined by the signs

€€, €.
KO Dimension
n 0 1 2 3 4 5 6 7
€ 1 1 -1 -1 -1 -1 1 1
€ 1 -1 1 1 1 -1 1 1
1" 1 1 -1 1 1 1 -1 1

Additional structures are required of noncommutative geometries if they are to be
appropriate generalisations of Riemannian spin geometries. The first is a Z,-grading

v on the Hilbert space H such that:
ya=ay (Va€A),  yD=-Dy (24)

If such a vy exists then the spectral triple is said to be even. The second is an anti-

linear map J: H — H such that:
> =¢, JD = €'DJ, Jy = €"vy] (when 7 exists) (25)

where €,¢€’,¢” take values from table [1. If such a | exists then the spectral triple is
said to be real and ] is referred to the as the real structure.

The values for €,€’,¢” are determined by the KO dimension of the real spectral
triple. Which for the spectral triple of a Riemannian spin manifold will be equal to
the dimension of the manifold modulo 8. The specific values of €,€’,€” for each KO
dimension are given in table

Two extra conditions are imposed, which are chosen to keep the framework from
straying too far away from commutative geometry. Firstly, using the | operator the
opposite algebra can be defined, which describes the right action of the algebra. If
a € Athen a®° = Ja*]~! defines a right action. Thus the right action of the algebra

26



2.2 SPECTRAL TRIPLES AND FUZZY SPACES

on the Hilbert space is b = b°y. The first requirement is that the left and right

actions of the algebra commute:
[a,b°] =0 Order zero condition. (26)

This is used to model the fact that for functions f € C*(M) and ¥ spinors of some
Riemannian spin manifold commute. They satisfy (fi)(x) = f(x)p(x) = (¢f)(x).
In other words, in commutative geometry the left and right actions of the algebra
of functions are indistinguishable. It is this commutative geometry feature that is
preserved even when the ‘functions’ no longer commute with each other.

The second condition is to do with the fact that commutation with the Dirac

operator should also commute with the right action:
[[D,a],b°] =0 First order condition. (27)

Looking at commutative geometry again, the Dirac operator can be expressed as in

eq. (23), and thus:
D, fly = —in"ed(Vif)y- (28)

Which acts as multiplication by a function and so will commute with a right multipli-
cation by a function. It is this property that is required to persist in our noncommu-
tative geometry. Also note, that there are noncommutative geometry models where
higher order conditions are available, notably the work by Boyle and Farnsworth
[72].

The following spectral triple for a Riemannian spin manifold satisfies the two
conditions. It is this analogues of this object that are extended to be noncommutative

in what follows.

Definition 12. The real spectral triple for a Riemannian spin manifold, M, with spin

structure (S, J;) is the structure:

(C(M), L2(), Pass vt I ) (29)
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where L2(S) is the Hilbert space as the space of square integrable spinors and C*(M)
is the algebra of smooth functions. And where D51, vy and [ are the Dirac opera-

tor, chirality operator and charge conjugation as defined in the previous section.

2.2.2  Axioms for a finite real spectral triple

A few basic definitions are required before the axioms can be stated.

Definition 13. An algebra, A, is a vector space over a field F (usually taken to be
R or C), with an associative bilinear binary operation. Let a,b € A, let the binary
operation be denoted by (a,b) — ab € A and associativity requires that (ab)c =
a(bc). A unital algebra is an algebra with an element 1 € A such that 1a = al = a for
all a € A. An algebra is said to be commutative if ab = ba for all a4,b € A and is said
to be noncommutative otherwise. The dimension of an algebra is the dimension of it

as a vector space.

A key example of a unital noncommutative algebra is the space of n dimensional
matrices over the complex numbers, denoted M, (C) (note that the matrices over R

are also an example).

Definition 14. An algebra over C is said to be an involutive algebra or a x-algebra if it

possesses a linear map * : A — A such that for all 2,b € A and « € C:
1. (a*)* =aforallaec A
2. (ab)* = b*a*
3. (aa)* = aa*,

where & is complex conjugation.

The n-dimensional complex matrices form a unital x-algebra with the involution
given by the conjugate transpose. A comparison between spectral measures of the
averaged spectrum and the ensemble average of spectral measures is considered

below. A priori these methods have no need to produce similar results.
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Definition 15. Let A be a finite dimensional *-algebra

1. A pair (71, H) is called a x-algebra representation of A if 7 : A — L(H) is a
x-algebra homomorphism into the space of linear operators on H, denoted by

L(H).

2. A subspace of V C H is said to be an invariant subspace of L € L(H) if Lv € V
forallv e V.

3. A representation is said to be irreducible if the only 71(A)-invariant subspaces

of H are H and {0}, otherwise the representation is said to be reducible.

4. A representation, (7t, H) of A is said to be faithful if 77(a) = 7(b) impliesa = b
foralla,be A

Definition 16. An inner product space is a vector space, V over a field IF with a map

(,) 1 V x V — F satisfying the following properties:
e Conjugate symmetry: (x,y) = (y,x) for any x,y € V
* Linearity: (ax + by, z) = a(x,z) +b(y,z) fora,b,€ Fand x,y,z € V

e Positive-definite: (x,x) > 0 for x € V\{0}

If the vector space is finite dimensional then is called a finite dimensional inner

product space.

A useful concept is that of a structure preserving map from an algebraic object to

itself.
Definition 17. An endomorphism of is a homomorphism from an object to itself.

Thus the precise meaning of an endomorphism changes depending on what is being
examined. An endomorphism of a vector space is a linear map to itself, an endo-
morphism of an algebra is an algebra homomorphism to itself. If an endomorphism

is also an isomorphism it is called an automorphism.
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Definition 18. Given an inner product space (V, (,)), an operator A is said to be the
adjoint of an operator B if (Av,w) = (v, Bw), the adjoint of an operator is denoted

by A*. An operator is said to be self-adjoint if A* = A.
The full algebraic definition of a finite real spectral triple is now given.

Definition 19 (Axioms for a finite real spectral triple). A finite real spectral triple
consists of the following data:

Objects:
1. an x-algebra A over R
2. a finite dimensional inner product space H, with a Hermitian inner product
()
3. a faithful action|p : A — End(H) such that p(a*) = p(a)*
4. an operator ' : H — H such that T* =T, T'! = 1 called the chirality operator.
5. an anti—unitaryﬁ operator | : H — H called the real structure.
6. an integer s that is defined modulo 8
7. a self-adjoint operator D : H — H
Conditions
(i) To(a) =p(a)T foralla € A
(i) > =e
(iii) [o(a),Jo(b)] '] =0foralla,b € A
(iv) JT =€"T]

(v) DI' = —I'D if siis even and DI' = I'D if s is odd.

5 A faithful action of an algebra can be called a faithful representation. It means that p(a) = p(b) =
a=bforanabe A

6 An anti-unitary operator, 4, is such that (Av, Aw) = (v,w), A(v+w) = Av+ Aw and A(av) = aAv.
Note that for a Hermitian inner product (v, w) = (w, v).
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(vi) JD = €'DJ
(vii) [[D,p(a)],Jo(b)] "] =0 foralla,b e A
where the signs €, €/, €’ are taken from table

Note that A is not explicitly defined to be a matrix algebra because of the following

proposition.

Proposition 1 ([73]). If A is a *-algebra over R that is faithfully represented on a finite
dimensional Hilbert space by an R-linear x-algebra map 7 : A — End(H), then A is a

matrix algebra of the form
A~ @ Mn,-(]Fi) (30)
where F; = R, C or H depending on i.

Remark 1 ([74]). Note that if A is required to be a finite dimensional C* algebra, then the

decomposition can be restricted to F = C.

The following definition is useful when considering the random geometries later

in the thesis.

Definition 20. A fermion space is defined to be specified by the objects 1 — 6 and
conditions i — iv in definition (A, H,s,],T).

Given a fixed fermion space, the following question can be asked, what possible
operators D exist? To define a path integral over geometries that is based upon the
Dirac operator, D, the notion of a fermion space will prove to be useful.

The conditions v — vii in definition [19| are all R-linear, meaning that the space of
Dirac operators on a fermion space form a R-vector space. Let this vector space be

denoted by G.

Remark 2. Note that this doesn’t not account for unitarily equivalent Dirac operators. The
space formed by taking the quotient of the unitarily equivalent Dirac operators is a moduli

space and was studied in [[75]].
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Definition 21. Let R be a ring and 1z be the multiplication identity. A left R-module,
M, consists of an abelian group (M, +), and an operation - : R x M — M such
that Vr,s € R and Vx,y € M:

e r-(x+y)=r-x+r-y e (rs)-x=r-(s-x)

e (r+s)-x=r-x+s-x e lg-x=x

The difference between an algebra and a module is that an algebra is a module

over a ring, where the ring is also a field. The notion of a right R-module also exists,
with nearly identical axioms. A R-bimodule is simultaneously a left and right R

module.

Remark 3. Note that Ja*]~! defines a right action of the algebra A on H. Let ¢ <

b= Jo(b)*] ', then (pab)ac = Jo(e) T o) T = Jo(c)p(b)' ]y =
Jo(bc)*J~Y¢ = ¢ < (bc). This promotes H to a A-bimodule.

Definition 22. An irreducible R-module is an R-module, M, such that the only sub-

modules (subspaces that are R-modules in their own right) are M and {0}.

An irreducible A-bimodule, H, is a vector space that carries a left and a right
action of 4, that is both left and right irreducible with respects to those actions.
More specifically there is no subspace W C H such that 77(a)W C W and no space
X C H such that XA(a) C X. The left and right actions are either irreducible or
they can be decomposed into a direct sum of irreducible representations. Denoting
T =1 D ... 7Ty, as the left action with it's decomposition and A = A; @ --- D Ay, as

the right action with it’s decomposition. The following expression of H is possible:
H = @;jHjj, (31)

where Hj; is an irreducible left-77; and right-A; module.

A simple but important example of a real finite spectral triple is:

Definition 23. A type (0,0) matrix geometry is a finite real spectral triple of KO
dimension s = 0 and the following objects: (Ao, Ho, Do = 0;Ty = 1, ]Jp) such that
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the each irreducible 4p-bimodule in the decomposition of Hy are inequivalent (not

unitarily equivalent).

It can seen, using the axiom (iv) for even s, that D = 0 is the only option for type
(0,0) matrix geometries, as the requirement D anti-commutes becomes D1 = —1D.
The statement in the above definition about each irreducible .Ap-bimodule being

inequivalent is expressed in that none of the H;; in the direct sum decomposition of

eq. are repeated.

Example 1. Take H to be a C-linear vector subspace of M, (C) with a faithful represen-
tation p : A — End(H) ~ M, (C) given by matrix multiplication, so that p(a)m € H
and m* € H for all m € H and for all a € A. The inner product on H is given by
(m,m") = Tr(m*m'), the real structure is given by J(m) = m*. Thus the right action
of Ais Jo(a)*]'m = Jo(a)*m* = mp(a) which is just right matrix multiplication.
J is anti-unitary: (Jm,Jm’) = Tr((Jm)*Jm') = Tr((m*)*(m')*) = Tr(m(m')*) =

(m',m) = (m,m’). The action of a* is given by (m,p(a*)m’) = Tr(m*p(a*)m’) =
Tr((p(a*)*m)*m’) = (p(a*)*m,m’), let p(a*) = p(a)* so a* is the adjoint of a in H.

The following result tells us that example [1] is the one example of type (0,0) ge-

ometry one needs to study.

Proposition 2 ([46]). A type (0,0) matrix geometry is isomorphic to one constructed in

Example

Another way of generating fermion spaces is by taking Clifford modules. The
construction of a general so-called (p,q) module is presented next, as it will be used

extensively later on.

2.2.3 Clifford Algebras

The construction of fuzzy spaces heavily relies on Clifford algebras, so a detailed

account of the objects needed is presented here.
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Definition 24. Given a vector space V (over F = R,C) and a quadratic form, Q on
V. The Clifford Algebra C1(V, Q) is defined as the algebra generated (over [F) by the

vectors v € V and the multiplicative unit 1r such that:

v-v=10v*=—-Q(v)lf (32)

In this thesis, Clifford algebras are defined over R or C however, much of what
follows is valid when the field has characteristic not equal to two. A Clifford algebra
can also be defined by taking a bilinear form, B, instead of a quadratic form and
defining the quadratic form by: Q(v) = B(v,v). One can also construct a bilinear
form from a quadratic form via polarisation: B(u,v) = 3 (Q(u+v) — Q(u) — Q(v)).

Using this polarisation it can be shown for u,v € V that:
uv +ovu = —2B(u,v) (33)

If {e;} is an orthonormal basis for the vector space V with respects to the bilinear
form B then they satisfy:
eiej + eje; = —2B;; (34)

Let 7 be a non-degenerate diagonal matrix of £1s, with p occurrences of +1 and g
occurrences of —1. The matrix is said to be of type (p,q) and the total dimension is

given by n = p + q. A real Clifford algebra is then defined over V = R" by:
eiej + eje; = 21);j (35)

For a given (p, q) matrix # let CI(p,q) denote the Clifford algebra over R".
The low dimensional Clifford algebras are presented here. From these examples

the higher dimensional Clifford algebras can be constructed [62].

Example 2. (i) Type (0,0): There are have no generators, so there is only the identity

element to generate. So the space is isomorphic to R
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(iii)

(iv)

(v)

2.2 SPECTRAL TRIPLES AND FUZZY SPACES

Type (0,1): There is one generator, e that satisfies e = —1, so a general element is of

the form a + be, which is isomorphic to C under the map a + be — a + bi.

Type (0,2): There are have two generators ey, ey that both square to —1 which anti-
commute, erep = —epey. The product is not linearly decomposable in terms of 1,e1, e,
in fact if we define e;; = %eiej —eje; = %[ei, ej], then we see that ejej = ej; + 17;j. So
an arbitrary element consists of a + bey + cey + deqp. This space is isomorphic to the

quartenions H, sending (eq, e, e1e2) +— (i, ], k). In the complex matrix representation

i 0 0 1 0 i
of H we have that (e1,ep,e1€2) — ( , , ).
0 —i -1 0 i 0

Type (1,0): This is generated by e, such that ¢* = 1. So we have that an element has

the form a + be, which has product

(a+be) - (a+be) =2n(a—+be,a+ be) (36)
= 21(a,a) + 2n(a, be) + 21 (be,a) + 2n(be,be)  (37)
= 21(a,a) + 2y (be, be) = (a - a) + (be - be) (38)
So we have that CI(1,0) is isomorphic to R & R.

Type (2,0) We have ey, e such that e? = 1 and e;e; = —ezeq. So an arbitrary element

is of the form a + bey + cex + dejey. Given the following algebra-isomorphism

(e1,e0,e102) ((1 0 ) , (O 1) , ( ’ 1)) (39)
0 -1 10 -1 0

we have that Cl1(2,0) = M(R)
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(vi) Type (1,1) We have ey, ey such that e% =1and e% = —1 and again eje; = —ezeq so
the general form of an element again is a + bey + cep + dejey and under the following

algebra-isomorphism

(e1,e2,€1€2) > ((1 ’ ) , ( ’ 1) , (O 1)) (40)
0 —1 -1 0 10

So we have that CI(1,1) = M,(R) just like CI(2,0).
It turns out that the following classification for Clifford algebras exists:

Theorem 1. The Clifford algebra Cl(p,q) is of the form Mym(IF) or Mam(IF) & Mom(IF)
where F = R,C or H and m is such that n = p+q =2morn = p+q = 2m + 1.
Specifically the classification follows Table |2|where s = p — q mod 8.

s Cl(p,q) s Cl(p,q)
(0] M211/2 (]R) 4 Mz(n—z)/z (H)
1 My n-1)/2 (C) 5 My-1)/2 (C)
2 My(n-2)/2(H) 6 Myu2(R)
3 Myw-s3,2(H) @ Myu-s,2(H) |7 Myu-12(R) & Myu-1),2(R)
Table 2.: Classification of real Clifford algebras.
Proof. See Lawson [62, Chp. 1, 4]. O

Note that the Clifford algebras are direct sums of matrix algebras. This fact is
useful when considering representations of Clifford algebras below. Another useful

fact about Clifford algebras is the following.

Proposition 3. Given a (p,q) Clifford algebra, the generators, {e;}, and the identity gener-

ate a multiplicative finite group.

Proof. Assuming there are n of the ¢;’s form the set

G = {L e, e e, e €€, ..., € }. (41)
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The indices ordered so that i1 < i, < --- < iy. It will be shown that £G forms
a group with respect to multiplication. Start with e;e;e;j, - --¢;, and examine the
following cases. Either i = ji for some k, in which case the relation e;e; + eje; = 21l
can be used to anti-commute the ¢; through until it meets it’s pair, with which it then
becomes either +1 or —1. This will yield an entry of £G with one fewer gamma.
If e; does not appear in the element ¢;, ---¢;,, then it can anti-commuted through
until the correct ordering is achieved and it therefore lies in £G. Then any product
of elements can be broken down iteratively through this process. The set is clearly
finite with

n

2. =2.2" ="l (42)

n
k=0 \ k

elements. ]

2.2.4 Clifford Modules

Clifford modules can now be examined, as these will be a necessary component in

the definition of fuzzy spaces.

Definition 25. A (p, q)-Clifford module for a (p, q) Clifford algebra over the field F is a
pair (¢, V). Where V is a finite dimensional vector space over either [F or a field con-
taining IF, and c : Cl(p,q) = Homg(V,V) = Endg(V) is an algebra homomorphism.
V is said to be a ClI(p, q)-module for short.

The map c is often suppressed and the notation c()v = ¢ -v forv € V and ¢ €
Cl(p,q) is used when there is no confusion. This is also called clifford multiplication.
Also note that a representation of a Clifford algebras is exactly a module for it. It
is more common to refer to a real or complex representations of a Clifford algebra to

specify what field the vector space is over.

Definition 26. A module (¢, V) of a (p,q) Clifford algebra is reducible if the vector

space V can be written as non-trivial direct sum: W = Wj & W such that c(y) (W;

j) &
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W; for every ¢ € Cl(p,q). In such cases the following notation is adopted ¢ = ¢; @ ¢

likewise. A module is called irreducible if it is not reducible.

Due to the finite dimensionality of the Clifford modules, the following proposition

holds:

Proposition 4 ([62]). Every representation of a Clifford algebra can be decomposed into a

direct sum of irreducible representations.

The following statement along with Table |2 allows one to easily select the irre-

ducible representations for the Clifford algebras.

Theorem 2. The natural representation of My, (IF) as operators on " is, upto equivalence,
the only irreducible representation. The algebra My (FF) ® M, (IF) has two inequivalent
representations given by p1(my,my) = p(my) and pp(my,my) = p(my) where p is the

representation of M, (IF).

Proof. See [62, p. 32] or [76, p.653 Thm 4.3 and 4.4], realising that matrix algebras

are simple, so in either case we are dealing with a semisimple algebra. O

So the module is taken to be (¢, V = C¥) with k = 2"/2 for n even and k = 2("~1)/2
for n odd. Note for odd values of n there are two inequivalent irreducible represen-
tations. Let C¥ be equipped with the inner product (v,w) = 7-w = Y,;7w'. Let
c(e;) = 7' and ¢(1ci(p,q) = Ik the k x k identity matrix. Note a unitary representa-
tion of a finite group can always be taken [77]. As a result, all of the 7' are unitary.

Using the standard fact that

i\ *

(Y0, w) = (V) 0P wa = VP (V) pwa = Tp(7v)) [ wa = (v, (v')*w), (43)

if (7%)% = 1, then

(Yo, 7'w) = (v,w) = (u, (v')*w) = ((7')*v,7'w). (44)

*

Consequently ((7/)* — 9')v,v'w) = 0 for all v,w € Ck. Thus (7/)* = 4/, i.e it is

Hermitian. Similarity if (7/)? = —1, then (y')* = —9/, i.e. it is anti-Hermitian.
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The chirality operator and the real structure for Clifford modules are defined, and

will be used to construct the corresponding operators in the spectral triple.

Definition 27. The chirality operator for a (p,q) Clifford module is given by the
ordered product

5= is(s+1)/2

1.;- n

Yoy (45)

A useful fact for later is that when 7 is even (and so s even) 7 anti-commutes with

each 7' and when 7 (and therefore s) is odd it commutes with each '

Definition 28. A real structure for a Clifford module is an anti-linear operator C :
V — V such that (Cv, Cw) = (w,v), C2 = €l and Cy* = €’9“C for all 4*. When the
chirality operator <y exists it is required that Cy = €”7C, where € and €’ are taken

from

Low dimensional examples of Clifford modules and inductively constructing higher dimen-

sional examples

The following examples are all that is needed to build any other Clifford module.

The procedure of how to do this is outlined below.
Example 3. * Type (0,0): s =0,V =C, Cv =7, the chirality is 7 = 1

e Type (1,0): s = 7, V = C, and we have that v' = e as in Example |1, with 7 = e

also. Cv =7

e Type (0,1): s =1,V = C, 9! = +i with ¥ = +1. Either choice is equivalent and

Cv=v.
i 0 0 1
* Type (0,2): s =2,V =C? v = 7= , with ¥ = iyly? =
0 —i -1 0
01 _ (41 [ . » .
. We find that C = , by checking the conditions for C against
10 (%] —0q

the gammas defined here.
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1 0 0 1
OType(l,l):sO,VCz,'yl< ),’)/2( )/Wifh’77172
- 1

0 — -1 0
01 ) U1 U1
. We find that C = :
10 () 02
1 0 01 0 i
* Type (2,0): s = 6, 4! = Y= with 5 = iyly? =
- 0 -1 10 -1 0

. U1 U1
We find that C = :
(%)) 52

The aim is to take two Clifford modules and product them together in a way to
arrive at another Clifford module. This procedure has to be split into two streams,
one when at least one of the Clifford modules is of even type (s = g — p mod 8 is
even) and the cases when neither of them are even.

Even Case:

Given a (p1,q1)-Clifford module M(p1,q1) where s; = g1 — p; mod 8 is even with
chirality operators 71, and another Clifford module M(py,4>) of any type, then the
product Clifford module M(p1 + p2, 91 + 42) is formed by generating it with the

following elements:
NOLNR, ..., ' OLT1 ® 715,11 ®V3, ..., 11 @75 (46)

These objects act on the space V; ® V,. Note that s = ((g1 +g2) — (p1 + p2)) mod
8 = (s1 +s2) mod 8 and so s is even if s, is even and odd otherwise and similarly
n = (n1 + nz) mod 8 and is even if 1, (equivalently s; is even), otherwise it is odd.

The Hermitian inner product on the module is defined to be given by:

(01 @ w1, 02 @ wy) = (v1,02) (w1, w2) (47)
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he chirality operator for the new Clifford module can now be determined:

7=t 2l e ) (2e1) - (M e)HmHey) - (718 152) (48)

=2t e B 4
—_———— N~—
=i—s1051+1)/25, =i—%2(2+1)/25,

— Z'(S(S-i-l)—sl(Sl+1)—52(52+1))/2(;\)//1)712—"_1 X ’72, (50)

Note that s = (s; + s2) mod 8 and so s = 51 + s, — 8a for some integer a. So

s(s+1)=(s1+s2—8a)(sy +s2—8ax+1) (51)
= (Sl+52)(81+52+1) —2-80((51—1—82—1—1)—1-820(2 (52)
=(s1+s2)(s1+s2+1)+8- (8062—2DC(51—|—82—|—1)) (53)

=51(514+ 1)+ 25150 +52(s0+1) +8- (842 —2a(s1 +50+1))  (54)
Consider now
s(s+1) —s1(sg+1) —sa(sp+1) =2-5150 + 8- (84% — 2a(s1 + 5, + 1)) (55)
Which results in:
(s(s+1) —s1(sy+1) —sa(s0+1))/2 =515 +4- (8a® —2a(s; +s2+1))  (56)

As i* = 1 for any integer J: j(s(s+1)=s1(s1+1)=s2(s2+1))/2 — 5152 The cases are then
split into when s; is even and odd.
Even s,

As both s1 and s; are even sys5p = 4u for some integer u, then i°1°2 = 1 also. Yielding

7= (1) @7 (57)
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Recall that 92 = 1 and as ny is even (71)™ = ((71)?)"2/? = 1. Yielding the following

for the chirality operator for even sy:
T=NO7 (58)

Odd 5»

If s, is odd then 15 is odd and so n; + 1 is even and so '7’112“ = 1. Also note that as
s1 is even, so is s15. The problem is then split into the cases when s; is a multiple
of 4 and when its just a multiple of 2. If s; = 0,4, then sys, = 0,4s; and i°1°2 = i or
i*2 and so is equal to 1. When s; = 2,6 then i¥1®2 = (—1)%2 or (—1)3*2, but s, is odd
and so is 3s; so 122 = (—1). Notice that for s; = 0,4 then €’ = 1 and for s; = 2,6
then ¢’/ = —1.

So a concisely way to write the formula for the new chirality operator is the fol-

lowing:

B 71 ® Y2 Sp even
= (59)
€/ ®7¥2 s odd.

The real structure now needs to be determined for this new Clifford module.
Given that Cy,C; are the real structures on M(p1,q1) and M(pa, g2) respectively,

one can check that the following defines a real structure for the product module

M(p1+ p2,91 +92)-

(
C1®C sy even, € =1
C1 ® Coya  sp even, 6/1/ = -1

Ci®C soodd, e =1

KC1’71 ®Cy spodd, € = —1.
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Thus any Clifford module M(p, q) can be constructed by taking products of M(0,2)
and M(2,0) and then product with either M(1,0) or M(0,1) on the right, to achieve
any (p,q)-type.

Two constructions for the fuzzy sphere are presented later, one via a M(0,3) Clif-
ford module and one via a M(1,3) Clifford module. In order to relate them to each
other, the following construction between the product of two odd Clifford modules
will be useful, as it will allow M(1, 3) to be written as the product of M(1,0) - M(0, 3).
Odd Case:

This product is defined via a trick. First pick a Clifford module M(p; + 1,41) from
which we can identify M(py,4q1) by ignoring the extra generator t (where 2 = 1).
The complete list of generators for M(p1 + 1,41) is then

tyn, s, ... (61)

The chirality operator, I', for M(p1 + 1,41) is then given by the usual definition. To
proceed, define the product M(p1 +p2+ 1,91 +q2) = M(p1+1,q1) - M(p2,92) as
defined above for the even cases. The module M(p1 + p2,q1 + g2) can be defined
from M(p1 + p2 + 1,91 + g2 + 1) by ignoring the generator t ® 1. Thus for M(p; +
P2,q1 + q2) the generators are the following:

7%@1,...,7;”®1,F®’y%,...,l"®'y§2 (62)

Note that T’ still has the generator ¢ in it. This procedure is best understood via an

example:

Example 4. The product between M(1,0) and another odd Clifford module M(p,q) is
given by identifying M(1,0) with the restriction of M(2,0), given by the representation in
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1 0 0 i
example|3| Settingt = ( ) and recalling that T’ = ( ) so that the new module
0 -1 —i 0
M(p +1,q) is generated by

01 0 111 /2 . 0 iyl
®lp,-1y/2 = =)z @y, = . 1. (63)
10 1(1’1271)/2 —1’)’2 0

The chirality operator is then given by

01
5 = ;S(s+1) (1 O) " ,),% ce ,),32 (64)

Note that T? = 1 as it is a chirality operator for a (2,0)-Clifford module, and so T =T as
ny is odd. Yielding

,A)/’ — iS(S+1)/2i752(52+1)/2(_i) 72 0 (65)
0 —7

Writings =s1+sp —8-a =745y — 8- aitis found that s(s +1) —sp(sp +1) = s1(s1 +
1) 4+ 2515y —8-8 = 56 + 145, — 8 - 8. Recall that i* = 1 so that $#6+1)/2j—s2(2+1)/2 —

i28+752 = {72 = (—{)%2, Combining this above, it is found that

¥ = (i)t (702 v ) (66)
-T2

Considering all possibilities for sy and using that s; = 7 it is found that (—i)2T! = —€"" s0

~ T2 0
y=—€" - (67)
0 —7

that:
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The real structure then takes the following form:

61®C2 e'=1
C= (68)

Ci71 ® Coa e =-1

Now comes the key definition of this thesis:

Definition 29. A type (p, q) matrix geometry is a finite real spectral triple (s, H, A, T, ], D)
formed by the following product of a (p, q)-Clifford module and a type (0,0) matrix

geometry.

* s=g—pmod38

A=A

H =V ® Ho with inner product (v ®@ m,v' @ m') = (v,v")(m, m)

* p(a)(v@m) =0 po(a)m

r=7®1

J=C®]Jo

D is any operator allowed by the axioms of a finite real spectral triple

The Clifford module is required to be irreducible if s is even and the eigenspaces of

the chirality operator , V. C V to be irreducible if s is odd.

An investigation into what form D can take is outlined for the above setup.

2.2.5 Matrix Dirac Operators

Lemma 1. The Dirac operator for a finite dimensional spectral triple can be written as

D=6+¢€Jo] ! (69)
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where 0* = 0 and [0, Jo(a)] '] = 0 forall a € A. Also {6,T} = 0 when s is even and
[6,T] = 0 when s is odd.

Proof. The proof of this lemma is explicitly spelled out in Barrett (2015) [46] O

For a given (p, q) matrix geometry[| Endc(H) = Endc(V) ® Endc(Ho) so 6 can be
written as 6 = }; w; ® X;, where the w; € End¢(V) form a linearly independent set
and X; € Endc(Ho) satisfy [X;, Jopo(a)J; '] = 0 for all a € Aj. The condition that
8* = 0 requires that w; and X; are either both Hermitian or anti-Hermitian.

The w;’s

Let Q) be the R-algebra generated by the matrices v* in the (p, q)-Clifford module.
() can be decomposed in the following way: 3 = Q_ ® O, where ()_ is the subal-
gebra generated by odd products of 7% and () is generated by the even products.
Recall that for even s, V had to be an irreducible Clifford module, in that the map
c:CL(p,q) = Endr(V) or Endc(V) exists. In either case Q ®r C = End¢ (V) by the
irreducibility of the Clifford module.

Recall that there are different conditions on 6, and therefore the w;, when s is even
and s is odd. For even s that 7'y = —¥%/, and so it is found that the w; need to
be taken from Q)_ ®g C in order for the conditions {6,T'} = 0, which reduces to
w;y = —Ywj, to be satisfied. For odd s it is required that [#,I] = 0, which is just
[w;, ¥] = 0, which is satisfied by any element of () @ C. In either case the complex
coefficients can be absorbed into the X;j, resulting in the w; € ()_ when s is even
and the w; € Q when s is odd. Recall that 7* is Hermitian if (7%)?> = 1 and it is
anti-Hermitian if (17)? = —1.

To examine the possibilities for the X; € Endc(H,) first realise that Ho C M, (C) =
C"® (C")*, and due to H, being finite dimensional End¢(Ho) = End(C") ® Endc((C")*).

Regarding elements of C" as column vectors and elements of (C")* as row vectors,

7 For this decomposition to hold, the components of H = V @ H( need to be finitely-generated projec-
tive modules [78, Chp 2. sec. 4.4, prop 4.], which both V and H, are.
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the elements of End(C") are then left acting matrices and End((C")*) are right act-

ing matrices so that (in the notation of [46]])
Xi(m) =) YimZi (70)
j

for a finite set of matrices Yj;, Z;; € M,(C).

The condition that [X;, Jopo(a)]; ] = 0 becomes Y; Yijm[Z;,a] = 0, in which a set
of linearly independent matrices can be chosen for Y;; and the condition becomes
[Zij,a] = 0.

If Hyp is an irreducible bimodule then because Z;; commutes with the right ac-
tion of the algebra, by Shurs Lemma each Z;; acts as a C-multiple of the identity.
Therefore X;(m) = }_; Z;;Y;jm in that case.

If Hy is a direct sum of irreducible bimodules
Ho = P H;j (71)
ij

where i labels the irreducibles for the left action and j for the right action of Ay.
Then as Z;; has to commute with the right action of Ay, Z;; acts as a scalar on each
irreducible right module and thus can only permute the left p;-modules for each
right action (specified by j).

In the case when only one of the H;; is nonzero for each i, so that H, resembles a
block permutation matrix but where the identity matrices are replaced by irreducible
bimodules. Then the action of the Z;; is block diagonal (to preserve the block decom-
position) and can also be represented by a left acting matrix ZI{]- where the diagonal
blocks are permuted. So again X;(m) = ) Yi]-Z;jm. This is best understood via an

example.
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Example 5. Let Hg have the form

0 Hp O
Ho=|Hy 0 O (72)
0 0 Hs;3

where each Hij is an irreducible bimodule and each H;j are inequivalent. Then if

al 0 O
Z=10 b1 0O (73)
0 0 I

the right action mZ for m € Ho can be written as a left action Z'm where

I 0 0
Z'=10 al 0 (74)
0 0 I

Let K; denote the matrix Y ; Yijij € M,(C). Then 0(v @ m) = Y ;(w;v) ® (Kim)

and so the Dirac operator has the form:
D = Zwiv ® Kim 4+ (€l)ai—~_1mK;l< (75)
i

where «; € IN is the number of v* in w;.

2.2.6  Fuzzy Spaces

Definition 30. Let V be a Clifford module of type (p,q) with chirality operator 7y
and real structure C. For p 4 g even let V be irreducible and for p + g odd let the
chiral subspaces Vi be irreducible. A fuzzy space is a real spectral triple with the

following objects



2.2 SPECTRAL TRIPLES AND FUZZY SPACES
e H=V®M,C) e I'=9®1

°-A:Mn(c) .]:C®]O

where the inner product on H is defined by:
(v1 ® my, vy ® my) = (v1,v2)Tr(mymy) (76)
and the action of the algebra is just my multiplication on M, (C), i.e.
p(a)(v@m)=0® (am). (77)
The actions of I' and | on an element of H are as follows:
Tlv@m)=9v®m, J(o®@m)=Co@m* (78)

And the final object is the Dirac operator, D, takes the following forms:

e =1

D=} w@{H,}+) a;®][L] (79)
i j

where «; and T7; are a product of an odd number of 7, 7; and H; are both Hermitian
and &; and L; are both anti-Hermitian.

e =-1

D=)Y1t"®[H, |+ Za]* ®{Li,-}+) 7 @{H,-}+) a; @[L;"] (80)
i j k !

+ 7t

where now T, ,&; are even products of 74" and 7, ,a; are odd products. Also

oc]-+, a;, L, Ly are all anti-Hermitian and 7,*, 7, H;, H are all Hermitian.
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2.3 KEY EXAMPLES OF FUZZY SPACES

As mentioned in the introduction the term fuzzy space can refer to a more general
object that outlined in this thesis. There are many constructions in the literature that
describe noncommutative analogues of ordinary manifolds, that do not necessary
lie within the framework of this thesis. For instance there are matrix descriptions
of the 2-sphere [49, 51| 52, 53| 54} 57, 55, [79, |56, 80, 160, 81], the complex projective
spaces (which often include the sphere also) [59, 58, 82, 83} [84] and fuzzy Riemann
surfaces [85] to list a few. Even more examples of noncommutative geometries exist
if you look for noncommutative but not finite analogues, such as noncommutative
tori [86], the quantum pillow [87] and quantum homogeneous spaces [88) 89, [g0].
Many of these constructions do not construct a version of the Dirac operator, and
if they do, it need not satisfy the axioms laid out above. A discussion of two other
approaches for the fuzzy sphere by Watamura-Watamura [52| 53| 57] and Balachan-
dran et al [54, 60] are discussed to understand why they do or do not fit in the fuzzy
space picture. The tools developed in chapter [3|are spectral in nature and in theory
can be used to analyse any geometry with a fuzzy analogue of a differential oper-
ator. However, the geometric interpretation would become unclear for geometries
that stray too far from the duality of Connes between spin manifolds and spectral

triples.

2.3.1 The Fuzzy Sphere

The fuzzy sphere is one of the simplest examples of a noncommutative geometry
and provides key insights into their construction. In this thesis we are concerned
with noncommutative geometry via the finite real spectral triple description. In this
approach, the fuzzy sphere belongs to a exclusive club of finite spectral triples that
approximate in some manner a continuum space. The only other example known is

that of the fuzzy torus defined in [47] which is introduced below.
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We want to view fuzzy spaces as approximations to ordinary manifolds, where the
algebra of functions is deformed to be noncommutative. We also want to view the
operator D as the fuzzy version of the Dirac operator on the sphere, which requires
us to understand the construction of a spinor bundle and the Dirac operator on the
ordinary 2-sphere.

We will investigate the more general differential geometric framework in which
the 2-sphere fits in a later section (as a homogeneous space and coadjoint orbit of a
Lie group). However for the intended purposes of this chapter we will omit some
details.

In order to define the canonical spectral triple for the ordinary 2-sphere we need
to construct the smooth functions C*(S?) and the spinor bundle. We start by de-
scribing C*(S?) in a manner than offers insight into the fuzzy sphere. Consider the
description of the sphere as the subspace of the three dimensional Euclidean space
satisfying the condition that x2 + x3 + x3 = 1. Take P to be the algebra of polynomi-
als in the coordinates x” for a = 1, 2, 3, with the product structure given by pointwise
multiplication. Let Z be the ideal generated by 6,,x*x” — 1, then the quotient space
A = P/T is dense in the algebra C(S?), as the function f(x") = Y, x* separates
points, the closure of A under the sup-norm is again a subalgebra and it contains

the constant functions. We can write any element of A in the following form:

1 1
f(xa) = fO +faxa + Efabxaxb + gfabcxaxbxc + (81)

b b

where because x"x” = x”x* each coefficient f, ,,.. is symmetric in each pair of indices.
The condition that J,,x°x? = 1 states that fayay--- is trace-free (i.e. that we have
Oasa; fayar-. = O for any a;,a; pair). So for the 2-sphere the space A = P/ can be

considered its algebra of functions.
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There are a number of possible ways to replace this algebra of functions with a
finite dimensional algebra. If the functions are approximated by truncating their

series expansion after the n'" products, i.e.

(&) = fot fax"+ 4 farapap X ... X" (82)

and take all the functions of this type, this results in a n-dimensional vector space of
the entries fo, ..., faa,..a,- In order to turn this vector space into an algebra requires
some thought. The normal product of two elements f, g, would obviously be outside
of this set of objects as it would require terms such as x*x% ... xx%+1 etc. Looking
at the case when 1 = 1, one could define a product to be f - ¢ = fogo + Yo_ fagax",
this would turn the vector space into an algebra. However, this algebra can be
identified with four copies of C, which is exactly the algebra of functions at four
discrete points. This product can be extended to any value for n in the straight
forward manner and still only results in an algebra which consists of the functions
on a set of discrete points. This is unappealing because these point will not be
invariant under rotations and thus we lose a defining property of the sphere.

There is a way to preserve this invariance under rotations (i.e. invariant the action
of SO(3)), done by making the algebra noncommutative. Start by taking the n-
dimensional generators of the Lie algebra of SO(3), s0(3) = su(2), and denote them
by L,. Then set x* = xL,, where « is a constant that is defined by requiring Y, (x%)? =
1. Note that ¥,(x")? = ¥;k%*(L,)?> = «¥*>C where C is the quadratic Casimir element
in the n-dimensional representation of su(2). This is equal to % for the generators
that satisfy [L,, Ly] = i€mpeLe [97]. So that Y ;(x)? = x?(n?> — 1)/4. So taking x =
2/vVn2—1.

Notice that the coordinates no longer commute, we have [xl, xz} = ikx3, and the
cyclic permutations. So the notion of a point (x!,x?,x3) vanishes as one can never
know all three entries at the same time, i.e. it is impossible to simultaneously di-
agonalise each of the x'. However, by considering the 2-dimensional representation,

which are the Pauli matrices divided by 2, each generator has 2 eigenvalues. So
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picking a single coordinate x' = ko' /2 = ¢ /+/3 it is possible to get two eigenvalues
namely i%. This is interpreted as being able to only distinguish which hemisphere
of the sphere we lie in. As we increase the dimension of the representation we get
more eigenvalues for each of the generators, which means we can narrow down the
zone we lie in. Which gives credence to the name of fuzzy sphere, as the spaces we
end up with are like the points of a sphere have been smeared together in a certain
tashion.

Note that as n — oo then ¥ — 0, so the coordinates in the limit commute and
the normal commutative sphere is recovered. This interpretation gives us a natural
picture of what we mean by a ‘quantum geometry’. However this limit is difficult to
define rigorously, with it being formalised in [92].

The above construction is the canonical viewpoint, however, there is another in-
terpretation which is arguably more enticing as it imposes a cutoff on the spherical
harmonics and in turn the energy states, the details of this treatment can be found
in [45]. Going back to the algebra of coordinates, C(S?), it can decomposed in to a

direct sum of irreducible representationﬂ of su(2):
C(s*) =DV, (83)
I=0

where V] is the vector space underlying the irreducible representation of su(2) with
the highest weight I € IN. The vector space V} is spanned by the spherical harmon-
ics Y. A cutoff in the energy spectrum an then be imposed by ignoring all but
the first n + 1 representations in the decomposition of C(S?). Thus, in the fuzzy
sphere’s spectral triple the fuzzy spherical harmonicﬂ Y ., are taken as the generators

of M,,+1(C), wherd™]! < n. The algebra is then decomposed into

A= PV, (84)
I=0

8 Exactly how to arrive at this result is described in the appendix
9 These are matrix versions of the spherical harmonics, there precise construction can be found in [75].
10 Note that the reason ! < n not ! < n+ 1 is because the index [ starts at zero. So there are still n 41
generators for M, ,1(C)
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where V; is as above. The space V] is spanned by the fuzzy spherical harmonics
Y u for m = —1I,...,1. Thus a fuzzy sphere can be viewed as having a maximum
angular momentum and therefore an energy cutoff, which can be recast as a minimal
renderable distance, i.e. a Planck length. The implications of a Planck length being a
natural outcome of requiring the underlying space to be finite and noncommutative
is a very appealing property, and the idea is that a noncommutative analogue to a
spacetime will provide a good model for quantum gravity.

However, the algebra of functions does not define a metric or any of the other
structures required for a spectral triple. The usual metric desired on the sphere is
the round metric. This can be defined as the metric inherited from the embedding
into IR?. Given the normal vector N = (x1, X, x3) for the corresponding point of S?,
the flat (inverse) metric on IR® can be pulled back to the sphere to attain the metri

Sab = 0ap — NaNj, producing:

B+ —xix —x1x3
—1 .
g (x1,x2,x3) = | —xpx7 xF+2x5 —xx3 | - (85)
—X3x1  —X3Xz X3+ X3

This inverse metric is degenerate and has rank 2, and is annihilated by the vector
(x1,x2,x3). Thus is cannot be inverted it in this form. Using the standard spherical

parametrisation:

x1 = cos(¢) sin(6) (86)
Xy = sin(¢) sin(0) (87)
x3 = cos(0) (88)

11 The details of this method can be found in Hawking and Ellis [93]
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for 0 < ¢ < 2mand 0 < 6 < 7, the usual formula for the round inverse metric can
be attained by the formula ¢=1(0,¢) = Jac(6,¢)g (xi(0,¢))Jac(6,$)T which now

has full rank and can be inverted to give

eo= " (80)
8. 9) = 0 sin2(9) . ?

which is the usual expression for the round metric for the 2-sphere.

The reason the Cartesian expression for the inverse metric is introduced is that it
is easier to compare the fuzzy Dirac operator to the ordinary Dirac operator when
making use of the embedding in IR3. The following method for getting the induced
Dirac operator on a hypersurface (a subspace of codimension 1) in Euclidean space
(R,¢) is a very brief and to the point method taken from [g4] and calculations for
the sphere are given.

It is shown in [94] that if an oriented hypersurface is isometrically immersed in
Euclidean space then the spinor bundle is trivial. Thus for such a space M the
space of square-integrable sections of the spinor bundle, L?(S), can be viewed as
L*(M) ® CK, for some power of k depending on the dimension of the Euclidean
space. The method of constructing the Dirac operator then begins with taking the
polynomial that defines the hypersurface, f(x') = 0. First, for an embedding in R",
take n Dirac matrices, {7,} € End(C*) = M;(C) where k = n/2 for even n and
k = (n—1)/2 for odd n, such that they satisfy the relation v,y, + YpYa = —204-
Note that for this definition, 'yg = —1 Next, find the unit normal vectors to the
surface N. This can be done by using the formula N = VL. Then the formula for

VI

the Dirac operator, taken from [94], is as follows:
3

1..
D= Y (vivj+6;)Nioj + Ele(N), (90)
=1
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where N; are the ith components of the normal vector and

div(N) = 'i1 (ij — NiNj) 9;N;. (91)
i,j=
This Dirac operator is the one associated to the metric induced from the embedding
into Euclidean space.

For the sphere, the embedding is into R3, so three gamma matrices are taken
7' € My(C), which act on 2-dimensional spinors C2. The 2-sphere is defined by
% (x')2 = 1, thus the normal vectors are given by N’ = x’. It was shown above
géit the induced metric from this embedding is the round metric that is desired, and

thus we can calculate the Dirac operator using eq. . First, note that o;N; = ¢;;

and therefore:

3 3 3
div(n) = Y 66 — NiNié; = Y 6 — Y a? = 2. (92)
ij=1 i=1 i=1

=3 =1

Making use of this result in (90), the Dirac operator becomes:

3 3 3
D=3 (vivj+0)xdj+1=Y vivxdj+ ) (v +1)x0;+1 (93)
i,j=1 i#j=1 i=1

Here the fact that 9? = —1 is used and thus the middle term vanishes in general to

give:
3
D= Y vvyjxd+1 (94)
i#j=1

Using that y;y; = —;7; for i # j, the final form for the Dirac operator on 2 is:

3
Dg: = Y 7ivj(xi0; — xj0;) + 1 (95)

i<j=1
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This Dirac operator has eigenvalues Z\ {0} with eigenvalues I appearing with mul-
tiplicity 2|I| (see [94] for a proof of this). Thus the spectral triple for a 2-sphere is
given by (A = &V}, L2($?) @ C?, Dg2)

We are now ready to present the spectral triple for the fuzzy sphere. There are
a number of ways to express a spectral triple for the fuzzy sphere. The most note-
worthy approaches for this thesis are those by Grosse and Pre$najder [51] who con-
structed the Dirac operator for the fuzzy sphere and in [45] it was shown to be part
of a formal spectral triple. The other approach is given by Barrett in [46], which
is similar to the other approaches however with a different Clifford module struc-
ture and arrives at a symmetric spectrum and a KO dimension of 2 that matches the
ordinary 2-spheres.

Both approaches take the algebra to be the n-dimensional matrix algebra A, =
M, (C), which is viewed as being decomposed into A, ;1 = Vi ® V]* = 6912]: oV as
above (note that j can take integer and half integer values as it is equal to N/2 but |
takes values in the non-negative integers).

For the Grosse-Presnajder approach (see [45] for further details) the fact that
spinor bundle for the 2-sphere is trivial for the 2-sphere is used, and the Hilbert
space required to be A, ® C2, where C? is equipped with a Clifford module struc-
ture of type (0,3). The Dirac operator is then taken to be:

Dcp=1®1+ iai ® [Li, ], (96)
i=1

where L; are the n-dimensional representation of the real su(2) generators. The
right action needed for the commutator, is defined to be given by J[(v®@m) = 0?0t ®
m*, where ¢ are the representation of the generators of su(2) in the representation
corresponding to j = 1/2, i.e. they are related to the Pauli matrices. It was shown
that this is a real spectral triple but has no grading, I', and that the eigenvalues of the
Dirac operator are +/ with multiplicity 2/ for/ = 1,2,... N and eigenvalue +(N + 1)
with multiplicity 2(N + 1) in [45]. Note that this spectrum is asymmetric due to the

lack of even grading.
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The method implemented by Barrett [46], enriches the (0,3) geometry to a (1,3)
geometry, where the new Hermitian generator is denoted by 7. In which the KO
dimension would be s = 3 —1 = 2, matching the 2-sphere. Again the algebra
is taken to be A, and now the Hilbert space is given by A, ® C* with C* a type
(1,3)-Clifford module. The Dirac operator for this fuzzy sphere is taken to be:

3
D=9+ Y, 7077 ® [Lij] (97)
i<j=1

where L;; are the generators of so(3) that satisfy:
[Lik, Lim] = OxiLim — OkmLjt — Oj1Lim + SjmLia (98)

and are antisymmetric in their indices. Note that the product 7,7, is anti-Hermitian
and an odd product so this definition of the Dirac operator agrees with the Dirac
operator definitions in eq. (79). The real structure and chirality operator are as given
in definition

It is possible to arrive back at the Grosse-Presnajder Dirac operator from the Bar-
rett operator shown in [46]. This is done by expressing the (1, 3) Clifford module as
arriving from the product of a (0, 3) Clifford module and a (1,0) Clifford module, as
outlined in section Let 0“ be the generators of the (0,3) Clifford module then

we have that:

T = ;T = (99)
Thus the Barrett Dirac operator can be expressed as:

0 Dg-
Dy = P (100)
Dg_p 0
The link between these Dirac operators and the commutative 2-sphere’s Dirac

operator is more clearly seen when the commutative 2-spheres Dirac operator is

expressed as embedded from IR® as described above. To do this, note that the vector
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fields X;; = x;0; — x;0; satisfy the same Lie algebra relations as the elements [L;j, -].
Under the notion that the Xj; are the infinite matrix representation of the Lie algebra
generators, it can be seen that these Dirac operators all take a similar form. The
formal version of this statement is a hard question and comparing fuzzy spaces to
their infinite counterparts is an active area of research - see for instance [92}, [95].

It should be noted that there are other matrix geometry constructions, that are
complete with an operator emulating the Dirac operator. The notable examples are
those by Watamura-Watamura [52| 53| 57] and Balachandran et al [53) 60].

The procedure of Watamura and Watamura enforces the existence of a matrix
analogue of the chirality operator for the sphere. They then proceed to investigate
the possible operators that anti-commute with it. The chirality operator they find in

[52] is of the form:

YW = %(;‘Ti ® x; + g), (101)

where the x; are the generators of the matrix algebra that satisfy [x;, x;] = ixe;jxx
and « is defined as above. The N is a normalisation factor to ensure that 7%, = 1.
This operator limits to the continuum chirality operator ¢ = % Y. 0; ® x; as described
in [96]. However this operator does not commute with the action of the algebra
Ywa # ayw. A modification was proposed in [53] by using the right action of the

matrix algebra instead of the left,i.e.
0 1 i 0 K
Tw = N(Z‘T ® x; _E)' (102)
1

The modified chirality operator however does not commute with the right action
of the algebra. Thus there does not exist a real structure | that commutes with the
chirality operator"?} breaking condition (iv) of the axioms in definition

A matrix analogue of the Dirac operator is then found by considering all operators
that anti-commute with the chirality operator +7,,. Notably, this is a property of the

Dirac operator and chirality operator for the continuum 2-sphere, but not what is

12 As €’ =1 for a (0,3) Clifford module, we would require Jyw = yw]/.
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prescribed by condition (v) of definition[1g|for a (0, 3) Clifford module. The operator
is found to be:

Dw = i'ﬁveijkgix;‘)xk- (103)
This Dirac operator does not fit into the framework of eq. or eq. (8o). However,
it does strike a resemblance to the chiral rotation of continuum Dirac operator. If we
let D1 = i) €;x0i(xj0k) + 1 like in eq. , then we can form a different expression
of the Dirac operator as Dy = iy[)1 = i€jx0;xjJk, where Ji = €upr(Xq9p) + 0%/ 2.
It is shown in [57] that Watamura Dirac operator Dy is a matrix analogue of I?,.
However, the Watamura Dirac operator Dy is not a chiral rotation of the Grosse-
Presnadjer operator, which is the matrix analogue of [);. As the Watamura fuzzy
sphere is not a fuzzy space as meant in this thesis, it is not explored. It is however
an interesting object of study, and whether or not it could be included in some
generalisation of fuzzy spaces, such as twisted spectral triples [97, 98], is worth
investigating.

Despite the construction being different to the usual methods, the Balachandran
method as outlined in [60] produces the same Dirac operator as the Grosse-Presnadjer.
Starting from a representation of the Ginsperg-Wilson algebra, two operators are con-
structed. One of which limits to the continuum Dirac operator and is of the same
form as the Grosse-Presnadjer operator, the other limits to the continuum chirality
operator. However, these operators do not anti-commute and thus at the matrix
geometry level, these operators do not satisfy the axioms for a fuzzy space.

As such, for the fuzzy sphere only the Barrett and Grosse-Presnadjer Dirac opera-

tors will be considered in the following chapters.

2.3.2  The Fuzzy Torus
A finite real spectral triple for the fuzzy torus has recently been developed by John

Barrett and James Gaunt [48]. The construction for a fuzzy torus is a lot more subtle

that for the fuzzy sphere and requires careful attention. A brief introduction to the
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A (a+b,c+4d)

(b,d)

Figure 2.: How the matrix A transforms the integer lattice in R2.

necessary structures of the commutative torus is given and a summary of the fuzzy
torus is given, with an emphasis on the features that will arise in the subsequent
chapters.

The flat torus is described mathematically by R?/(271Z)?. The standard metric is
obtained by the identifying the opposite sides of a square with side length 27r. This
will be referred to as the unit square torus. Other metrics are obtained by pulling

back the flat metric § by a matrix

a b
A= (104)
c d

viewed as a integer lattice transformation, where a,b,c,d € Z and A is invertible.

The new metric is of the form (ignoring the factor of 27):
ds? = (a* + c?)d6? + 2(ab + cd)dOdg + (b* + d?)d¢? (105)

Thus we have a torus as identifying a parallelogram with principal axes (a,c), (b,d)

equipped with the metric above. We have that the scalar Laplacian for this metric is
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given by

-1 5 (b° + d?)05 — 2(ad + cd)9gdy + (a° + c*) 5, (106)

Ar = (ad — be)

and has eigenvalues

AR = m <(dk —cl)? + (bk — al)2> (107)

where (k,1) € Z>.

The 2-torus has multiple spin structures, making it markedly different from the
sphere, which has a unique spin structure due to it being simply connected. The
spin structures on the torus are labelled by the first cohomology group with integer
mod 2 coefficients. For the torus, this is H'(M,Z,) & Z, x Z,, giving four in total,
thus we can refer to the different spin structures by . € Z, x Z,. The choice of spin
structure informs us whether the spinors are periodic or anti-periodic along the two
axis of the torus. The choice of spin structure of the torus affects the spectrum of
the Dirac operator defined upon it [g9], but not the global formula for the Dirac
operator.

The Dirac operator has the form:

1
ad — bc

Dy = (71(6189 — cdp) + 7*(—bdg + a8¢)> (108)

for a (0,2) Clifford module. The eigenvalues of the Dirac operator are of the form:

1

A =4
kol & ad — bc

V/ (dk — cl)2 + (bk — al)? (109)

where (k,1) € (Z?+ £/2). Each eigenvalue appears once for two dimensional
spinorg™] For the spin structure ¥ = (0,0) we have a zero eigenvalue with mul-

tiplicity two.

13 It will be useful to consider 4-dimensional spinors when examining the fuzzy torus.
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The algebra for a noncommutative torus is the completion of a free, unital, asso-
ciative *-algebra, A, generated by two unitary operators, U, V, on a Hilbert space b,
modulo the relation UV = qVU for some complex number 4. The case when g =1
is realised as the ordinary torus by setting U,V to be the plane waves, i.e. U = ¢
and V = ¢®. When the algebra A is finite dimensional, i.e. U, V are matrices, we
refer to this as a finite noncommutative torus. Taking the Hilbert space, h to be
Mn(C) (as opposed to a direct sum of matrix algebras) we say we are dealing with
the an irreducible finite noncommutative torus. One consequence of U, V being fi-
nite dimensional matrices is that g = 1 for some positive integer N, due to U,V

only having a finite number of eigenvalues.

A key example of such a choice of U, V are the clock and shift matrices

(110)

o o o =
o O = O

o o O
o O = O
o o O =

with the choice of g being a N-th root of unity, i.e. ¢ = exp(27i/N).

We can now define the fuzzy torus:

Definition 31. The fuzzy torus is defined as follows: Let U,V,h be a finite non-
commutative torus, let A = (U, V)/(UV — qVU) denote the algebra, let X,Y € A
such that XY = QY X for some complex number Q, such tha QN = 1. Note that
Q* = Q. Take a (0,4) Clifford module and the Dirac operator:
Dxy = s g L7 @ Kl + oo L 70 e (Ko h ()
QUA-Q 1A% Qi+ Q

i<j<k

14 For instance, Q = g“ for some integer a.
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with
1 . P
Ki =Ky = —Z(X+ X*), Ky = —Kjza = _A_L(X - X), (112)

i

1
Kz = —Kjp4 = Z(Y+ Yx), Ky =Kz = 1

(Y*=Y) (113)

Note that the K; are all Hermitian, but the pre-factor of the commutator terms is

anti-Hermitian. So this formula is an example of equation (79).

There are number of parameters to choose in the definition of a fuzzy torus. For
the purposes of this thesis we will simplify to the following cases. Firstly we will
always take U = C and V = S unless otherwise stated and so g = exp(27i/N) and
A =C(C,S) = My(C) for a positive integer N. We will also take H = My/(C). The
choice of X, Y plays a pivotal role in the geometry of the fuzzy torus. The simplest
case is when X = Cand Y = S and so Q = 4. This corresponds to the fuzzy unit
square torus under the outlined in [48].

A result of [48] is that we are not free to specify the spin structure of a fuzzy
torus. It is predetermined by the choice of X and Y. It is shown in [48] that the
choice of X and Y is equivalent to choosing a matrix A as in (104). If we define
E(mn) — g=mn/21myn Then by choosing X = E@b) = g=a/211ayb and Y = E(&9) =
g¢/2Ucv¢ =, which gives Q = ¢~ the spin structure of the associated fuzzy
torus is then given by the handy formula of £ = (a 4 ¢,b + d) mod 2.

The eigenvalues of the associated Dirac operator with X = E(®}) and Y = E(¢4)

are of the form:

1
A+ =+ P \/[al — bk]% + [dk — ck]% (114)

l[ad — bc
al —bk1*  [dk—cl]?
_i\/[ad—bc}Q—F {ad—bc}g (115)

where (k,1) € (Z% +%/2) and [n], = ZZ;E:—Z:LZ which for g = ¢*™/N we have [n], =

sin(rtn/N)
sin(7r/N)

are known as quantum integers. We can uniquely index the eigenvalues
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with —N/2 < k,I < N/2. The quantum integers have the property that [n], — 1 as
g2 -1

A key feature to note is that we have doubled the Clifford module from a (0,2)
type in the continuum case to a (0,4) type for the fuzzy torus. This has the effect
that each eigenvalue (both the positive and the negative square roots) occur with
multiplicity two. This is likely related to the Nielsen-Ninomiya theorem [100, 101],
which states that a lattice theory of chiral fermions necessarily requires a doubling
of the fermions. Which suggests that using this fuzzy geometry does not circumvent
this no-go theorem.

There is a subtlety that the value of N affects the spectral geometry quite sub-
stantially. If N is divisible by ad — bc, then we have that Q = ¢~ has order
N/(ad — bc), i.e. QN/(@8-b) — 1 S0 the formula for the quantum integers

: ad—bc
sin <7Z7'(T)
: ad—bc
Sin (NT>

repeats itself with period N/ (ad — bc). As g has period of N we get that the eigen-

nlg = (116)

values repeat themselves ad — bc times as k, | are varied. We can interpret this (spec-
trally) as having ad — bc copies of an N/(ad — bc) irreducible fuzzy ad — bc torus.
Note that when N is not divisible by ad — bc then the behaviour is more compli-
cated. This case is considered briefly in [48] and is not studied here.

In this thesis we will focus on two fuzzy tori, the unit square torus and the torus
witha =3,d =1 and b = ¢ = 0, which will be referred to as the a = 3 torus.

In Figure[3|a) we see the positive eigenvalues for the N = 90 fuzzy unit square tori
shown in orange, with the continuum values shown in blue. The surface shown is
interpolated between the eigenvalues and the contour lines are for constant height,
i.e. constant eigenvalue. We can see that the eigenvalues for the fuzzy unit square
torus agree for a small region around (k,I) = (0,0) and then start to follow a more

sinusoidal path as k,I get larger. As N increases we recover the spectrum of the

1/2

15 You can also take the limit where g'/< — —1 but that is not considered here
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10 B Fuzzy Torus ‘ B Fuzzy Torus \
B Commutative Torus W Commutative Torus
0 0
-40 -20 0 20 40 -40 -20 0 20 40
/ /
(a) Unit square torus (b) a = 3 torus

Figure 3.: Plots of the positive Dirac spectrum for N = 90 fuzzy tori vs their contin-
uum counterparts. b) shows the duplication of the spectrum due to the
non-square geometry of the fuzzy torus and N = 90 being divisible by 3.

commutative torus in a point-wise manner but with twice the multiplicity. Meaning
that for each fixed (k, I) the fuzzy eigenvalue Ay ; 4 converges to the continuum value.
However note that at any finite N, the vast majority of the fuzzy spectrum is very
different to the continuum values.

Figure [3b) shows the positive eigenvalues for the N = 90 fuzzy and continuum
a = 3 tori. Here we see an important feature of non-square fuzzy tori. The fuzzy
torus is reducible, in that the spectrum gets duplicated, as N = 90 is divisible by
ad — bc = 3. Also the maximum magnitude eigenvalue attained is similar to that of
the N = 30 fuzzy unit square torus. This will have an effect on some of the spectral

measurements we investigate in the next chapter.

2.3.3 Random Fuzzy Spaces

The formula’s for the fuzzy Dirac operators given by equations (79) and opened
up new possibilities. If we fix a Clifford type and a matrix size, the entries of the for-

mula are just Hermitian and anti-Hermitian matrices with no further constraint

In they consider L; matrices that are traceless due to the fact that the trace vanishes in the
expression of the Dirac operator as they appear in commutators.
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This allows us the possibility of randomising those entries, forming a path integral

over the space of geometries
7(B,5) = /ge‘ﬁS(D)DD. (117)

This setting lends itself to being studied by Monte Carlo methods, as was done
in [61]. A brief account of the procedure is recalled below along with their findings.

This process is then a random matrix model (which are well studied) but where
the matrices are restricted to be Dirac operators in the finite spectral triple sense. If
we set G to be the space of Dirac operators, this is a R-vector space as shown in
the previous section. We can then take a probability distribution such that a Dirac

operator D; occurs with probability:

e_S(D)

PD)) = = =5y

(118)
for some real-valued action S(D). Thus we need to only modify the action to inves-
tigate different models.

Note that due to the Dirac operator being of the form in equation (79), the inte-
gral over Dirac operators can be expressed as an integral over the (anti-)Hermitian
matrices H;, Lj, so the integration measure is DD « II;;DH;DL;. Writing the anti-
Hermitian matrices L; = iHy, where H; is a Hermitian matrix reduces the integration
DD to integrating over Hermitian matrices. It is well known in random matrix the-
ory that the integration measure for Hermitian matrices can be written as integrating
over arbitrary matrix elements with the Jacobian contributing a factor I, ]-|/\1~ —Aj %,
where A; are the eigenvalues of D [102]. This term plays an important role as it can

be absorbed into the action to form a new action of the form:

S(D) = S(D) + Y _log|A; — ;2 (119)

i<j
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which provides an eigenvalue repulsion to the system countering the action S(D).
This stops the eigenvalues of the system from settling in any wells of the action po-
tential. It also stops the system from producing eigenvalues with high multiplicities.
Recall that the Barrett fuzzy sphere has eigenvalues j € +{1,2,3,...,N — 1} with
multiplicities 4|j| and j = £N with multiplicity 2N. Thus it is unlikely for an ex-
act fuzzy sphere to arise in from the simulation for the low matrix sizes considered
below.

The only actions considered are those that are ‘spectral’, in the sense that they

only depend on the eigenvalues of the Dirac operator:

S(D)=Trv(D)= Y, V() (120)
Ai€spec(D)

for some potential V bounded from below. We also need to make sure that |, g e=5(P)dD
converges in order to study it using Monte Carlo methods. This constrains the
possible actions we can choose. This restriction excludes the Connes-Chamseddine
spectral action [39],

S(D,Q) =Tr(f(D/Q)), (121)

where f is a smooth approximation to a step function to regularise the trace and ()
is a energy scale cutoff scale. This action can recover the standard model action and
the Einstein-Hilbert action of GR as was discussed in the introduction. However,
this action does not have a well localised minima as it tends to zero asymptotically.
Thus is not appropriate for use in a random matrix model as the system will not
thermalise. In fact, it is needed that the potential V(x) — co0 as x — oo in order for
the minimum to be sufficiently well localised.

In [61] they studied the simplest actions satisfying this constraint, which take the
form

S(D) = ngr(Dz) + g4Tr(D4), (122)

with ¢4 > 0 or g4 = 0 and g» > 0. As the space of Dirac operators G is a real

vector space, we can scale the Dirac operator D so that we can assume g4 = 1 or
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g1s = 0and gp = 1. When g4 = 1 and g» < 0, the potential forms a double well,
which is known to lead to a phase transition in random matrix models. This was
also found in [61] and investigated further in [63] for a number of different Clifford
types. When ¢4 = 0 and g» = 1, no phase transition was found and this model will

not be analysed here.

Monte Carlo Procedure

Once an action has been chosen, the matrix model was then setup to undergo
Markov Chain7| Monte Carlo simulation using the Metropolis-Hastings algorithm.
In which a new Dirac operator D;, is generated from D; by generating random
matrices, R;, one for each randomised entry into the Dirac operator. We then define
0H; = [(R; + R}) and 6L; = [(R; — R}), where [ is real valued and determines the
step length in the configuration space. The parameter | undergoes adjustment to
make the Monte Carlo algorithm thermalise. We then define D, = D; + 6D, where
0D is constructed linearly from the 6H;, 6L;. This new proposed Dirac operator D),

is accepted (i.e. Dj1 = Dy), if one of the following conditions hold:
* S(Dy) < S(Dj)

* exp (S(Dj) —S(Dy)) > p where p is a random number chosen uniformly from

[0,1]

If the proposed Dirac operator D, fails both conditions we just set D; = D, 1. After
a sufficient number of moves we will have that the steps are independent of the

choice of initial operator Dj.

Results of previous studies

The random fuzzy spaces investigated in [63] have Clifford-type (1,1), (2,0) and

(1,3). All were found to undergo a phase transition when using the action S =

This means that the generated Dirac operators, D;,; only depend on the current Dirac operator D;
and not D;_1,D; ...
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¢4 Tr(D*) + ¢2Tr(D?) upon varying ¢, the location of the phase transition was dif-
ferent for each type however. It is these random geometries that will be investigated
in this work also. The location of the phase transition is found by examining some
thermodynamic variables under the partition function Z(, S). For the action above
we have two variables available, the ‘inverse temperature” f and the coupling con-
stant ¢» (as g4 = 1). Thus we have the following thermodynamical quantities to

investigate:

dlog(Z) _ 9%log(2)

5)=-2FH vars) = B (123
dlog(Z d?log(Z
B <Tr(D2)> = —% ﬁzVar(Tr(Dz)) = gf?%() (124)

For a infinite system, the variance of both the action and the variance of Tr(D?)
should diverge at a phase transition if it is second order or higher, and for a finite
size system they should exhibit a pronounced peak. This was clearly found for
the type (2,0) and (1,3) geometries, with Var(S) shown in Figure 4 of [63] and
Var(Tr(D?)) shown in Figure 8 of [63]. However, for the type (1,1) geometry, both
plots show a qualitative difference to the other two types indicating that it might
have a higher order phase transition or that larger matrix sizes are need to further
investigate.

For each type and matrix size the location of the phase transition can be found
in [63] and the calculated averages are given in table [31 The ranges of g, values
investigated was different for each Clifford type, for type (1,1) g» was taken between
[—3.50, —2.00], for type (2,0) between [—3.50, —2.50] and for type (1,3) between
[—4.00, —3.30] starting at the least value in the respective ranges and increasing with
a step size of 0.05. We call g, values that are more negative as being after the phase

transition and the g, value that are less negative as being before the phase transition.

The scaling freedom within the action studied here, has the effect that the max-

imum eigenvalue of the geometries is restricted. Thus as we increase the matrix
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Table 3.: Table of the phase transition value of g» for the three Clifford types of
random geometry investigated. The average is calculated using the data

from [63].
Type (1,1) (2,0) (1,3)
Critical g, value —2.382 +0.289 —2.781 +0.289 —3.696 + 0.354

size in the simulations we do not attain larger eigenvalues but more densely pack
a finite region. As some of the spectral measures developed in chapter [3| are based
upon the asymptotic behaviour of the eigenvalues, this restriction of the eigenval-
ues may seem problematic. However, as all of the eigenvalues are scaled, this effect
can be countered by normalising the spectrum by some overall factor. There are a
number of ways to do this, for instance when comparing two geometries we could
force the eigenvalues with minimum or maximum magnitude to agree. We could
also scale the spectrum by a factor depending only on the matrix size, N, to counter
the scaling done in the action. As was discussed in [64] the minimum eigenvalues of
the random geometries turns out to be too 'random’ for practical use. And scaling
to match the maximum eigenvalues and the N-dependent scaling produce similar
results. When comparing the random geometries to the other well known fuzzy
spaces described above, we scale the random spectrum so the maximum eigenvalue
agree with the maximum eigenvalue of the well known geometries. The effect of
such a scaling on the geometry is to be determined, but it is expected to be related

to changing the ’size’ of the geometry@

Observables for random fuzzy spaces

An observable is any real or complex valued function of the Dirac operators. The

expectation value of an observable f is calculated by performing the integral

() = [ F(D)e DD, (12

For instance, the sphere of unit radius has a Dirac spectrum of Z\0. The sphere of radius r € R has
a Dirac spectrum of 1 times the unit sphere spectrum.
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This integral can be approximated by taking a discrete ensemble of Dirac operators

{D4, Dy, ...,Dy} by the formula:

Y f(Dy)e=5P)
= Z] efs(Dj)

(fIn / (126)

which converges to the continuum expression as N — co. If the ensemble {D;} is
taken from a Monte Carlo simulation of the path integral, the following simplifica-

tion exists [103]:

(Fw =5 LAY, (127

In the following chapters, measurements of fuzzy spaces are developed that depend
on the eigenvalues of their Dirac operators. Therefore in order to investigate these
measurements for the random geometries, their expectation values can be calculated
via eq. (127). This method with be referred to as taking the ensemble average.

However as the eigenvalues of the Dirac operators D; are also observables. By
ordering the eigenvalues of each D; and letting f i(D) denote the function that selects
the ith eigenvalue of D, the expectation value (f') can be calculated. Thus for a
random fuzzy matrix model, with Dirac operators that are N by N matrices, this
would result in N averaged eigenvalues of the Dirac operators, denoted by {(f) }} .
This collection of eigenvalues {(f*)} will be referred to as an averaged geometry of
the model. This allows us to calculate the spectral measures for these averaged
geometries. It should be noted, that averaging the eigenvalues in this way is not
standard. However it provides to be a powerful tool in the investigation of the
geometry of these random fuzzy spaces. Thus, there are two possible ways to apply
the spectral measures discussed in the next chapter. Either by ensemble averaging
the quantities by eq. or by calculating the measures for the average geometry
of the model.

There is also a third option, which is to collate all of the eigenvalues for each Dirac
operator D; in the ensemble, into one large spectrum and then calculate the measure

on this set of eigenvalues. However this method will remove an important feature of
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the spectra, the spacing of the eigenvalues and in the limiting case would produce a
continuum of eigenvalues. This is undesirable as none of the individual geometries
having a continuum spectrum. This method is not investigated here.

Using the averaged spectrum {(f*)} of all the geometries involved is computation-
ally efficient, however it raises some questions about the meaning of an averaged
geometry. It also ignores that the fluctuations of the eigenvalues might be correlated
with each other, and this could have important consequences for the spectral esti-
mators. Calculating the ensemble average of the dimensional/volume measures is
therefore the preferred method, however it is computationally taxing. An investi-
gation of how constant the spectral estimators are over the ensemble is conducted
and used to justify whether using the averaged spectrum is a legitimate method to
study these models. An explicit comparison between the spectral measures of the
averaged spectrum and the ensemble average of the spectral measures is considered

below. A priori these methods are not required to produce similar results.
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In the commutative geometry setting, there are many different definitions of the di-
mension of a space that are equivalent. For smooth manifolds, the simplest is the
minimum number of coordinates needed to specify any point within it. This is equiv-
alent to the minimum number of independent basis elements in each tangent space.
With the discovery of fractal spaces, new notions of dimension were defined which
need not take integer values [104]. In non-commutative geometry, the dimension is
usually replaced with the dimension spectrum, which is no longer a single number,
but a subset of the complex plane. It is defined as the set of singularities of the zeta
tunction of the Dirac operator [105]. The KO dimension is another notion of dimen-
sion that for compact spin manifolds, is equal to the topological dimension modulo
8. See [106] for an overview of the various dimensions available in geometry and
algebra. Many of these notions generalise to the noncommutative geometry setting,
however they no longer necessarily agree. Also, these definitions tend to be trivial
when applied to finite spectral triples. However, we have seen that we have finite
non-commutative approximations to the sphere and the torus and as more examples
are uncovered, a notion of dimension that captures this feature is desirable.

The notion of the volume of a space is more narrowly defined, with the definition
stemming from prescribing a volume form, i.e. a differential form of top degree.
There are a number of ways to compute the volume depending on the context. In
terms of spectral geometry we will see it can be computed by probing the asymptotic

expansion coefficients of the heat kernel of a differential operator [107]. It can be
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also calculated by a noncommutative integral over a generalised notion of a volume
form [65]. This notion of a volume form is given in the more abstract terms of a
Hochschild cocycle, which also encodes an orientation. However, the details of this
are not needed as the expression for the noncommutative integral can be given in
terms of a singular trace is outlined below.

In what follows we investigate a number of different approaches to calculate the
dimension and volume of a fuzzy space, using just the spectrum of their Dirac

operators. The results of this section were published in [64].

3.1 SPECTRAL GEOMETRY

One geometric pursuit that is perfectly generalisable to noncommutative setting is
that of spectral geometry. This is the study of a geometrical space by examining the
eigenvalues of operators defined upon it. The archetypical example is by studying
the Laplace operator for which a number of powerful statements exist, with Weyl’s

law being the most celebrated.

Theorem 3 (Weyl's Law [108]]). Given a compact oriented Riemannian manifold, M, and
the Laplace-Beltrami operator. The number N(A) of eigenvalues less than A satisfies
N(A) Vol(M)

I —
Ao A2 T (4m)P720(d/2 + 1) (128)

If we order the eigenvalues so that Ag < A; < ... we can restate this theorem as an

asymptoptic approximation for the k-th eigenvalue:

VOZ(M) > kZ/d (129)
)

A~ 4m (W

It was shown that knowledge of the Laplace spectrum alone is not enough to char-
acterise a space. This was done by the creation of isospectral but not isometric ver-
sions of a 16-dimensional torus by Milnor [109]. These are different (non-isometric)

Riemannian manifolds (M, g) and (M’,¢’) such that spec(A) = spec(A’) and an-
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swered the adage of ‘Can you hear the shape of a drum?” with a resounding no
for the spectrum of the scalar Laplacian [110]. Isospectral deformations of Rieman-
nian Spin manifolds exist also [111], meaning that knowledge of the spectrum of the
Dirac operator is not enough to specify a Riemannian manifold (M, g).

However, it was shown that if you know the spectrum of a differential operator,
and the relative position of two commutative von Neumann algebras within the
Hilbert space on which the differential operator acts, then this uniquely determines
a Riemannian manifold [112]. This holds for the Laplace-Beltrami operator and also
for the Dirac operator acting on a spinor bundle. Note that if we take the Dirac
operator on a spin manifold, we can not recover the precise Dirac operator back
from the spectrum, as we only fix it’s principal symbol i.e. we get a Dirac-type
operator not the Dirac operator. We do however fix the spin structure if we know the
volume form (or its cohomological content) [113} section 11].

Regardless of the existence of isospectral Riemannian manifolds, the formula
clearly shows that the spectrum of the Laplacian contains information about the di-
mension and volume of the manifold. Thus is it possible to extract this information
from the spectrum. Powerful methods of extracting geometrical data from the spec-
trum of differential operators have been developed and will be outlined below. These
are mostly centred around analysing the heat kernel asymptotic expansion. As the
notion of the spectrum of an operator survives when we pass to noncommutative
geometry, one can hope to find a similar characterisation of the ‘dimension’ and

‘volume’ of a noncommutative geometry this way.

3.1.1 Weyl's Law for Fuzzy Spaces

Weyl's law for spectral triples requires us to deal with the Dirac operator and spin
bundles, whereas the original result holds for only the Laplace-Beltrami operator

over a Riemannian manifolds. However similar results hold for operators of Laplace-

type

76



3.1 SPECTRAL GEOMETRY

Definition 32. A differential operator, L = —(awayav + a0, + ao), on smooth sec-
tions of a vector bundle, V =5 M, over a Riemannian manifold, M, where a*",a*,a°
End(V), is said to be of Laplace type if a"¥ = ¢g"id. A differential operator D is said
to be of Dirac type if D? is of Laplace type. If we expand D = "9, + 7, then D is
of Dirac type if and only if we have that {y*, "} = —2¢""id.

Remark 4. We want the Laplace-Beltrami operator to have positive eigenvalues. Under this
definition we have that the Laplacian on flat space is given by A = —g""9,,0y, so A has
positive eigenvalues. Other authors use the convention that A = ¢"9,0y, in which —A

would have positive eigenvalues.

Theorem 4 ( [108] ). Given a compact Riemannian spin manifold, M with a spinor bundle
of rank k and the Dirac operator with eigenvalues \; where {|A;|} is non-decreasing, we have

that
lim " kVol (M)

= Al (4m)/20(1+ )

(130)
where n indexes the eigenvalues.

Note that the right hand side of this expression is constant for a given geometry
and the sequence, {1n/|A,|*} takes values in the positive reals. As the logarithm is a

continuous function on the positive reals we have that

kVol(M
log(n) — dlog(|An|) — const = C = log ((4%);21("(1)—1— 4)> (131)
2

The equation eq. (131) provides us with a possible procedure to calculate the

dimension and volume from the spectrum. Taking the approximation that

log(n) = dlog(|An|) + C, (132)
Vol(M) = %(zm)d/ 1+ g) exp(C) (133)

for every n. The dimension d and the volume could then be calculated by fitting a

straight line to the graph of log(n) vs log(|A,|). However, as the expression eq. (131)
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only holds asymptotically, a naive attempt to fit a straight line to the plot of log(n)
vs log(|A,|) is inappropriate. In order for this procedure to produce reasonable
estimations for the dimension and volume, the linear regression must be fitted to
only the largest eigenvalues. However, how to determine when the eigenvalues are
‘large enough’ to get accurate results is still a question one must answer.

The situation is worse for the fuzzy spaces that this thesis is concerned with. As
Weyl’s law is essentially a “high energy” (i.e. large eigenvalue) investigation into
the structure of the geometry. If you consider the Dirac spectrum for the unit square
fuzzy torus, the eigenvalues deviate drastically from the continuum spectrum for
their largest values. This was shown in fig. |3, where it can be seen that the eigen-
values of the fuzzy torus and continuum agree for only a small region around the
origin. Thus if a procedure based upon Weyl’s law is developed to analyse the
largest eigenvalues only, this would not be effective for the fuzzy spaces in general.
As the highest eigenvalues do not typically obey the same behaviour as their con-
tinuum counterparts. We can view this as the finite/noncommutative effects of the
tuzzy spaces having the effect of altering the manifold-like geometry for the highest
energies. For some spaces such as the fuzzy sphere, these features are minimal, as
the spectrum is just a truncation of the continuum spectrum. For other spaces like
the fuzzy tori and possibly others, these quantum effects are very prevalent.

Thus we don’t necessarily want to have a definition of dimension based on the
highest eigenvalues present. We also do not want a dimension measure based on
the smallest eigenvalues as they encode some of the global geometry which will
also skew the dimensional measures [69, Chapter 5]. So we would need to use the
growth behaviour of the some middling region of the spectrum at each value of n.
How to choose such a region is not obvious and is not currently understood. To

demonstrate this point we examine another manipulation of Weyl’s law.
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Figure 4.: A two parameter plot of Wy, for the fuzzy sphere of matrix size N = 30.
First plot shows the multiplicity blocks for each eigenvalue, the second
plot is corrected for this.

Another method to extract the dimension from Weyl’s law is to take two different

(distinct) eigenvalues, A;, A, and examine the difference of eq. (131) for each other:

log(n) — dlog(|Aul) — (log(m) — dlog(|A,u|)) = log(n/m) — d1og(|As|/|An]) = 0.
(134)
The limit is to taken so that log(n/m) is bounded and we require that A, # A;. In

such a case we can define the following expression:

_ log(n/m)
" log(|Aul/[Aml)

—d (135)

This expression is invariant under rescaling of the eigenvalues, which will be useful
when investigating the random geometries, as they are arbitrarily scaled in the sim-
ulation to restrict the maximum eigenvalue, so only the density of the eigenvalues
varies as n increases.

We have plotted the function Wi, for the fuzzy sphere in fig. |4 The white squares
along the diagonal are where the two eigenvalues A, and A, are equal and thus W,
is ill-defined. The large multiplicities of each eigenvalue cause the value of Wy, to
vary as we examine each multiplicity block. This can be seen in the left-hand plot
where it causes a psychedelic pattern, whereas in the right-hand plot the value for

the middle of each multiplicity block is shown. This second plot shows that the
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(c) Continuum torus

Figure 5.: A two parameter plot of Wy, for the unit square fuzzy torus of matrix
sizes N = 15 and N = 30, and the continuum unit square torus with the
same number of eigenvalues as the fuzzy torus.

fuzzy sphere has a stable notion of dimension throughout it’s spectrum, and that
value is close to 2.

The situation is drastically different when we consider the fuzzy torus. Figure [5|
shows the plot of W, for the N = 15 and N = 30 unit square fuzzy torus com-
pared with the continuum counterpart. Here we see that the value of W, varies
wildly depending on where in the spectrum you investigate. The bad behaviour
of this function Wy, is again due to the large eigenvalues of the fuzzy torus being
significantly different their continuum counterparts. This is due to the g-number [I],
only approximating the integer I for 7t//N < 1 but deviates from this as [ increases.

However their is a small region around the origin in which the function Wy, is ap-
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(a) a = 3 Fuzzy Torus (b) Continuum a = 3 torus

Figure 6.: Plot of W, for the rectangular Torus witha = 3,d =1, b = c = 0.
Figure a shows the fuzzy torus with matrix size N = 30 and b) shows the
continuum torus.

proximately 2. There doesn’t seem to be a way to characterise how big this region is
or its location as we increase the matrix size.

The plot of W, for the a = 3 fuzzy torus is included in fig. [l Here we see that the
despite having the matrix size at N = 30, the a = 3 fuzzy torus (fig. [6| (a)) appears
be to be more similar to that of the lower matrix size N = 15 unit torus from [5|
The overall characteristics of the plot are not changed much by the change in torus
shape.

In fig. [ the function Wi, is plotted for the type (2,0) geometry with matrix size
n = 10 and with g, values around the phase transition value. The value of W,
again varies depending on where you look in the spectrum, however, it is much

better behaved than the fuzzy torus example for certain values of g». Wy, takes

200

50 100 150 200 50 100 150 200 50 100 150 200
n n n

Figure 7.: A two parameter plot of Wy, for the type (2,0) random geometries, with
g2 taking values of —2.75, —2.80 (phase transition) and —2.85.
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values between 1.2 — 1.6 at go = —2.75 and between 1.6 — 2.0 at go = —2.80. After
the phase transition their is no stable value, demonstrated in the plot for g, = —2.85.

An interesting feature is that the value of W, drops to zero at the largest eigenval-
ues. This feature was present in the fuzzy torus plots (fig. [5|and fig. [p) as well as for
the random geometries. It is interpreted as the discrete nature of the fuzzy spaces
being encoded. Weyl’s law is the most naive spectral measurement of a geometry,

more advanced methods exist and are explored in the following section.

3.2 HEAT KERNELS, SPECTRAL ZETA FUNCTIONS AND GEOMETRY

The heat equation is given usually in terms of the Laplace operator'|in the following
way: Let M be a compact Riemannian manifold with Laplace-Beltrami operator A,
then the solution to the following equation are called the heat kernel for the operator
A:

0
(& + Ay )K(x,y;t) =0 (136)

where K is a function on M x M x R" subject to the initial condition that as t — 0,
K(x,y;t) is the Dirac delta distribution along the diagonal x = y. It is sometimes
denoted K(x,y;t,A) to show the dependence on the differential operator when it
is not obvious from context. The solution to this equation, K, is smooth and its
behaviour as t — 0 encodes the local geometry of the manifold M. We can write

down the formal solution as:

K(x,y;t,A) = e "5(x — y) (137)

tA

where ¢ 2 is given by the functional calculus, i.e. e 2 = 1 —tA + 2A2 +.... As

A is self-adjoint, we have a spectral resolution, {A,, ¢, }, such that Ap, = A,¢, and

1 Depending on your metric signature the heat equation may have a negative sign infront of A,.
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{¢} form an orthonormal basis on the L? sections. In this basis we can express the

heat kernel as:

K(x,y;t,8) Ze’m” x) @ ¢ (y) (138)

We can then view the heat kernel as an operator from the fibre above y to the fi-
bre above x. The heat kernel has an associated integral transform, which gives a

representation of the operator e~ *4:

(2¢)(x) = [ K(x,y:t,8)9(s)dy. (139)

We then consider the case when x — y, which is encoded in the L? trace over the

bundle V 5 M.
K(t,A) := Trp2(e”™) = / try, K(x,x;t, A)dx =) exp(—tA,) (140)
M n

We will often refer to the trace of the heat kernel as simply the heat kernel.
The above heat kernel can be constructed for any elliptic pseudo-differential opera-
tor and possess an asymptotic expansion as t — 0 € R™. Focussing on Laplace-type

operators, P, we have that [114]:
K(t, P) 'R0 4472 (aO(P) +ay(P)t + ay(P) 2 + .. ) (141)

where d is the dimension of the manifold M and a;(P) can be expressed in terms of
local geometric quantities.
Specifying to a compact Riemannian manifold without boundary, equipped with

the Dirac operator squared, D?, as our Laplace-type operator we have that the odd
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indexed coefficients all vanish (shown in [114]) and the first two even coefficients

can be expressed as:

2y 1 d
(D) = i) [ atxyg (142)
oy 11 d

where the Tr is taken over the fibre and Tr(Id) is equal to the rank of the bundle.
Higher coefficients have been computed also, but we will not be examining them in
this work.

How one computes each of these coefficients from the spectrum of a differential
operator alone is not given to us via this path of thought. However there is a spectral
method which selects the coefficients. We do this by making use of the spectral zeta
functions, a procedure that clearly carries over to the noncommutative geometry

setting as we shall see.

3.2.1  Spectral Zeta functions and Heat Kernel Coefficients

Let {A;} be a discrete set of non zero eigenvalues of a Dirac operator, D. Then for

sufficiently large Re(s), we define the spectral zeta function of the Dirac operator

as?

Cpa(s) =Y (A]) . (144)

1

This is an easily computed entity for a finite spectrum and for some simple cases
of infinite spectra a closed form can be found in terms of well known functions.

However for most spaces, the spectral zeta function is not expressible in such terms.

In order for the zeta function to be expressed as a sum, the space is assumed to be compact and
without boundary, however there do exists non-compact manifolds with discrete Dirac spectrum
(such as some link complements in R3, see [99]). For the finite spectral triples we aim to explore, the
sum is also well defined.
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We shall see that it is just the residues of this function at certain poles that are of
importance to us.
The spectral zeta function can be shown to be the the Mellin transform of the
spectral heat kernel [115]:
o0
oe(s) = 75 [ £7K() (145
b I'(s)
0
It can be shown that the coefficients in the heat kernel asymptotic expansion, can
be related to the residues of the spectral zeta function and Euler’s gamma function

[116]. We state the result for the square of a Dirac-type operator:

= Res,_o_(T(5)p2(5)) (146)

Thus considering k = 0 in this formula, we see that that a pole in the spectral zeta
function is located at precisely s = %. Thus locating the most positive value of s
where the spectral zeta function has a pole provides us with a way to measure the
dimension of a space.

Also, by using egs. (142) and (143) with eq. (146) we can express some familiar

geometric quantities in terms of the residues of the spectral zeta function:

a/2
vol(v) = {7 Res_y(T(6)60n(5) (147)
p B (4 )d/2
/ A /3R = 12 Res,_ g (T(5)Gpa(s). (148)

Equation (147) will be examined in detail in section In order to make use of
eq. (148) to investigate fuzzy spaces, a notion of analytic continuation for the finite
spectral zeta function has to be developed. The recent work by Stern [66] appears to

provide a methodology for this, but it is not explored here.

Remark 5. Note that these statements hold for much more general settings. See [117] and

Theorem 3.5 for example in [116].
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(s)
15}
10
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Figure 8.: The spectral zeta function for the 2-sphere, demonstrating that the pole
occurs ats =d/2 = 1.

We can investigate this procedure for the continuum 2-sphere with relative ease.
Given that the Dirac spectrum for the 2-sphere is just the integers excluding zero

with the integer j occurring with multiplicity 2|j|, we have that

Tz, ( 22|J| — e 2051(( 2411 > (149)
— 47r(25 — 1) (150)

where (R(s) is the Riemann Zeta function, which has a pole at s = 1. So for the
2-sphere spectral zeta function we have that 7, (s) has a pole at 2s —1 =1, i.e
s = 1. But as the pole occurs at s = d/2 we have that d = 2.

For the 2-torus the spectral zeta function gets more complicated due to it’s more
complicated spectrum. Recall that the flat continuum 2-torus has a Dirac spectrum

of

1
= — 2 _ 2
Ak + iad e \/(dk cl)? + (al — bk) (151)

with k,I € (Z%+ £/2) where ¥ denotes the spin structure. Each eigenvalue appears
once when dealing with two dimensional spinors. Note that the spin structure (0,0)

also has a zero eigenvalue with multiplicity two for two dimensional spinors.
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Taking any spin structure (as we do not include zero eigenvalues in the spectral

zeta function) we have that:

2
()= Y o ((dk —cl)® + (al — bk)?)~ (152)
P2 kle(@zixy) (@d = be)=%
simplifying to the square torus a = d = 1, b = ¢ = 0 with the (0,0) spin structure,

we have that
o0

i ()= L AR (153)
(k1) #(0,0)

which is an Epstein zeta function in two dimensions, which is known to converge
absolutely for any Re(s) > 1 and have a pole located at s = 1 (see [118, Section 1.4]).
For the fuzzy spaces in question, the spectral zeta function is a finite sum, and
thus has no poles to locate. However, there is a way to investigate the potential
location of poles as we increase the matrix size of the fuzzy spaces. To see how one
does this, consider a continuum space and recall Weyl’s law for the eigenvalues of
the Dirac operator. Specifically that [A;| ~ k/? where the constants to make this

relation an equality depend on the volume of the space. Substituting this expansion

into the spectral zeta function at the value of s = d/2 we see that

Coa(5) ~ L (0P 92 = Y (154

k=1

which is well known to logarithmically diverge, i.e.

{p2(d/2) ~ lim Zk 1 hm (log(n) + v+ O(1/n)), (155)

ﬂ—>00

where 7 is the Euler-Mascheroni constant.

So noticing that for finite spectra,

{p2(0) =) A)=N (156)
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Figure 9.: Logarithmically scaled zeta function for the fuzzy sphere of various sizes
showing the location of the pole in the infinite limit.
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Figure 10.: Logarithmically scaled zeta function for the fuzzy torus of various sizes.

counts the number of eigenvalues. If we examine the following function {p2(s)/ log({p2(0)),
then the value of s for which this function is constant as we increasing the matrix
size, should give an estimate for the dimension.
In the left-hand plot of fig. [g we have shown the spectral zeta function for the fuzzy
sphere divided by log(N), where N is the number of eigenvalues of the fuzzy Dirac
operator. The point of intersection is where we expect to read off the dimension. To
make this more visible we plot the difference between consecutive N spectral zetas
in the right hand plot. The zeroes of this can then be used as dimension estimator.
Figure [10[shows the same for the fuzzy torus. Here we see that it behaves similarly
to the fuzzy sphere, despite the fuzzy torus having a spectrum that does not obey

Weyl’s law for the correct dimension for it’s largest values.
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3.3 SPECTRAL DIMENSION AND SPECTRAL VARIANCE

There are a number of issues with this approach. The first is that it relies on
you having a family of fuzzy spaces that are all approximating the same space.
This is the case for certain highly symmetric spaces such as the 2-sphere and the 2-
torus, but for the random geometries it is not clear that we are dealing with similar
geometries as we increase the matrix size. The second issue is that it is a dimensional
measure that requires two fuzzy spaces to compute. This is an unideal restriction
as we may want to ask what dimension a certain fuzzy space is, without having to
compute a sequence of fuzzy spaces just to do so. As the dimension is supposed to
be an intrinsic property of each fuzzy space, requiring multiple to get an estimate
is less than satisfactory. Thirdly the convergence is logarithmic in the matrix size,
which is unsatisfactory as a practical dimensional measure as the random geometries
are currently limited to matrix sizes of order 10. Despite its shortcomings as a
dimensional measure, this procedure of heat kernel asymptotics will show itself to

be very useful in determining a volume measure.

3.3 SPECTRAL DIMENSION AND SPECTRAL VARIANCE

Another dimensional measure based upon the heat kernel is the spectral dimension.
This was first used in [119] as a measurement of causal dynamical triangulations
(CDT), where they showed that the spectral dimension is dependent on the energy
scale investigated. With the spectral dimension of a CDT being 4, the topological
dimension of spacetime, at low energy scales and reducing to a value 2 at high
energy scales. The notion of the dimension being a scale dependent quantity has
become a popular aspect of many theories of quantum gravity - see [120] for a
review. The spectral dimension has since been applied to many theories of quantum
gravity, as it is easily adapted to discrete geometries as well as continuum spaces,

making it an excellent comparison tool between theories.
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For the squared Dirac operator, D?, on a manifold, the spectral dimension is de-
fined as:

ds(t) = —2t%ﬁz(t>) (157)

It can be seen from eq. that the dimension of the manifold in question can be
obtained from the small ¢ behaviour of the spectral dimensions. Specifically it can
be shown that ds(0) = d. As we know from the previous section, the coefficient ag is
proportional to the volume of the space and it contributes the value d to the spectral
dimension. The higher coefficients are the root of the deviation from this value
as t grows, and the coefficients ay,44,... depend on the curvature and connection.
The spectral dimension has the interpretation (in quantum gravity studies) that by
varying the parameter t we are probing the geometry at different energy/length
scales.

If the Dirac operator has a discrete spectrum then we can express the spectral

dimension in terms of the eigenvalues in the following way:

2 ,—tA?
2/\,‘ /\ze !

ds(t) = 2t =

(158)
For large values of t the spectral variance is dominated by the smallest eigenvalues
and as we decrease t the larger eigenvalues play more of a role. Thus we can view ¢
as determining the energy scale at which the spectral dimension is measuring. With
t — 0 determining the infinite-energy/continuum limit. This interpretation of an
energy scale dependent dimensional measure will be of interest when considering
the a = 3 torus.

A problem with dealing with the Dirac operator is that often we do not have an
eigenvector with eigenvalue zero. The constant function is always an eigenfunc-
tion of the scalar Laplacian and so the Laplacian always has a zero eigenvalue in
it's spectrum. However, when the scalar curvature is non-zero the Dirac operator

doesn’t have a zero eigenvalue [69]. The problems arise in the following way.
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If the operator has a zero eigenvalue, Ag = 0, then we have that:

t)\%e_A%t + /\%e_)‘%t +...

ds(t) =2 1
o) T4e Mt ety (159)
2tA2 20A3e~ MM )
= 100
M1 4o MMy M1 e (A (160
~ 2tA2e M 5 0 as t — oo (161)

However, if the magnitude of the smallest eigenvalue is non-zero, Ag # 0 we have

that:
A2e=AGt 1 A2 Mt 4
ds(t) = 2t=0—— L (162)
e~ Mt e M4,
2tA2 2tA%e~ (M2 )
D l4e ML 1 e ML (163)
~ 2tA3 4+ o(te™") — oo as at — co. (164)

So to summarise if the Dirac operator doesn’t have a zero eigenvalue, then the spec-
tral dimension grows linearly with ¢, in the t — oo limit. This does not pose a
problem for the manifold scenario, as we are looking at ds(0) for the dimension.
However, if we plan on using this to measure the fuzzy spaces, then we may want
to look at value of t greater than zero in order to avoid the behaviour due to the
discreteness.

To remove this undesirable feature of the spectral dimension, the following object

was proposed in [64].

Definition 33. The spectral variance is defined to be

dds(t) _ 2d?1og(Kp2(t))

0,(t) = ds(t) — t55, o

(165)
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The spectral variance can be expressed in terms of the eigenvalues of the operator

as:

4,—\%t 2,-A2\ 2
vs(t) = 212 mAe ” (EAA ¢ ) : (166)

2 2
ZAe/\t ZAeAt

Note that we still have the property that vs(t) — d as t — 0.
The origin of the name can be seen from eq. (166) as it is the variance of A? in

2
1,-tA

a probability distribution p(A) = % . If we consider a system with partition

function equal to heat kernel trace K, and the parameter t the inverse temperature
t = B = 1. Such a system can be viewed as a thermodynamical system with
Hamiltonian/Energy D?. In such a case the spectral dimension is given by the
internal energy, ds(t) = 2t(D?) and the spectral variance is given by the heat capacity,
vs(t) = 2Cyp. It is worth remembering that the heat capacity of an ideal gas in flat
d-dimensional Euclidean space is equal to the d/2. So one interpretation of this
method is that we are determining the dimension of the geometry by examining the
diffusion of an ideal gas (as goverened by D?) in that geometry and measuring it’s
heat capacity.

An important feature of both the spectral dimension and spectral variance is that
they are insensitive to overall multiplicity factors. If we double the spectrum for
instance, so every eigenvalues appears twice, the spectral dimension and variance
remain unchanged. This will be important when considering non-square fuzzy tori
below, as the fuzzy spectrum obtained is duplicated ad — bc times, see Section [2.3.2]

Also, given a Dirac operator D, we have that uD is also a Dirac operator and the
eigenvalues scale in the same way. For a manifold this amounts to the distances

between points scaling by a factor of #~!. Note that both the spectral dimension and

spectral variance posses the scaling property:

ds(uD, t) = ds(D, yzt), vs(uD, t) = vs(D, yzt). (167)
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Figure 11.: Spectral Dimension and the spectral variance for the continuum sphere.

As the dimension of a manifold is independent of the distance between any two

points on it} this scaling is deemed a trivial difference.

3.3.1 Spectral Measures of the Fuzzy Sphere and Torus

The fuzzy sphere and fuzzy tori are first examined to justify the use of the spectral
variance as a dimensional measure. We will then take a deeper look at the random

geometries.

Spheres

Figure 11/ shows the spectral dimension and the spectral variance for the continuum
sphere. As the 2-sphere does not have a zero eigenvalue for the Dirac operator we see
the characteristic linear growth of the spectral dimension for large values of t. The
spectral variances drops to zero for large t as expected. Both the spectral variance
and dimension attain the value 2 at t — 0, which is the topological dimension of the
sphere.

Figure 12| shows the spectral dimension and spectral variance for fuzzy spheres of
sizes N = 5 and N = 15. We see that for both cases the spectral dimension again

grows linearly for large t, and the spectral variances goes to zero. We see that for

3 Note that the volume of the space is not independent of this behaviour.
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Figure 12.: Spectral dimension and spectral variance for fuzzy spheres of size N = 5
and N = 15.

the N = 5 fuzzy sphere, spectral dimension barely starts to plateau at the value ~ 2
for values of t between 0.1 — 0.5, before dropping to zero as t — 0. This drop to zero
is attributed to the finite structure of the fuzzy sphere being seen by the measures.
The spectral variance rises from zero to a value of ~ 2 for a similar range of t before
dropping to zero. It is much clearer in the N = 15 case that both values are heading

to the value 2 as we decrease the value t, before both dropping to zero.

Tori

The spectral dimension and variance for a unit square torus with spin structure
(1,1) is shown in fig. This spin structure is chosen to aid in the comparison

between the continuum torus and the fuzzy torus as the unit square fuzzy torus has

Figure 13.: Spectral dimension and spectral variance for the continuum square unit
torus with spin structure % = (1,1).
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(@) N=10 (b) N =30

Figure 14.: Spectral dimension and spectral variance for square unit fuzzy tori of
sizes N = 10 and N = 30.

a X = (1,1) spin structure. We see that for the continuum torus we see very similar
behaviour to that of the continuum 2-sphere. As the Dirac operator does not have
a zero eigenvalue for this spin structure the spectral dimension grows linearly for
large ¢t again and the both the spectral variance and spectral dimension attain the
value 2 as t — 0.

Figure [14] considers a unit square fuzzy torus. Larger matrix sizes have been used
than for the fuzzy sphere as the fuzzy torus spectrum is a worse approximation
to the continuum spectrum. Again the Dirac operator for this geometry does not
have a zero eigenvalue, so we see that the spectral dimension grows linearly with
large t. We also see that both measures fall to zero at t = 0 due to the finite nature,
however there is a clear spike for small but non-zero ¢t. A similar phenomenon was
observed in [121] due to the discreteness in various approaches. In each case studied
the discretisation causes the eigenvalues to differ from the continuum values at the
largest values. This is also found for the fuzzy torus (see fig.[3). In fig. [15| we can see
that there is a small region around the origin where the the fuzzy torus eigenvalues
and continuum torus agree very well. But outside of this region the fuzzy torus
no longer follows the linear path of the continuum torus and is more sinusoidal.
Thus this spike does not seem to be a feature of the non-commutativity directly, but

a feature of the discreteness. We can interpret this bump as the spectral variance
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Figure 15.: Slices of fig. [3/to show how the eigenvalues deviate for large k, . Both the
continuum and fuzzy tori have spin structure (1,1) and the fuzzy torus
is of size N = 90.

measuring the high dimensional behaviour found in fig. 5| as we probe sufficiently
high energies.

For the N = 10, there is an inflection/saddle point of the spectral dimension that
occurs at a value ~ 2 whilst the spectral variance rises from zero to a value quite
above the expected value of 2 and nearly attains 3 with no real plateauing. For
N = 30 however, the behaviour of the spectral dimension is similar to that when
N = 10, but now the saddle point has widened and resembles a plateau and occurs
at a value ~ 2, the spectral variance now also develops a plateau ~ 2 before spiking
for small . Note that the height of the spike stays roughly constant, but becomes
sharper as N increases and shifts towards t — 0. This is in agreement with the
tindings in [121, Figure 6 b)] for other discretisations of the torus (note that the
figures in this paper have a logarithm scale for f, which masks the fact that the
peaks sharpen as t — 0).

In fig. |16/ the spectral dimension and variance for two different shaped fuzzy tori
are shown. Their continuum counterparts are also shown. The unit square tori are
shown in green and the a = 3 tori are shown in pink. We have taken N = 90 for these
fuzzy tori due to the a = 3 fuzzy torus requiring that N be a multiple of ad — bc = 3.

We also need sufficiently high matrix sizes to have a well behaved spectral variance

as seen in fig.
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Figure 16.: Figure (a) shown the spectral variance for two different fuzzy tori. The
green line shows the unit square fuzzy torus (a1 =d =1, b = ¢ = 0) and
the pink line shows the spectral variance for the a = 3 fuzzy torus.

The a = 3 torus can be viewed as identifying the opposites sides of a torus with
lengths d? - 27t = 27t and a? - 271 = 187 respectively. The fact that one of the axes of
the torus is nine times longer than the other has an interesting effect on the spectral
variance. A clear plateau at a value of ~ 1 for relatively large t is developed. We
interpret this as the rectangular torus appearing one dimensional at low energies
and when using higher energies (probing a smaller structure of the space) we see
the higher dimensionality. This phenomena has been noted in [121] for the spectral
dimension of the Laplacian for differently shaped tori.

It should be noticed that the spike at low values of ¢ is more pronounced and
wider for the a = 3 torus than for the unit square torus. This is due to the fact that
we comparing them both at N = 90 for both cases, where the a = 3 fuzzy torus has a
3-fold spectral degeneracy effectively reducing it to a N = 30 approximation. The 3-
fold degeneracy does not have an effect on the spectral variance as it is insensitive to
overall multiplicity factors as was discussed earlier. Figure [17]shows the comparison
between then spectral dimension for the N = 30 fuzzy square unit torus and the
N = 90 fuzzy a = 3 torus. It can be seen that the spike at low values of t for both
cases now are identical in width and height. This shows that non-square fuzzy tori
are worse approximations to the continuum than the unit square tori for a given

matrix size.
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Figure 17.: Spectral dimension for the square unit torus of matrix size N = 30 and
the fuzzy a = 3 torus with N = 90. Showing that the non square tori are
worse approximations to the continuum and that the breadth and height
of the spike at low values of ¢ is tied to the accuracy of the approximation.

The proposal is thus, to use the spectral variance of a Dirac operator as a measure
of the dimension of a fuzzy space. This requires some justification as it is not always
clear what the dimension of a non-commutative space means. There are however
a number of properties we require of the dimension. For instance, if the spectrum
approximates the spectrum of a manifold (such as in the cases above), then the
dimension should agree with the topological dimension of the manifold up to an
appropriate level of approximation. For a manifold, the spectral dimension and
variance both measure the dimension of the space as t — 0, whereas for fuzzy
spaces we require to look at non-zero values of t. From the examples investigated
above, it is clear that we want to investigate where the spectral variance plateaus,
i.e. has an interval of ¢ for which the spectral variance is approximately constant.
These plateaus can be viewed as mimicking the behaviour of flat space and show
there is an energy-scale where the spaces appear to have manifold behaviour.

The spectral variance of the fuzzy sphere has just one stationary point and is there-
fore the maximum of the graph. The value of the spectral variance at this maximum
agrees well with the continuum dimension, 2. For the torus the graph shows sur-
prisingly good agreement with the continuum spectral variance, and the value 2 for
a wide region, despite the fact that the actual spectra are substantially different. The

only marked difference is that the fuzzy torus has a higher peak at very small t. This
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peak arises because the large eigenvalues of the fuzzy torus are much smaller than
those of the continuum torus, and start to follow a more sinusoidal path, which is
seen as following a Weyl’s law for a much higher dimension, see fig.|5| This example
makes it clear that it is not the global maximum that is important, rather it is the

larger region of ¢ for which the graph is approximately constant that matters.

3.3.2  Spectral Variance of Random Geometries

With the analysis of the above section in mind, the spectral variance of the random
fuzzy spaces are now examined. The geometries of type (2,0) and (1,1) were exam-
ined in [61} [63], so it is interesting to add the understanding of their dimension. The
most important difference found in [63] is that the phase transition for the type (1,1)
leads to much weaker correlations. The accompanying shift in behaviour is much
more gradual than for type (2,0), hence no large jumps between different g, values
for the type (1,1) geometries are expected.

As mentioned in section we have two options for calculating the spectral vari-
ance. We can calculate the ensemble average of the spectral variance, or alternatively
we can calculate the spectral variance of the averaged eigenvalues. We compare both
methods in fig. [18| for the type (2,0) geometries. Note that the range of ¢ values in
the plots is much larger than for the fuzzy sphere or fuzzy torus case. This is due
to the fact that the spectrum for the random geometries is bounded above by a low
number ~ 2.

Note that for values of g, away from the phase transition, the spectral variance
from the averaged eigenvalues and the ensemble average of the spectral variances
are very similar. While at the phase transition these two definitions produce slightly
different graphs. This is illustrated in the left-hand plots in fig. The right-hand
plots of fig. |18 show the spectral variance for a sample of geometries taken from
the respective ensembles. This shows that the geometries that contribute to one

ensemble can be very different, particularly close to the phase transition. From the
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Figure 18.: The left-hand plots are comparing the spectral variance as calculated

M)

from the average eigenvalues, vs"’ () with the average spectral variance
(v} (t)). In figure (a) the two lines are so similar that they almost can not
be distinguished in this plot. The right-hand plots are showing 10 uncor-
related examples of spectral variances from the ensemble of geometries.

graphs one can see that the variance of the spectral variance at a given value of ¢ is
large, i.e. of order 1, at N = 10. A good question is whether this variance decreases

for larger matrix sizes. This will need further data to determine. Looking at the
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Figure 19.: The spectral variance of the averaged eigenvalues for the three types of
random geometry studied as the g, value is varied, at the maximum
matrix size. Showing that the spectral variance undergoes a rapid change
of behaviour around the phase transition value.

plots in detail, the curves in fig. 18| (a) are qualitatively similar to each other, as are
the ones in fig. [18| (c). However at the phase transition, in fig. [18| (b), one sees curves
similar to both (a) and (c), suggesting that the system spends some time on each
side of the transition.

In fig. 19| the spectral variance of the averaged eigenvalues for the three types of
random geometry are shown for various values of the coupling constant g, in the
action. The maximum matrix size available is used in an attempt to get behaviour
that is most like a continuum geometry.

A common trend for the plots is that before the phase transition the spectral vari-
ance it is mostly flat and around the value ~ 1 and then rapidly grows at the phase

transition and becomes more peaked at the value of g, grows. The type (1,1) ge-
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Figure 20.: The spectral variance for the average spectrum of the type (1,3) random
geometry at the phase transition value of g = —3.70 at N = 8 com-
pared with the N = 8 fuzzy sphere. The averaged spectrum rescaled so
the maximum eigenvalue agrees with the maximum of the fuzzy sphere
spectrum of the same matrix size.

ometry behaves slightly differently to the other types, which indicates that its phase
transition is of a different type to the (2,0) and (1,3) as was hinted at in [63]]. For the
type (2,0) and (1,3) geometries, we see that the spectral variance has a maximum
close to the value 2 for g, values near the phase transition, which agrees with the
behaviour found in [61, 63].

The fuzzy sphere introduced in [46] is a type (1,3) fuzzy space, the same as the
random type (1,3) geometries. In order to compare the random geometries to the
fuzzy sphere, we need to rescale the eigenvalues in an appropriate manner. In
fig. [20| the spectral variance is compared for the type (1,3) random geometry at
the phase transition and fuzzy sphere, both with matrix size N = 8. The averaged
spectrum of the random geometry is rescaled so the maximum eigenvalue matches
the maximum eigenvalues of the fuzzy sphere. While the (1,3) geometry and the
fuzzy sphere do not agree completely, they behave in a similar way. For the random
geometries the spectral variance rises slowly for small t. This is due to the fact that
the density of eigenvalues for the fuzzy sphere linearly rises for the near entirety
of its spectrum. However, the density of eigenvalues for the random fuzzy spaces
experiences as drop as we look at higher eigenvalues - as was shown in [61]. For the

random geometries the measures also experience a slower decay than they do the
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fuzzy sphere as t becomes large. This is because the lowest eigenvalue of the random
fuzzy geometries is typically much smaller than that of the fuzzy sphere, even after
rescaling. The reason for this is that the fuzzy sphere has degenerate eigenvalues due
to the spherical symmetry, while for a generic random fuzzy space the eigenvalues
have the minimal allowed multiplicity (which is 2 for (1,3) geometries, as explained
in [61]), to maximise the entropy.

For type (2,0), the maximum of the spectral variance rises with lowering ¢, just as
for type (1,3). As shown in fig. [19|(b), the spectral variance near the phase transition
(g2 = —2.8) has a maximum value close to 2 and is qualitatively similar to the fuzzy
sphere of a similar matrix size. This suggests a 2-dimensional geometry at the phase
transition but more work would be needed to substantiate this. For type (1,1), the
spectral variance close to the phase transition (g = —2.4) reaches values above 2
and the overall shape of the curve is very different from that of the fuzzy sphere.
In particular, the curves just below and just above the phase transition are not as
different from the curve at the phase transition as they are for type (2,0). This is
shown in fig.[19] (a).

These plots show that the tentative conclusion of [61] that the geometries behave
similarly does not survive more detailed examination. It confirms the differences
found in [63] but remains purely qualitative. To make quantitative judgements one

needs more tools, like the zeta-function distance to be introduced in section @

3.3.3 The maximum of the spectral variance

The average spectral variance curve is zero at t = 0 and ¢t — o0 and so has a maxi-
mum value. There has been only one local maximum in all of the cases of random
geometries studied here. This maximum value max((vs)) is therefore a very crude
estimate of the dimension. The limitation of this approach is that the maximum
varies widely within each ensemble and so the interpretation is not so clear. Nev-

ertheless, it still proves instructive to plot max((vs)) for the random geometries.
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Figure 21.: The maximum of the average spectral variance plotted against g,. The
vertical lines indicate the phase transition values as determined in [63]].

Plotting the maximum value against g, leads to the curves in fig. The separate
lines in that figure are for different values of the matrix size N. For fixed N, the
maximum rises as g» becomes more negative. It starts out around 1 and then rises
to large values after the phase transition. A particularly interesting feature is that
for types (2,0) and (1,3) the maximum of the spectral variance around the phase
transition seems to be close to 2 independent of N. An optimistic interpretation of
this would be that the behaviour at the phase transition shows a certain scale free-
dom and might remain the same in the large N, continuum, limit. For type (1,1)
on the other hand the point of intersection seems to lie around g» = —2.05 and
has a value of about 1.5. This g>-value is considerably below the phase transition
point determined in [63], however of the three geometries examined type (1,1) had

the least clear signal at the phase transition, which makes the determination of the
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phase transition in this case less certain. A priori, no reason exists to expect all of the
spectral variances to cross in close proximity. Therefore this intersection is another

marker of interesting behaviour at the phase transition.

3.4 VOLUME OF A FUZZY SPACE

The volume of a Riemannian manifold, (M, g) is given by the following expression:

Vol(M, g) = / /—gd?x (168)

and as such it inherently depends on the metric chosen. This way to define the vol-
ume also requires you to know the dimension of the manifold. Note that this notion
of “a volume” generalises the ordinary definition of volume for a three dimension
space to all dimensions, i.e. in 2-dimensions it is the area etc.

As spectral triples are to be thought of as the algebraic data for a compact Rie-
mannian manifold, there should be a notion of the volume of a spectral triple. As
the focus of this thesis is to look at spectral triples using just the spectrum of their
Dirac operators. This section is dedicated to investigating the different methods to

calculate the volume of a given geometry using the spectrum of a Dirac operator.

3.4.1 The Dixmier Volume

As the notion of a metric tensor does not survive the transition to noncommutative
geometry, other methods than performing the integral above need to be considered.
It was highlighted in the previous section that the heat kernel of pseudo-differential
operators defined over a compact Riemannian manifold contains the volume infor-
mation in its asymptotic expansion. This volume can be extracted by looking at the
residue of the rightmost pole of the spectral zeta function in eq. (147). For a fuzzy

space, there are a finite number of eigenvalues, and hence the sum in eq. (144) is

105
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tinite, which automatically regularises the poles. However, as was discussed, there
is a method to locate the potential location of the right-most pole of the limiting
geometry when we take N — co and recover a continuum geometry.

This was done by examining the finite steps in the Dixmier trace. The Dixmier
trace is a singular trace, i.e. it vanishes on operators of finite-rank (such as the
Dirac operators in a finite-spectral triple) and is described by a generalised limit
procedure. However for positive, compact operators, T whose ordered eigenvalues,

{A;}2 | grow as as A, ~ o(n~1) then we have the following expression:

j
TrDz'x( )_]lim log ]+1 1_21/\1 (169)

To make the link with extracting the heat kernel expansion coefficients the following

theorem can be used:

Theorem 6 ([65] Proposition 4 p.306). Let p,(T) denote the n-th eigenvalues of an op-
erator T increasingly ordered. For positive, compact operators, T, whose order eigenvalues,

{Ai}s2, grow aﬂ ) the following are equivalent:

* (s—1)lr(s) > Lass — 17

. log(]+1 Zyn—>Las]—>oo
where {1(s) = Tr(T®) = § un(T)®
n=0

Examples of the operator T can be built from the Dirac operator or the Laplacian
on a manifold. So if we were to consider the Dirac operator on a compact Rieman-
nian spin manifolds, we would need to consider |I?| to make it positive. By using
Weyl's law for Dirac operators we have that u,(|I3|) ~ c(d)n'/?, where c(d) is con-

stant with respects to 7. Thus we have to consider the operators |I§|~% to get an

4 An operator with this property is called an infinitesimal of order 1.
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example of T. So we have that (s — 1){|p(s) = (s — 1)Tr(|1P|~%) this gives us the

following formula:

. _ 1. -
Trpix(|P|~*) = lim(s — 1) Tr(|B| %) = - lim(t — d) Tr(|P| ™) (170)
s—1 dt—d
If we have instead the Laplacian (or the square of the Dirac operator 1»%) we have
that 1, (A) ~ c(d)n?/9, so to get an infinitesimal of order 1 we need to examine:

A~9/2 the formula changes to the following:

Trpi(A~%) = lim(s — 1) Tr(A~%/2) = 2 Jim (t—d/2)Tr(A™Y) (171)
s—1 dt—d/2

Euler’s gamma function I'(s) only has poles at the negative integerss € {—1,—2,...

so for k < d we can rewrite eq. (146) to be the following:

d—k
=TSS5 )Res,_asTpn(s) (172)
It is assumed that ,
_ 1 L2y a2

is a good approximation for 2/d times the residue of the pole. Note that this requires
you to know the dimension of the space. It is possible to use this expression for
the Dixmier trace to give a new definition of a volume from a finite number of

eigenvalues, providing there is already an estimate 4 of the dimension,

; d(4m)??_ /d\ 1 _
VlDlXD:_ r(=) — /\2 d/Z.
oi7(D) = 5T (5) 1o ZO3) (174)
For a manifold, the sum is over the j smallest eigenvalues and this gives the vol-
ume approximation considered above. For Dirac operators with a finite number of
eigenvalues (e.g., a fuzzy space), the sum is over all j eigenvalues and this gives a

definition of a volume measure for noncommutative spaces.

107



3.4 VOLUME OF A FUZZY SPACE

This expression obeys the scaling property that for u € (0, o)
Vol (uD) = p~*VoI>™(D) (175)

that also holds for the volume of a Riemannian manifold. However it is not additive,

VoIPX(Dy @ Dy) # VoIPX(Dy) + VoIPX(D,) (176)

in general. It is not additive even if D; = D,, since log(2j) # logj. In this case,
D = Dj @ D; just doubles the multiplicities of the eigenvalues of D;. Thus the
definition is not consistent because taking two particles on a fuzzy space (which
means doubling the spinors and replacing k with 2k) would lead to a change in the

volume.

3.4.2 The Stern Volume

Due to the work of Stern [66], a new method for extracting the heat kernel coeffi-
cients is available. It is similar to that of the Dixmier trace, in that it expresses the
residues of the spectral zeta function as a limit of partial sums of particular func-
tions of the elliptic operator. It then utilises the same asymptotic expansion as
was discussed above to relate these partial sums to geometric quantities. Partial sum
expressions for not only the rightmost pole of the spectral zeta functions, but also

the lower order poles were developed, culminating in the following theorem.
Theorem 5 ([66] Theorem 1). For any finite set {s;}*_ of decreasingly ordered reals and
for all elliptic operators, D with:

t

* Tre D possesses an asymptotic expansion as t — 07 of the form Y52, c;t 5, where

the set IT = {s;} are decreasingly ordered reals.

e ITN (s, 00) C {s; ;‘:0
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then there exists a function F such that

Res,— T(5)Zn(s) = lim e(A)* ¥ F(Ae(A)) (177)
St

for e(A) :=mlog(A)/A for any m > sy — si.

However, it is shown in [66] that for our purposes, that if we find a function f

such that:
* f is piecewise continuous and supported in (1, 0)

e f(t) decays rapidly as t — oo, specifically it is of order O(t~™) for all m € R as

t— o0
o [Tt sif(t)dt=0fori<k

o [ytTSf(H) =1

then it’s Laplace transform

F(s) = /Ooo e S f(t)dt (178)

is such a function required in theorem 5| for the coefficient a, = Ress—s I'(s){p(s).

For our purposes by taking f = e~! for t > 1, so that F(s) = e"17/(1+s), and
then normalisin by [; t %0 f(t)dt = T(1 — s, 1) as to satisfy the above properties.
We have the following:

Corollary 1. If D is as in the above theorem with set 11 bounded above by sy € R and if
e(A) =log(A)/ A we have that:

L S(A)SO e—/\zs(A)
Ress—s,I'(s)Cp(s) = lim eT(1—s9,1) AGSPZEC(D) 1+ AZe(A) (179)
A<A

5 I'(a,x) = [ t""le~!dt is the upper incomplete gamma function.
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The importance of this is it allows us to define a new volume measure based off of
a finite number eigenvalues, recovering the continuum definition in the infinite limit.

For the Dirac operator, D, we consider the above corollary for D? and eq. 1}

4me(A))*? oM ()
wﬁprk()g L T ATeA) (180)
e r(l - 2’1) A€Spec(D)
A<A

where €(A) = (log A)/A. Stern’s result is then that for the Dirac operator of a man-
ifold, VoIS{(D) — Vol(M) as A — co. This version of the volume converges faster
than the usual Dixmier trace, as it’s remainder term is of order O(A%1 % (log(A))%~51)
whilst the remainder for the Dixmier trace is of order 1/ log(N).

Note that A is a free parameter, and so when considering fuzzy spaces, it need
not coincide with the maximum eigenvalue available. It is not necessary for the
definition to insist that A > |A|max for all eigenvalues either. For compatibility with
the original formula A may be taken to be either the maximum |A| or possibly an
estimate for it. This could be determined by a dimensionful coupling constant in
the action for a random fuzzy space, for example g4~ 1/* in eq. (122). This may also
prove useful when considering examples such as the fuzzy tori, whose spectrum is
wildly non-manifold like for large eigenvalues. By tuning this parameter we could
get a good convergence. However there is no systematic procedure developed yet.

The formula eq. (180) does not have the scaling property with A fixed, i.e.
Volt(uD) # u=Vol3(D), (181)

as one might expect since A determines a maximum eigenvalue to consider. The
scaling property could be restored by simultaneously changing the value of A. The
formula is, however, additive providing that the dimension d is the same for both

geometries. In such cases one has

Vol3 (D1 @ Dy) = VoI(Dy) + Vol3H(Dy). (182)
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Figure 22.: Volumes of the fuzzy sphere and fuzzy unit square torus. The volumes
of the continuum geometries are included for comparison.

3.4.3 Application to fuzzy spaces

The Fuzzy Sphere and Fuzzy Tori

Equations and can be used to calculate the volume of a fuzzy space,
assuming the dimension is known. To test these expressions, they can be applied
to the spectra of the fuzzy sphere and the fuzzy torus using d = 2 and A as the
maximum eigenvalue. This is shown in fig. together with the volume of the
continuum sphere and the continuum torus. In the figure legend, eq. is referred
to as the Dixmier volume and eq. as the Stern volume. As expected, the Stern
volume converges much faster with N.

If the dimension parameter is not known, it can be estimated using the spectral
variance at a given value of the parameter ¢, which determines an energy scale. The
volume measures of the two fuzzy tori are shown in fig. [23| In this figure the matrix
size is kept fixed at N = 90 and the dimension is taken to be the value of the spectral
variance at the value ¢, i.e. d = vs(t). The plot is then shown against the parameter f.
As one would expect, this agrees with the values of the volume shown in fig. 22| (b)
when the spectral variance (fig. is close to the value 2, which is approximately
the region 0.2 < t < 1. It also shows that the volume changes away from this quite

rapidly as the dimension estimator changes.
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Figure 23.: The volume measures of the two different tori considered are plotted
against f, using the dimension estimator d = v5(t) and N = 90 for both.

The Random Geometries

Testing the volume measures on random fuzzy geometries leads to several method-
ological conundrums. The first of these is the question of dimension. For the torus
and the sphere their topological dimensions are known, and can be used to calculate
their volume; no such information is available about the random fuzzy spaces. One
could use the spectral variance defined above to define the dimension in the volume,
but this is scale dependent. Even more troubling is that in the ensembles of random
geometries used in this work, the spectral variance fluctuates substantially, as can be
seen in fig. [18 on the right. The maxima of the spectral variances of the individual
Dirac operators have a large variance (of order 1), and moreover, the value of ¢ for
these maxima also has a large variance. The question is, how could one average over
the volumes of different geometries if these geometries are of different dimension?
The average volume of a cube, a square and a line makes no physical sense, since
their volumes are different quantities. There are possible solutions to this problem,
such as measuring the volume of an average geometry, e.g. using the left hand spec-
tral variance curves in fig. This could lead to a unique number for the volume

but it is not clear if that usefully represents the properties of the ensemble.
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The second issue arises due to the scaling that occurs in the action eq. (122). This
was mentioned in the context of dimensions and was shown not to affect the mea-
sures there. However the same cannot be said for the volumes. As the maximum
eigenvalue of the random geometries is heavily constrained to be ~ 2 for every
matrix size. This means that comparing the volumes for different matrix sizes is
unlikely to produce meaningful results. However it still could provide an insight
into the overall behaviour of the geometries as the coupling constant g, is varied. To
combat this scaling we make use of the knowledge expressed in eq. (175), that the
volume measure based upon the Dixmier trace scales inversely proportional to the
scaling imposed on the Dirac operator. Thus we will get a scaling dependent volume
from the Dixmier volume. We can force a Weyl’s law behaviour to the eigenvalues
by multiplying the spectrum by N'/¢, where N is the total number of eigenvalues
available and d is the dimension as determined by the maximum of the spectral vari-
ance. This will force the largest eigenvalue to obey a Weyl's law scaling, however the
lower eigenvalues need not follow the same scaling depending on their distribution.
Again this has conceptual problems as the dimension of these spaces fluctuates.

The volume of the averaged eigenvalues for the random geometries are investi-
gated in fig. The dashed lines represent the Dixmier volume and the solid lines
represent the Stern volume for the different matrix sizes available. In both cases the
maximum of the spectral variance is used as a measure of the dimension. For the
Stern volume, A is taken to be the maximum eigenvalue, so we take into account
the entire spectrum available.

It can be clearly seen for the type (2,0) and type (1,3) geometries that the phase
transition marks a pivotal point in the behaviour of the simulation. Before the phase
transition (to the right of the blue line in the plots) the volumes are fairly stable for
the range of gy, then at the phase transition value the volumes grow rapidly.

For the type (1,1) the volumes behaved differently, with the growth of the volumes
starting before the phase transition and continuing to grow until just after. This

behaviour is tied to the behaviour of the maximum of the spectral variance as shown

in fig.
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Figure 24.: The Dixmier (dashed line) and Stern (solid line) volumes for the random
geometries. The averaged eigenvalues are used and the uncertainties are
propagated and shown.
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Figure 25.: The Stern and Dixmier volumes for the random geometries with the av-
eraged eigenvalues multiplied by N1/4. The uncertainties are more pro-
nounced so each volume has its own plot, the Stern volume is the left
hand plots and the Dixmier volume on the right.

The volumes of the geometries appear to grow with the matrix size, this is due to
the scaling that occurs in the action. To remove this feature we rescale the eigenval-
ues by N/ as mentioned above, where N is the total number of eigenvalues. The

resulting volume measures are shown side by side in fig. As a result of the scal-
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3.4 VOLUME OF A FUZZY SPACE

ing, the volume measures now take values in a much smaller range than compared
to the unscaled versions in fig. The growth of the volumes with the matrix size
has been drastically reduced before the phase transition. The phase transition for
type (2,0) and (1,3) marks the sudden growth of the volumes, similarly to fig.
where the phase transition marks the sudden growth of the maximum of the spectral
variance. One thing to note is that the uncertainties on the volume measures become
much more pronounced after the scaling. With the uncertainties for the type (1,3)
geometry being so large for the Stern volume that it is difficult to make any con-
crete claims. However, the data available for the type (1,3) random geometries is
worse. This is due to the increased dimension of its Clifford module, resulting in
more matrices Hj, L; in matrix model, and the action therefore becoming much more
complicated as the Dirac operator has more terms. This was discussed in [63]].
However, the type (2,0) geometries has the clearest indicator of a phase transition
in [63] and has low uncertainties associated to the averaged spectra. This geometry
also shows the clearest behaviour, with the volume being roughly constant before
the phase transition once the matrix scaling has been accounted for. At the phase
transition we see the volume measures begin to spike. The behaviour of the Stern
and Dixmier volumes then differs slightly after the phase transition, with the Stern
volume reaching a maximum just after the phase transition and then decays to zero
volume. The Dixmier volume however reaches a maximum at the same value of g
however the decay is much slower. This behaviour can be seen in the type (1,1)
geometry plots also. However, the uncertainties in the Stern volume for the type
(1,3) geometries are too wild to make any conclusions. With the improvement of
the simulation speed, larger matrices and more geometries can be examined for each
geometry, which would be needed to examine the larger Clifford type geometries.
The volumes of the random geometries is then a difficult object to calculate, as
it depends heavily on the dimension you choose. Using the maximum of the spec-
tral variance as the dimension inherently links the volume to the behaviour of the
dimension. Thus the information gained by examining the volumes measures is not

independent from the information gained from examining the dimension. However
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it is still an interesting fact that the volumes appear to change behaviour, along with
the spectral variance, at the phase transition. For future investigations the spectral
variance and volume measures could be used in the action potential as they are spec-
tral. Thus it could be possible to fine tune the simulation to give geometries with

specific dimensions or volumes, and fluctuate other geometries quantities.

3.5 THE ZETA DISTANCE

We introduce one final spectral measure to compare geometries that is equally well
defined in both the continuum and fuzzy geometry cases.

In [67] a distance between two geometries was defined using the ratio of the spec-
tral zeta functions of the Laplace-Beltrami operator. This definition is adapted here
to use Dirac operators instead. If we let D, D, be Dirac operators and {j, {» their
zeta functions, as in eq. (144). A real number 7 is chosen so that it is greater than
the real part of any pole of either zeta function.

The zeta distance between the geometries is defined to be

o

o0(D1,D;) = sup
y<s<y+1

Note that the zeta functions are positive for the relevant values of s. The distance
has the property that o(D1, D;) = 0 if and only if the spectra are the same [67]. It

also obeys the triangle inequality

O'(Dl, Dz) —|—0’(D2, D3) > O'(Dl, D3). (184)

The definition uses the closed interval [, ¥ + 1] but the 1 is just for convenience and
in fact any finite interval with a suitable lower limit o will do. The definition also
holds for finite spectra, in which case there is no restriction on <. It can even be used
to compare a finite spectrum to an infinite one. Several examples are examined in

detail in the following sections.
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3.5 THE ZETA DISTANCE

3.5.1 Convergence of fuzzy spectra to the continuum

The distance measure can be used to define the convergence of spectra. If c(D,, D) —
0 for a sequence of Dirac operators {D,}, then ,(s) — {(s) for each s € [y,v + 1],
providing the poles all lie below <. According to [67, Thm 3.2], this implies that the
spectra and multiplicities converge pointwise in a suitable sense. The converse sit-
uation is examined here using the sphere and torus as concrete examples. In these
examples, the spectra converge pointwise and this implies that the zeta functions
converge pointwise in s. However, this is not quite good enough to show that ¢

converges to 0, as this needs uniform convergence in s.

Lemma 2. Let { # 0. If {, — { as n — oo uniformly in 7y, y + c] for any constant ¢ > 0,
then o(Zy, ) — 0.

Proof. Suppose |{u(s) — C(s)| < € forall n > ng and all s € [y, + ¢]. Then

<

log 2 < g (185)

Cn
¢

c|e
=17

Hence 0({y,{) < e sup,1/{(s) = €/ min, {(s). Hence the distance ¢ converges to

zero. -

The fuzzy spheres define a sequence of Dirac operators D,, with n = N, the
matrix size. This is compared to the Dirac operator D on the spin bundle of S?
tensored with C2, so that the multiplicities are doubled. Then the D,, have the same
spectrum as D but with a cut-off. Therefore {,(s) — ((s) as n — oo for s > 1 and
this is uniform in [7y, y + 1] for any 7 > 1. Therefore o (D,, D) — 0. This conclusion
generalises to any sequence of fuzzy spaces for which the spectra are obtained by
truncating the spectrum of the limiting geometry.

Now let D,, be a sequence of fuzzy unit square tori with n = N, and D the con-
tinuum torus, again with multiplicities doubled. Here, the spectra do not coincide
but converge pointwise, when ordered in increasing value. The fact that the zeta

functions converge uniformly for v > 1 is now shown.
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For the fuzzy unit square torus, the spin structure is £, = (1,1). Therefore the
same spin structure is used for the continuum torus and its eigenvalues are labelled
with (k1) € A = 7?2 + (1/2,1/2). Let ANy C Aw be the subset such that —N/2 <
k,I < N/2. This indexes the eigenvalues of the fuzzy torus of size N exactly once
each, ignoring the fourfold degeneracy of the squared eigenvalues for each (k, ) (see

equation eq. (114))). The difference in the two zetas is

A=) (KP+IP)7° = Y (4177 (186)
(k1)eAn (k1)eAx
where [k] is the g-number introduced in the introduction. All that is left to prove is
that A — 0 as N — oo, uniformly on [y, y + 1], for any v > 1.

To show this convergence, the comparison is split into two regions. The fuzzy
zeta spectrum is similar in value to the continuum torus for small [k],[I] but for
large [k], [I] the spectra differ quite drastically. This can be seen in fig. |3} Define
Ay C Ap to be the region with |k|, |I| < M for some M such that 1 < M < N/2.
Then different comparisons are used for Ay; and Ayx \ Ay. The difference in the

two zetas is thus

A= DI (@42~ + T (K247~ ¥ (@4 R)
Apm

AN\AMm A\ AM
(187)
These three sums are investigated in turn. For the first term,
.2 20\ P 2 4 2\ 7S
(K2 + 1) = (& + 1) = (S“‘ e y) -(555) e
sin“ z z

with x = tk/N, y = ntl/N, z = 7t/ N. The Taylor expansion for this is

. 9 . 2 =S 2 2\ 8
(sm X+281n }/> _ (x_z-f;y ) <1+S(O(x2+y2)+0(22))) (189)

sin“ z
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providing x, y and z are in a sufficiently small region. This requires that M/N be
sufficiently small.

Putting this estimate into the sum gives

2 2. 2 (k> + 12) 2 /A2
Y (KP+[P) = (B +1P)° <s- Zo <sO(M?/N?).  (190)
Apm
The second inequality follows from the fact that s > 1 and so the summand is
greatest for k,I = £1/2. This shows that as long as M/N — 0, the first piece of
expression (187) converges uniformly to zero.

The second term in eq. (187) is examined now. Let sinc(x) = (sinx)/x < 1. The

term is

M —2s M\ ~2
Z ([k]Z + [Z]Z)—s < N2 <51n N ) — N2M~2 (%) (191)

AN\AM Sin N SINC N
—2(y+1)

v

2y (sinc TM

2
=N (sinc )_27 (i52)

Z|x

Thus as long as M is chosen so that NM™7 — 0 as N — oo as well as the previous
condition M/N — 0, the bound on the right converges to zero. Hence this sum also
converges uniformly to zero.

The last piece is the one arising from the continuum zeta. This converges to zero
as long as M — oo since it is the tail of a convergent series. The convergence is

uniform since

Z (kz -|—lz> - < Z (K2 +12)77, (193)
As\Ap Ao\ Am
a bound independent of s. All of the conditions on M can be satisfied by taking
M= (N/2)"for1/y<a<1.
Given the above convergence for the fuzzy sphere and fuzzy torus, some numer-
ical results are presented in fig. where v = 1.5 to avoid numerical instabilities

close to the singularity at s = d/2 = 1. The left-hand plot shows the results for the
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Figure 26.: Spectral distances between fuzzy spaces of different matrix size N and
the continuum space, using v = 1.5. The sphere is on the left and the
torus on the right. The dark blue line shows that the distance of the fuzzy
space to the continuum space. The green line denotes the distance of the
fuzzy space at N = 10 to the fuzzy space at arbitrary N. The brown line
shows the distance between the spaces at N and N + 1.

fuzzy sphere and the right-hand plot for the fuzzy torus. The plot for the torus has
a noticeable kink in the line comparing the continuum torus to the fuzzy torus at
N = 26. This feature arises because at this point the maximum of the logarithm flips

from the upper end of the interval [, ¥ + 1] to the lower end of this interval.

3.5.2 Distances between random geometries as g varies

To apply the distance function to random geometries, the first step is to pick a value
of 7. Since the random geometries do not have a simple dimension measure or any
poles in the { function, the easiest choice is to explore the distance for a few values
of 7y that would be compatible with the range of dimension found using the spectral
variance. For the exploration here v = 0.5,1.0,1.5,2.0 are used, which are suitable
considering the dimension values found in fig. The choice of 7 influences the
relative weight given to the low or high energy part of the spectrum, with lower
emphasising the higher energy part of the spectrum.

Calculating this on the random fuzzy spaces requires some form of averaging,

either over distances or over geometries. Calculating averages over quantities in-
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(a) Distance from g, = —2.5 (b) Distance from g, = —3.5

Figure 27.: Distance of random geometries of type (2,0) with varying g, from the
geometries at g = —2.5,-3.5

volving the zeta function is plagued by instabilities which arise from terms A;* if
the eigenvalue Ay with the smallest absolute value fluctuates close to 0. This makes
it more practical to calculate the distances of the averaged spectra. Using this, the
distance function can be applied to random geometries, obtaining some interesting
results.

A simple test is to calculate the distance between geometries of the same type at
different g». This is shown in fig. 27/ for type (2,0), where the distance from the
geometries with ¢» = —2.5 and g» = —3.5 as reference points is shown. The choice
of v changes the resulting distances but the relative distances are qualitatively the
same. In particular, the geometries above the phase transition at go = —2.8 are more
similar to the geometry at go = —2.5 while those below the phase transition are
more similar to the geometry at g = —3.5. The error bars on all distance measures
are calculated by propagation of uncertainty starting from the errors on the average

eigenvalues.

3.5.3 Measuring the distance from the fuzzy S>

The spectral distance measure can be used to investigate whether the spectra of

the random geometries are close to the fuzzy sphere. As demonstrated in [67], the
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spectral distance measure is also sensitive to size differences between geometries.
However for the random fuzzy spaces their size is of less interest than the question of
whether they resemble a fuzzy sphere of any size. Thus to compare the geometries,
the average spectra are scaled so that the maximum eigenvalues are equal. Physically
this rescaling should correspond to fixing the Planck scale for the geometries to
agree.

The resulting distances between the random geometries and the appropriate fuzzy
spheres are shown in fig. These are encouraging, since they align with the hope
that the geometries close to the phase transition are similar to the fuzzy sphere. For
all three types the minimum distance to the fuzzy sphere is for the geometries with
g» one step away from the phase transition. For type (1,1) it is for § > g, and for
types (2,0) and (1,3) it is for ¢ < g.

3.5.4 Measuring the distance between type (1,1) and type (2,0)

One of the aims in doing this additional analysis was to understand the difference
between the geometries of type (1,1) and (2,0) better. For this a distance measure is
very useful. When comparing geometries of different types, in addition to choosing
the rescaling, there is freedom in which g, values to compare with each other.

The simplest option is to compare the geometries at the same value of g, dis-
regarding the fact that the geometries have different phase transition points. The
difference found in this way is dominated by whether the geometries are in the
same phase or not, as seen in fig. 29| (a). The distances measured do not change
much when the eigenvalues are rescaled to Amax = 1. This is because the maximum
eigenvalues in both geometries are very similar.

When comparing at fixed g, value, the difference between the geometries is largest
between ¢, = —2.8, ..., —2.5 which is the region in which type (1,1) is already tran-
sitioned, while type (2,0) is not yet. After go = —2.8, when type (2,0) transitions,

the distance between the geometries becomes much smaller.
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The other option is to, is to compare the geometries at a constant distance from
their phase transition g, — g., shown in fig. [29| (b). This requires the assumption
that the determination of the phase transition for both geometries is correct, which
introduces an additional possible error. The overall distance between the geometries
in this measure is smaller than before. It is also much larger when comparing the
geometries before they have transitioned as opposed to comparing those in that that
are after the phase transition The geometries after the phase transition have distance

close to 0, while before the phase transition, their distance is quite large.
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Figure 28.: Distance between the fuzzy sphere and random fuzzy geometries, with

—— unscaled

the spectra rescaled such that their maximal eigenvalues agree. For the
geometries of types (1,1) and (2,0) only half of the multiplicity of the
fuzzy sphere eigenvalues were used to compare to geometries with the
same number of eigenvalues.
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Figure 29.: The spectral distance between geometries of type (1,1) and type (2,0)

with different rescalings. Plotted for ¢ = 1.
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SYMMETRIES, COADJOINT ORBITS AND FUZZY SPACES

This section is concerned with investigating the construction of fuzzy spaces that
possess Lie group symmetries. The fuzzy sphere is a key motivating example as it
possesses an action of the Lie group SO(3). The fact that the fuzzy sphere possesses
a Lie group symmetry whilst having a finite Dirac spectrum is an attractive feature
for a quantum gravity theory. Identifying the maximum eigenvalue of the Dirac op-
erator as the maximum possible energy scale of the geometry, is akin to the existence
of a minimum Planck length scale. Such an interpretation is expected to regularise
the divergences that appear in the quantum field theories one could define over such
spaces. As having a spacetime that possesses a Lorentz invariant metric is a funda-
mental principle of general relativity, exploring the fuzzy spaces that are invariant
under Lie group symmetry seems a useful avenue of investigation.

The sphere is a particularly special space as it has many different descriptions in
differential geometry, with varying levels of structure. However the focus of this
thesis will be to view the sphere as a coadjoint orbit of the Lie group SU(2). This
provides the sphere many geometric structures, such as a canonical symplectic struc-
ture, a Kdhler structure, and allows it to be viewed a special type of homogeneous
space which makes its symmetry explicit. It also allows us to describe it in a Lie
algebraic manner, which lends itself to the noncommutative geometry setting. As
tuzzy spaces are generalisations of spin manifolds, we need to outline how a mani-
fold possessing a Lie group symmetry, manifests on the spinor bundle. The details

of how the Lie group symmetry interacts with the Dirac operator is then given.
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The aim of this chapter is to investigate how much the presence of a Lie group

symmetry restricts the possible choices of Dirac operators on a fuzzy space as given

by eq. and eq. .

4.1 DIFFERENTIAL GEOMETRY OF COADJOINT ORBITS

In this section we introduce the necessary differential geometry to define a spinor

bundle over a coadjoint orbit. But first we need to describe a coadjoint orbit.

4.1.1  Coadjoint Orbits of Semisimple Lie Groups

Definition 34. Let G be a Lie group and let g be it’s Lie algebra, we say that g is
semisimple if it does not contain any non-abelian, non-trivial ideals. If G is a Lie

group with semisimple Lie algebra we say that G is also semisimple.

Definition 35. A torus subgroup of a Lie algebra is a connected, compact, abelian
subgroup. A maximal torus, T, is a torus proper subgroup that satisfies the standard
maximal property that there are no proper subgroups, T' of G that contain T with

T#T.

Definition 36. Let G denote a compact semisimple Lie group, take the Lie algebra of
G to be g. A Cartan subalgebra of g is the Lie algebra of a maximal torus subgroup,

T, of G.

A Cartan subalgebra can be viewed as the maximal set of commuting elements of
g. We will denote the vector space dual of g as g*, which we will refer to as the dual

Lie algebra (even though it isn’t a Lie algebra itself).

Definition 37. The adjoint action of a Lie group, G on itself or it’s Lie algebra, g is
denoted by Ad and is defined as:

Adg(g) =g¢'s™ !, Adg(X) =gXg! (194)
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forall ¢’ € G and X € g. The adjoint action of the Lie algebra of a Lie group on itself is
denoted by ad and is defined to be:

adX(Y Adexp txY = [X/ Y] (195)

d
):a‘t:O

for all X,Y € g. The coadjoint action of G on g* is denoted Ad* and defined:
Adza(X) := a(Adg-1(X)) = a(g7'Xg) (196)

for every element & € g* and every X € g.
Note that if G is connected we have that Ad(eX) = ¢*(X) for every X € g [122].

Definition 38. The Killing form on a Lie algebra g is defined to be B(X,Y) =
Tr(adxady) for X,Y € g.

Note that when g is semisimple then B is non-degenerate and when G is also
compact Lie group, then B is negative definite [123]. We can also define g to be called
compact if its Killing form is negative definite for this reason. It is then useful to
define Kil = —B, then we have a positive definite form on a compact semisimple Lie
algebra g. We can then identify g* using this new form Kil to g under the following
identification: X = Kil(X, -). The Killing form, B, and therefore the bilinear form Kil

satisfy the property that
Kil(adxY,Z) = Kil([X, Y], Z) = Kil(Y, [Z, X]) = —Kil(Y,adxZ) (197)

Now for every point y, € g* there exists some Z, € g such that y,(X) = Kil(X, Z,)
for all X € g. We can then form the orbit under the coadjoint group action defined

as

Adio(X) = po(Adg1X) = Kil(Ad,1(X), Z,) = Kil(g~'Xg, Zo). (198)
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Denote this orbit by O, = {a € ¢* | 3g € G s.t. Adj(po) = a}. Using the cyclic
nature of the trace we can see that for semisimple Lie algebras we have that the
coadjoint orbit of a point y, € g* is equivalent to the adjoint orbit of it’s identified
point Z, € g (via Kil).

Let K denote the stability subgroup of G for the coadjoint action of a point y, € g*,
ie. K= {ke G| Adu, = po}. The map x — Ad;(y,) defines a diffeomorphism be-
tween G/K and the coadjoint orbit O, . Using this diffeomorphism, we can equally

work with the homogeneous space G/K or the orbit itself.

Definition 39. A manifold M with a left G action is said to be a homogeneous space

if the action is transitive, i.e. for every x,y € M there exists a ¢ € G such that

g x=y.

As the action is transitive, we can take any point x € M and the orbit space G - x
which is equal to M. By the orbit-stabiliser theorem of group theory we have a
bijection between G/Gy and G - x = M, where Gy is the stabiliser of the point. The

following theorem allows us to adapt this to the setting of manifolds.

Theorem 6 ([124]). Let G be a Lie group, K a closed subgroup of G. Let G/K be the space
of left cosets with the natural topology. Then G/K has a unique smooth structure. If M
has a transitive action of G, then the stabiliser, G of any point p € M is closed and M is
diffeomorphic to G/ K.

The projection 77 : G — G/K which send g € G to the equivalence class [gK] forms
a fibre bundle (see [124]). Viewing the coadjoint orbit as a homogeneous space, we
can take a new view of the space. We shall view it as a principal K-bundle, with

total space G, fibres K and base space will be G/K.

4.1.2  Homogeneous Bundles Theory

Definition go. A fibre bundle 7r : P — B with fibres F which has a right action pg of

a Lie group G on P is called a principal G-bundle if we have the following:
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¢ The action is free. This means that if Vx € P we have that x- g =x = g =e.

* The group acts transitively on the fibre of the bundle. This means that Vp, €
=1 ({x}) =: Py then there is some ¢ € G such that p = f - g.

e The local trivialisations, y;, satisfy the following conditions. That ¢ (p) =
(7t(p), pu,(p)) where ¢ : 7 1(Uy) — G is G-equivariant, i.e. that ¢y (p) -
g = ¢u,(p-g). This can be viewed as requiring the following (idy, X pg) o
(px x idg) : 1 (Uy) x G — U x G (where pg is the group multiplication) is
equivalent to ¥y o pg : m 1 (Uy) x G — U x G. Le. the following diagram

commutes

(xid
7 U) x G P Uy x G x G

lPG liduxxyc

TN U) — P Uy x G

We say that two principal G bundles 711 : P — M and 71, : P, — M are equivalent

if there exists a homeomorphism f : P; — P, that is G equivariant, i.e.

P1 f > Pz
4s
N
M

commutes and f(p-g) = f(p) - g for every g € G.

Proposition 5. Let G be a Lie group and K a closed subgroup, let 7w : G — G/ K denote the
smooth surjective projection that sends elements to their equivalence class under the quotient

in G/K. Then t : G — G/K is a principal K-bundle.

Proof. ® The group, K acts freely on the total space: Freely acting group means that
Vx € G we have that x - k = x implies that k = ex. So given that K is a closed
subgroup of G, we can include K in G in the standard way, then this property
is satisfied by the uniqueness of the identity element, ¢ in G. Then as ex = eg

we have shown this to be true.
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* The group acts transitively on the fibres: We need to show that Vg,§ € Gy =
m1({[xK]}) there is some element k € K such that ¢ = § - k. So as g € Gy by
the definition of an equivalence class, g = x - k. Also § =x -k, sox =g k! =

g (E)_l- So we have that g = § - (f{)—l k.

o We need to show the existence of ¥ : 7 Y(U) — U x K, p — (7t(p), ¢u(p)),
where ¢y is K-equivariant: The existence of local trivialisations is shown in [124],
which allows us to find local sections for every point in G/K. Let [xK] € G/K,
then let U, be a neighbourhood of [xK] in G/K. Let s : Uy — G be a local
section, then we have that the following map ¥ : Uy x K — 7t~ 1(Uy), (p, k) —
s(p) -k, is K equivariant, i.e. ¥(p,k)-g=s(p) -k-g=s(p) - (kg) = ¥(p,kg).

]

With this new perspective we can the make a very useful link between the group
level description and the lie algebra level. We do this by taking the differential of the
map 71: G — G/K at the identity element e € G. We shall set 0 = 7t(e) = [eK]. We
have that the induced linear map dr, : T,G ~ g — T,(G/K). Which by using the
tirst isomorphism theorem from linear algebra we have an isomorphism between
im(dm.) = T,(G/K)[]and T.G/ker(dr).

It is worth explicitly showing that ker(d7m,) ~ ¢ (as vector spaces). We shall do
this by showing that elements of ¢ ~ T,(K) are in ker(dr,) and then we show that
ker(dm,) C ¢t

So given X, € T,K ~ ¢ (a vector tangent to K), we can form a map « : [0,1] — K
such that «(0) = e and &/(0) = X,, i.e. let a(t) = exp(tX,). We can then view K
as a subgroup of G and consider the maps « as curves in G. Then we have a curve
a(t) € K C G and a(0) = e thus 7t(a(t)) = m(e) = o for all values of t. So a vector
tangent to this curve must have that dm,(X,) = d(m, oa)(0) = d(o) = 0,. So we
have that ¢ C ker(d7t,) = {X, € TeG | d7e(Xe) = On(e) }-

the map dry, is surjective for any p € P as it is a necessary condition for the existence of local
trivialisations in the bundle structure.
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Now we take X, € ker(dr,) so we have that drm,(X,) = 0,. Let us choose a curve
in G such that a(t) € G, 2(0) = e and #/(0) = X,. Then we have that if dr(X,) =0
then we have that (7o a)(0) = 4 (7 (a(t))|i=o = 0. So we have that 7r(«(t)) = const,
but 77(x(0)) = 7t(e) = 0. So we have that 7r(a(t)) = o for all values of t. So X, € ¢.

So we have that the tangent space to G/K at the element 0 = 7t(e) is the vector
space g/¢

To(G/K) = im(dm,) ~ T,G/ker(drm,) = g/¢. (199)

Definition 41. A homogeneous space, M = G/ K is reductive if there exists a subspace

m of g such that ¢ = ¢ & m where Ady(m) C m for all k € K.

Note that for reductive homogeneous spaces we have that T,G/K = m.
Let 7, : G/K — G/K denote the diffeomorphism that sends xK — ¢xK. Note that
Tk(0) = o for all k € K. Taking the differential of this map at o provides a linear

transformation of the tangent space.

Definition 42. The isotropy representation of the homogeneous space G/K is the ho-
momorphism:

I, : K — GL(T,G/K) (200)
defined by k — (d7i),, where 0 = eK the identity coset.

The following proposition explains why the adjoint action plays a vital role in the

study of homogeneous spaces.

Proposition 6 ([125]). The isotropy representation of a reductive homogeneous space G /K

is equivalent to the adjoint representation of K in m.

Proof. The two representations are equivalent if the following diagram is commuta-

tive:

Ady
m > m

dne\ml ldng|m

T,(G/K) "YW= 1 (6 /K

132



4.1 DIFFERENTIAL GEOMETRY OF COADJOINT ORBITS

where the downwards arrows are the canonical isomorphism T,(G/K) = m given
above, the upper right arrow is the restriction of the adjoint action to K and using
the fact that the space is reductive so Adg(m) C m. We show this by calculating

explicitly, given Y € m we have that :

(d7)0 0 Ad)(Y) = (d7t)o(Ade(Y)) = %L_O(n o exp(tAd,(Y))) (201)
= %\tzo(exp(tAdk(Y)K)) = %|t20(kexp(tY)k—11<) (202)

— (d1)o 0 %h_o exp(EY)K)) = (d1)o o (d)o(Y)  (203)

O

Definition 43. Let M = G/K be a homogeneous space, a metric g on M is called left
G-invariant if for each ¢ € G the diffeomorphism 7, : G/K — G/K, 14(xK) = gxK
is an isometry, i.e. we have that g, ((d7g)o(X), (d75)o(Y)) = 80(X,Y) for every X, Y €
T,(G/K) = m.

The following theorem allows us to concern ourselves with specific inner products

on the space m instead of Riemannian metrics on G/K.

Theorem 7 ([126], p.200). Let G/ K be a reductive homogeneous space with Ad(K)-invariant

decomposition of g = € ® m, then there is a one-to-one correspondence between:
e left G-invariant Riemannian metrics on M
* Ad(K)-invariant inner products (,) on m

Remark 6. There is a similar statement for pseudo-Riemannian metrics, where we relax the

inner product to a non-degenerate bilinear form on m.

Proposition 7. Given a reductive homogeneous space G /K with reductive decomposition
g = ¢ @ m. The positive definite bilinear form Kil is Ad(G)-invariant and it’s restriction to

m is Ad(K) invariant.
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Proof. Kil(Adi(X), Adi(Y)) = Kil(kXk~',kYk™') = Tr(adixcadiy,—1). Note that
adi 1 (Y) = [kXk™1, Y] = kXk™'Y — YEXk™! = k(Xk~WYh)k™! — k(K1 YKX)k™! =
Adyoadx o Ad,1(Y). So we have that

Kll(Adk(X), Adk(Y)) = Tr(AdkadXAquAdkadyAdkfl) (204)

and as Ad is a group homomorphism and the trace is cyclic we have the desired
result that Kil(Ady(X), Adr(Y))) = Kil(X,Y). As we have take a reductive decom-

position for m, we have that the result. O

As the aim is to examine differential operators over coadjoint orbits (viewed as
homogeneous spaces) we need to introduce the concept of associated bundles and

their sections.

Definition 44. If 7 : E — M is a principal G-bundle and V is a space with a left
action of G, p : G x V. — V, then we can form the associated bundle, E X, V, which
has total space (E x V)/~, where (p,v) ~ (g,w) if there exists ¢ € G such that
(p,v)-g:= (p-g,0(g")v) = (g,w). If we take V to be a vector space which carries

a linear representation of G we obtain an associated vector bundle.

Every finite dimensional vector bundle, 7w : E — M of rank n can be viewed as
an associative vector bundle of a principal GL(n)-bundle over M [70]. There is a
particularly useful result relating the sections of an associated bundle to equivariant

maps.

Proposition 8 ([70]). Let 7t : E — M be a principal G bundle, let V have a left action of
G, denoted by p, and let E x, V be the associated bundle. Let T'(M,E xg V) be the space
of smooth sections of the associated bundle. Let C*®(E, V) be the space of maps s : E — V
such that s(p-g) = p(g~')s(p). There is a natural one-to-one correspondence between
I'(M,E x, V) and C®(E,V)C given by sending the map s € C®(E, V)% to sy(x) =
[p,s(p)], where p is any element of 7= (x) and [p,s(p)] is the equivalence class that the
element of (p,s(p)) € P x G belongs to.
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Proof. First we show that this map is unambiguous, i.e. if we choose some other
point p’ € 777 1(x) then we have that s is mapped to [p/,s(p’)]. As G acts transitively
on the fibres we have that p’ = p - ¢ for some g € G. So

. s(p) =1[p-gsp-8)]=Ip-ge(g " )s(p)] = [p.s(p)] (205)

where the last equality is due to the definition of the associated bundle. The map
is surjective because if we are given sy; € I'(E X V), we have that sy;(x) = (p,v)
for some p € 7 !(x) and v € Vi, we can define s to equal v at p. This is well
defined because if sp;(x) = (g, w) instead, we have that g = p - ¢ then we just set v =
o(g)w. We check that this map s(p - g)g~! - s(p). Suppose s(pg) = 7 so we have that
[(pg,0)] € Vi(pg) = Vi(p)- Thus taking the representative (pg,0) g7 = (p,p(g)9)

we have that s(p) = p(g)3 so p(g) !

s(p) = s(pg). To show that the map is injective,
consider two maps s, s’ such that s # s'. So there exists p € E such that s(p) # s'(p),

thus we have that choosing x with p € 7771(x) we have that sy(x) # sh(x). O

Definition 45. Let 7 : E — M be a fibre bundle and let G be a Lie group. We say
that the fibre bundle is G-equivariant if G acts smoothly on the left of both E and M
and we have that 7(g-x) = g-7(x) forallg € Gandallx e E. If 1: E - Mis a

vector bundle we also require that g- : Ex — Eq.y is linear.

Considering the bundle 77 : G — G/K we have a left G action on both G by left
multiplication and on G/K by sending xK to gxK. These actions satisfy 7(g - x) =
gxK = g-xK = g - 7(x), thus this principal K-bundle is also G-equivariant. Now
that given an associated bundle to 77 : G — G/K, denoted G x, V — G/K, is also G-
equivariant with the left action of G on G x, V being defined as g’ - [g, 7] := [¢g, v].
Thus we have that (¢’ - [¢,v]) = 7([¢'g,v]) = ¢'¢ = ¢ - ([g, 7]).

Definition 46. Let M be a homogeneous space of the Lie group G, so that M = G/K
for some closed subgroup, K, of G. A homogeneous fibre bundle over M = G /K is a G-

equivariant fibre bundle over M where the action of G is given by left multiplication.
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A homogeneous vector bundle over M is a G-equivariant vector bundle where the action

of an element ¢ € G is a vector bundle homomorphism

Given a left action of K on a vector space V, denoted by p : K x V — V. We can
form the associated vector bundle G x, V of the principal bundle 77 : G — G/K. We
have that all homogeneous vector bundles are isomorphic to an associated bundle

to G — G/K for a finite dimensional representation, (p, V') of K [127].

Proposition 9. Let 7 : G — G/K be a principal-K bundle over the homogeneous space. If
we have a Lie group homomorphism T : K — P for some group P we have an left action
p: Kx P — P, defined by p : (k,p) — T(k) - p. We can then form the associated bundle
G X, P. This bundle is a principal-P bundle over G /K.

Proof. The action of P on G x, P is given by [g,p] - p’ := [g, pp']. This action is
free and as the right multiplication of a group on itself is transitive, this action is
transitive on the fibres. Let s : Uy — P be a local section of a point xK € G/K.

Define ¢(x’, p) = s(«’) - p, this map is clearly P-equivariant. O

Example 7. An important example of a principal bundle is that of the frame bundle of a
vector bundle. Let 7t : E — M be a real vector bundle over a M, with n-dimensional fibres.
Define GL(E) to be the space of all invertible linear maps ey : R" — Ey = 7~ 1(x). Then
GL(E) is a principal bundle for the group GL,(R) under the action (p - g)(v) = p(g-v)
for where p : R" — E,, ¢ € GL,(R) and v € R". We say that GL(E) is the frame bundle
for E.

Note that the above construction works for complex vector bundles with minimal
modification. The frame bundle of the tangent bundle v : TM — M is often referred
to as the frame bundle, however any vector bundle can have a frame bundle to which it
is the associated vector bundle. In what follows the tangent frame bundle is referred
to as FM.

If an n-dimensional manifold is oriented and possesses a Riemannian metric, the
structure group of the tangent frame bundle can be reduced to that of SO(n). So the

tangent frame bundle is a principal SO(n) bundle.
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Given a G-equivariant bundle, 7 : E — M, we have that the action of the group
on the sections of this bundle is given by the formula (g-s)(x) = ¢-s(¢ 'x), i.e so

the following diagram commutes.

4.1.3 Differential Operators on Homogeneous Spaces

Differential operators play a vastly important role in physics. With the symmetries
of physical theories manifesting themselves in specific symmetries of key differential
operators. The most obvious example is that of Lorentz invariance which all of the
standard modern theories of physics requires. In physics, these differential operators
are often expressed in local coordinates, however to define them in a geometric and
coordinate free way, we need to express them as specific combinations of covariant

derivatives on vector bundles.

Definition 47. A covariant derivative on a vector bundle E — M is a map V :
I'(M,E) - T(M, T*"M ® E) (where T*M — M is the cotangent bundle), such that
for s € T(E) and f € C®(M) we have that V(fs) = df @ s+ fV(s). If we take a
vector field X € I'(TM), we define Vx : I'(E) — T'(E) to be ((X)V where / is the

contraction operator and refer to it as the covariant derivative by X.

Given a vector bundle 7 : E — M, we can form the endomorphism bundle which
has total space End(E) = UyepEnd(Ey) where Ey = 7w~ 1(x). Where End(E,) are the
linear maps from E, to itself.

We now introduce the formal definition of a differential operator, heuristically a
differential operator on a vector bundle is a linear combination of covariant deriva-

tive, where the coefficients are fibre preserving maps.

Definition 48. Given a vector bundle E — M, a differential operator is a linear map

from the sections of the bundle, I'(E), to itself, such that it is composed of sections
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a; € T'(End(E)) and covariants derivatives Vx where X ranges over all vector fields

on M. A differential operator of order m is an element of
Dy(M,E) =T'(End(E)) -span{Vx, --- Vx, | j < m}. (206)

Let the space of Differential operators on the vector bundle E be denoted by ID(E).

Definition 49. Given a homogeneous vector bundle 7w : E — G/K, a differential

operator on E is called equivariant if g- Ds = D(g - s).

Recall that Ds € T'(E) and the action of G on sections is given by (g-s)(x) = ¢-
s(g7!x). So for a differential operator to be G-equivariance, we require the following

diagram to commute:

<_
)
)

3

m
l%
—

~—

(E

Note that this definition doesn’t explicitly realise which homogeneous space of
the Lie group G we are examining. One way to make this more explicit is to move
from the pictures of sections of the vector bundles to K-equivariant functions.

As every homogeneous vector bundle is isomorphic to an associated vector bundle
of 1: G — G/K [127]. Let 1 : G X, V — G/Kbe the associated vector bundle to the
map p : K x V — V and let C*(G, V)X denote the smooth functions, f € C*(G, V)
that obey f(gk) = p(k™1)f(g) for all k € K. Let the map that associates sections
s € T(G x, V) to an element of C*(G, V)X be denoted by s and the reverse map that
sends f € C®(G, V)X to its associated section be denoted by f°. Given a differential
operator D € ID(G x, V), we then define an associated operator on C(G, V)X in
the following way: Df = (13/70/). We will refer to this operator D as a differential
operator also. Note that as D is a linear map, we have that D is also linear on

C*(G, V)K. We have that the left action of the Lie group on the algebra of functions

is given by Lg(f)(x) = g- f(x) = f(g 'x). So we have that the G-equivariance
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condition for differential operators then becomes L¢(D) = D where Lg(D)f(x) :=
D(f o Lg)(g ')
There is a Lie algebraic description of these differential operators. Given that

element X € g act on G as left-invariant vector fields via the formula

Xf(s) = | o (gexp(tX)), (207)

we get that X € g acts on C®(G, V) also in the same manner. This action of g on
C*®(G, V) induces an action of the universal enveloping algebra, U(g), on C*(G, V)
also. The universal enveloping algebra U/ (g) is isomorphic to ID(G x R) viewed as
the algebra of operators on C®(G) generated by the left invariant vector fields on G
and the identity operator. [124, Ch. II, Proposition 1.9]. So taking L € End(V) and
taking X € U(g) we can set the action of End(V) @ U(g) on C*(G,V)as (L& X)f =
L(X(f)). Let K act on End(V) @ U(g) via the adjoint action in the following way:
u(k)(L® X) = p(k)Lo(k™') ® Ad(X). Let (End(V) ® U(g))X denote the elements

that K-invariant under the above action. i.e.
(End(V)@U(g))X = {D € End(V) @ U(g) | u(k)(D) = DV k € K}. (208)

Proposition 10 ([128]). Let G/K be a reductive homogeneous space with K compact. Then
the space of G-equivariant differential operators on 7t : G X, V. — G/ K is bijective with the
space (End(V) @ U(g))X.

Note that 1 ® D € End(V) ® U(g) descends to a homogeneous differential opera-
tor if Adi(D) = D (as p(k)p(k)~! = 1). So for a differential operator on the smooth
functions of G to descend to a G-invariant differential operator on G/K, we require
that Ady(D) = D. As the space of differential operators on G is isomorphic to U(g),

and the universal enveloping algebra is generated by X € g which are view as vector
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fields on G given by eq. (207). So for a vector field on G to descend to a differential
operator on G/K, we require Adi(X) = X for any k € K.

Adi(X)(f)(x) = (fOAdk) o Adi ! (x) = (fOAdk)(k_1Xk) (209)
‘t of © Adi (k™ xkexp(tX)) ]t of (xkexp(tX)k~1)  (210)
(211)

this is equal to X(f) only when kexp(tX)k~! = exp(tX). Note that we have that
Adi(X) = Rg(X) for X € g and therefore this holds on U(g), where Ri(f)(x) =
f(xk) but Ri(x) = xk~! for x € G. So the elements of g that are left G-invariant and
right K invariant descend to differential operators on G/K.

We now need to construct the specific differential operator we are keen to investi-

gate, the Dirac operator.

4.1.4 Spin Structures and Spinor Bundles

A given Clifford algebra, CI(V,Q), can be decomposed into the eigenspaces of the
map « : CI(V,Q) — CI(V, Q) which extends the map a(v) = —v for v € V to all of
Cl(V,Q),ie. a(v;...v¢) = (—1)¥v; ... v;. Note that a? = Id so it has eigenvalues +1
on CI(V,Q). Let CI°(V,Q) denote the +1 eigenspace and CI'(V, Q) denote the —1
eigenspace, referred to as the even and odd parts of the Clifford algebra respectively.

We have CI(V,Q) = CI°(V,Q) @ CI*(V, Q).

Definition 50. Let v € V C CI(V, Q) be such that Q(v) # 0, let P(V,Q) C CI(V,Q)
be the space generated by such v € V. We then define the Pin(V,Q) group of
a Clifford algebra to be the subgroup of P(V,Q) generated by elements v € V
Q(v) = £1. The Spin(V, Q) group is then the even subgroup of Pin(V,Q), i.e

Spin(V,Q) = Pin(V,Q)NCI°(V,Q) (212)
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The spin group is a Lie group and is a double cover of the special orthogonal
group SO(V, Q) [62]. We let Spin(n) denote the spin group when V = R" and Q is
the usual Euclidean inner product.

Given that the spin group is a Lie group, we can consider principal bundles over
manifolds that have a spin group as their structure group. We are focussed on a

specific Spin bundle over an oriented Riemannian manifold:

Definition 51. Given the tangent frame bundle, 7 : FM — M of a connected n-
dimensional oriented manifold M with a Riemannian metric we can define a spin

structure on the manifold is a pair (P, A) such that:
a) P is a Spin(n)-principal bundle over M, 77 : P — M.

b) A: P — FM is an equivariant 2-fold covering, i.e. the diagram
P x Spin(n) —— P

N

AXA A M
>
EM x SO(n) —» EM
commutes. Where A : Spin(n) — SO(n) is the covering map and the horizontal

arrows are the right action in the principal bundle structure.

Definition 52. Given a representation of the spin group, p : Spin(n) — End(V) for a
vector space V. Let M be a manifold with a spin structure 7 : P — M, then we can
form the associated vector bundle P X, V. This is called a spinor bundle, sections of
this bundle are called spinor fields and they can be viewed as functionss : P — V

such that s(pg) = p(g!)s(p) for every p € P and g € Spin(n).

Note that this allows for different types of spinors depending on the representa-
tion chosen. There in general exist multiple representations of the spin group to
choose from, however the consequences of the different choices is not investigated
here, see [94] for further details. Given that representations of the spin group are

given by restricting an irreducible representation of a Clifford algebra, we can take
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V to be a Clifford module, with the Clifford multiplication map ¢ : CI(V,Q) —
End(V).

4.1.5 The Dirac Operator

The covering map A allows us to lift various structures from the tangent frame
bundle to the spin bundle. The object we require an understanding of is the spin

connection.

Definition 53. A connection 1-form, w, on a principal G bundle 7 : P — M is a
g valued map from the tangent bundle TP of the total space, such that it has the

following properties:
* w(X) = X for each X € g where X denotes X acting as a vector field on P.

* (Rg)'w = Ady 1w, i.e. the following diagram commutes:

Wp

ngl lAdg—l

TpgP —5, = 9
Given a vector bundle 77 : V. — M, we have the following result:

Proposition 11 ([70], Propositive 1.16). There is a one-to-one correspondence between

connections of the frame bundle GL(V') and covariant derivatives on the vector bundle V.

Restricting ourselves to considering the tangent frame bundle over a oriented Rie-
mannian manifold, we have that a connection 1-form takes values in so(n). Given
the covering map A : Spin(n) — SO(n) we can pull back the connection 1-form from
FM to P. Taking the unique Levi-Civita connection (i.e. the metric compatible and
torsion free covariant derivative on the tangent bundle) on an oriented Riemannian
manifold we can take the associated connection 1-form on the tangent frame bundle.
Taking the pullback to the Spin bundle, we get a unique connection one-form. Us-

ing this we can form covariant derivatives on the associated vector bundles P x, V
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in the following way. View sections of P X, V' as functions ¢ : P — V such that

¥(p-g) =p(g H(p), then define
DY = dyp + pu(w)y (213)

where p, is the differential of the representation p : Spin(n) x V.— V and dy is the

exterior derivative.

Definition 54. The spinor covariant derivative V?® on the bundle S = P X V is the
map V° : T(S) — T'(T*M ® S) given by the unique lift of the Levi-Civita covariant
derivative, V, on the tangent bundle TM by the procedure described above.

Taking the cotangent bundlef] of a Riemannian manifold T*M, we can form a
Clifford algebra at each point by taking CI(T;M, g) at each point x € M. By the
inclusion of Ty M C CI(T;M, g) we can use the Clifford multiplication between an
element in Ty M and a Clifford module (S,c) for CI(T; M, g). This can be done at
every point x € M giving us an extension of Clifford multiplication to a map from
IN(T*"M®S) to I'(S).

So by combining the Clifford multiplication on sections with the spinor covariant

derivative V° we get an operator from I'(S) into itself.

Definition 55. Given a Riemannian spin manifold, M, with a spinor bundle S, the

Dirac operator is given by

Py = (coV®)y (214)

where ¢ € T(S).

4.1.6  Spin Geometry on Homogeneous Spaces

Recall that the isotropy representation for a reductive homogeneous space, G/K is

amap I, : K - GL(m), where g = £® m is the reductive decomposition. When

2 By making use of the so-called musical isomorphisms between the tangent and cotangent bundles
we could equally take the tangent bundle as was done in section
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this homogeneous space is an oriented Riemannian reductive homogeneous space
the isotropy representation maps into SO(m). We saw in prop. [f] that the isotropy
representation is equivalent to the adjoint representation.

The following theorem allows us to assert the existence of spin structures on ho-
mogeneous Riemannian manifolds in terms of the existence of lifts of the isotropy

representation.

Theorem 8 ([129]). Let M be an n-dimensional, oriented, connected Riemannian manifold
with a transitive Lie group G of orientation-preserving isometries. Let K be the isotropy
group of a point o of M and Ad = 1 : K — S0(n) be the linear isotropy representation.
Then

e If T lifts to T : K — Spin(n), then there is a spin structure on M such that P =
G x ¢ Spin(n)

e If T and T are two lifts of T and the spin structures defined by P and P’ = G Xz
Spin(n) are isomorphic, then T = 7.
e Ifthe group G is simply connected and M has a spin structure, then T lifts to Spin(n).
Thus if we can lift the adjoint action Ad : K — SO(m) to an action Ad : K —
Spin(m) such that the following diagram commutes:
Spin(m)
B
K 4%, 5O(m)
then we have a spin structure defined over G/K. The question of existence of these
lifts is non-trivial and is not investigated here.

Given the group homomorphism Ad : K — SO(n) and Ad : K — Spin(n), we can
form the associated principal SO(n) (Spin(n)) bundle to 77 : G — G/K by following

prop- G
Proposition 12 ([130]). The tangent frame bundle FM over an oriented connected Rie-

mannian homogeneous manifold is equivalent to the associated principal SO(n) bundle

G X 44 SO(n).
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Similarly we have that the principal Spin(n) bundle is the same as G x 4 Spin(m).
Given this, we have that the spinor bundles associated to the map p : Spin(n) —
End(V'), which is a restriction of the Clifford module (c, V), can be expressed in the

following terms:

Proposition 13 ([130]). Given a spin structure P = G x 5, Spin(m) over a connected
oriented Riemannian homogeneous manifold G /K. The spinor bundle P x , V' is the same as

G Xpo;{:i V.

Given that sections of an associated bundle can be viewed as equivariant functions,
we have that spinors ¢ € T'(P x, V) are po Ad(K)-equivariant functions from G to
the Clifford module V, i.e. (k) = p(Ad(g~1))p(g).

So using the results of section along with the knowledge that spinors are
sections of the associated bundle G X poAd V for some irreducible Clifford module
(V,c) such that c|gyinn) = p. We can describe the G-equivariant differential op-
erators on the spinor bundle of a homogeneous space G/K, as being elements of
D € End(V) ® U(g) that obey the following: let D = ¥ w' ® X; for w' € End(V) and
X; € U(g) then they must satisfy:

(k) (D) := Y (oo Ad)(K)w'(p 0 Ad) (k") ® Ady(X;) = D (215)

1

for all k € K.

Example 8. The sphere is a homogeneous space, SU(2) — SU(2)/U(1). Thus we have
a SU(2)-equivariant principal bundle given by the Hopf fibration. Given that Spin(2) =
U(1) = SO(2) we naturally have a lift of any representation of U (1) into Spin(2). Also
we have that Dirac operator is an SU (2)-equivariant differential operator - see [113), Section

9.Al

The example of the sphere can be suitably generalised. By the work of Rieffel
in [131), [132] it is shown that for a coadjoint orbit of a compact Lie group, the metric
induced by the form Kil is part of a G-invariant Kahler structure. It is also shown

that the Levi-Civita connection for this metric is G-invariant. It is also shown that the
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4.2 TRANSFORMATIONS OF FUZZY SPACES

Dirac operator for this connection is G-equivariant [131, Prop 5.9]. This motivates the
study of G-equivariant Dirac operators as a potential pathway to constructing fuzzy
spaces that approximate manifolds with symmetry. However, the precise way to
implement the K-invariance mentioned above is not so clear at this point. However
the expression of differential operators on homogeneous spaces as being elements
of (End(V) @ U(g))X seems very reminiscent of the Dirac operator for a fuzzy space
being an element of End(V) ® End(M,(C)). Investigating this potential link is likely

a fruitful avenue of research.

4.2 TRANSFORMATIONS OF FUZZY SPACES

We now turn out attention to the action of Lie groups on fuzzy spaces. Specifically
we investigate what restrictions are imposed by requiring the Dirac operators to be

equivariant with respects to a Lie group.

Definition 56. A general transformation of a fermion space (A, H, s, T, ]) is a unitary

operator U : H — H such that
e For every a € A there exists some b € A such that Up(a)U~! = p(b).
e UI'=TU
e Uj=Ju

A transformation then sends a Dirac operator D into another Dirac operator D’
with the same spectrum:

D' =ubul. (216)

Thus transformations are invariants of the spectral geometry of fuzzy spaces. Any
transformation that leaves the Dirac operator the same is called a symmetry, i.e. D' =
D. And given a transformation U, any such Dirac operator such that D’ = D,

i.,e. DU = UD will be called equivariant with respects to U.
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Proposition 14 ([46]). A transformation of a fuzzy space acts on an element v @ m € H

as:

U(v®m) = ho p(g)mo(g) ™" (217)

for some unitary element g € A and a unitary h : V. — V that satisfies hyy = «yh. Any such

g, h in turn defines a transformation.

Thus applying a transformation to a Dirac operator as defined in eq. we get
that w; — hw;h~1 and K; — p(g)Kip(g™1).
If we restrict ourselves to the case that 4 — p mod 8 # 1,5 then the Dirac operator

is expressible as follows:
D=Y «'®[Ly,]+) p{H,}, (218)
i i

where we have that a;, B; are products of an odd numbers of gamma matrices, and
that a, L; are anti-Hermitian and that ,Bj , Hj are Hermitian. The action of a transfor-

mation on such a Dirac operator gives us (dropping the notation p):

UDU*(v®@m) = UD(h*v ® ¢*mg)

— U(Z alh*o ® [L;, g*mg] + Zﬁfh*v ® {Hj,g*mg})
i j

=Y ha'v® gL, g*mg) " + Y hph*v® g {H;, g mg} g*)
i j
Note that we have:

g[Li,g"mglg" = [gLig", m] (219)

g{H;,g'mg} g = {gH]'g*,m} (220)
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so we get that
upu* = Zhaih* ® [gLig", ] + Zhﬁjh* ® {gH;g* -} (221)
i j
We now specify to specific Clifford types to investigate equivariant Dirac operators.

4.2.1  Type (1,3) SU(2)-equivariant Dirac operators

For a type (1,3) fuzzy space we have that V = C* and within the Dirac operator we

have that the Hermitian terms are:
hy’h*o @ {gHog*,m},  hy'y*y°h*v @ {gHiz58", m} (222)

and that the anti-Hermitian terms are:

hy'h o ® [gLig*,m] Y "y i @ [gLijg*, m]. (223)

i<j

So for a SU(2) action on this fuzzy space we need a transformation for every

b € SU(2) provided by:
U(b): C* @ My (C) = C*®@ My (C), U(b) =p(b) R, o), (224)

where I, () is the conjugate action of the m-dimensional representation of b, pu (D),
and ¢ is some representation of SU(2) in C* that obeys the constraints in prop.

So we have that

¥: SU(2) —End(V)
b —h = p(b)
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4.2 TRANSFORMATIONS OF FUZZY SPACES

and

om: SU(2) —End(My(C))

b—g = pm(b)

If we pass to the infinitesimal picture by letting b = 1+ eb, with b € su(2), then
we have that that 1 = 1 + el and ¢ = 1 + €§, where /1 and ¢ are in the derived repre-
sentations . (su(2)) and (pm)«(su(2)) respectively. We note that we take . (su(2))
to map the generators T; to the spin representation of su(n), which are given by
¥u(Ty) = —5fiieS™ = =5 fiiklv), "] = —1fijy/7*, where S = [+, 7/]. Note that
and 9/ are the anti-Hermitian generators of the (1,3)-Clifford module and the ' anti-
commute with the element 7 (i.e. ¥/9? = —4%9/) Thus we arrive at the following

expression for the action of SU(2):

hy'h*v @ {gHog*, m} = (1+€h)y°(1 —eh)v @ {(1+€3)Ho(1 —€§),m}  (225)
= 7% @ {Ho,m} + ¢ ([7,1"]o @ {Ho,m} + 10 @ {[g, Hol, m}) +0(¢?)  (226)

So we need the € term to vanish for this operator to be equivariant. For the [, 1]

term, we examine this by expanding out the formula:
P 0 L iK1 A0 1 ii A0
[, 9"] = =W firl [V, YL ") = =1 filr' 7]
8 4
1., . . 1., . .
= = fip (V7 = V) = = 2 fi (Y (=) =2 * )
1., , .
= — W fip(=(=1"1)7" =1’ =0

So in order for the € term to vanish we need that [§, Hy| vanishes for any element
§ € (pm)«(su(2)). This requires that Hy be in the center of su(2), which is equal
to multiples of the identity. Examining the term hy!'y293h*v @ {gH123¢*, m} in a

similar manner we have that we need:

1,71 9%9% o @ {Hipz, m} + v1*y°v @ {[g, His],m} = 0 (227)
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For anti-Hermitian Clifford generators we have that:

(Y'Y, ¥ = =289+ 4 28] (228)

[V, ") = =207 '9" 4 28Ty — 28"ty 267"y (229)

YA Y] = (=260 4 26% ) )y Py (230)
+ 9" (=28 4 26"y )y* (231)
+ " (26 +26)) (232)
[y, M - q™] = (—26Minf 4 26Min ]y . (233)
+ ,Yal (_25012]',),1' + 25ﬂ2ir)/j)r),ﬂ3 R r)/”n (234)
T ) LAy Y L)) (235)
. | .
_Zlfijk[’)/]ryk/ ,)/111,),512 .. .r),“n] — fijulr)/]'y@ ce ’)/a" + fz']'azf)’alr)’]’)’a3 T _r),lln (236)
NI fl,],an,),ﬂlf),az . r)/”n—l')/j (237)

So for the case above we have that (note that here we have specified to 3 anti-

Hermitian gamma matrices):

[,y ] = _}Lhifijk Y, 2 ) (238)
= (Y7 + figY' Y + fipy' YY) (239)

= W' (f1y' V7 + fa P + fim (240)

+ fieY' Y'Y+ V'V + fd' (241)

+ fsY' Y+ fasy VY + fizsy' Y (242)

=W (—fo 7’ + f17” — fi2?® — fiza" (243)

+  fas?* — fisrh) (244)

= (=7 (fis + fiz2) + 7V (fz + fis1) — 7 (fi1 + fir2) (245)

=0. (246)
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Where the last equality comes from the total antisymmetry of the structure constants
fijk- So we require that (¢, H123] = 0 also. Which again means that Hjp3 is an element
of the center of su(2) i.e. is proportional to the identity element.

Examining the anti-Hermitian term hy'h*v ® [¢L;g*, m] we have that we need the
following to vanish

[, 7i]o ® [Li,m] + v'0 ® [[§, L], m] (247)

Again as we have that i = —%hm fmijjk, we can use the rules from above to have

that:

. 1 . . 1 o )
[, 7] = =" funiel 7" '] = = " fui(— 26" +2679) (248)

1 . .
=" (i = k™) = W™ fonjiy! (249)

So, we need that y'v ® ([, Li|, m] = —h" fu;i) @ [Li,m]. As § € (om)«(su(2)), we
need that [, L'] = ¢%(T,, L;] = h"f,i;L;, where indices have been relabelled for clarity.
Note that [T,, Ty] = fupcTe- A solution is to take L; = T; and g” = h*, so we have that
§°Ta, Ti] = §"faijTj = —8&" fajiTj as needed. More clearly

(1, vilo @ [Li,m] + 7' @ [[§, Lil, m] = 1" fji'v @ [Li,m] + §° faijy'v @ [Lj,m]  (250)

= fuijy'v ® [Lj,m](g" — ") =0 (251)

Note that the above calculation does not explicitly use the fact that we are dealing
with 3 anti-Hermitian gamma matrices and holds for any number of anti-Hermitian
gamma matrices.

The other anti-Hermitian term, };; 'y h* o ® [gLijg*, m], yields the following

term that needs to vanish:

Y 1m0 @ [Ly, m] + v° vy @ [[§, Lij], m] (252)

i<j
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We have that
7 A0~IAJ] 1 a boc A0 0]
sed =" Favel Y5 Y v Y] (253)
1 o o
= =" farc ([, ALY+ D) (254)
\—:6—/
_ —}Lh”'yo fabe (=209 + 28097 9] — 26719" - 28y19F)  (a55)
1 . : . .

— ih”’yo( faoi?"Y = faicYY + fai V' 7" = faje' ") (256)

1 . , , .
= 51 Qfaiy"Y + 2fay") = 1 fair* V'Y + 1 fay v (257)
So we have that the first term in eq. (252) becomes

[, 9% 7'y @ [Lij, m] = W (fapir°7"7'o @ [Lijym] + fapr"v'v'o @ [Lij,m])  (258)
So we need that the term 7%9/y/v @ [[§, L;;], m] exactly cancels these contributions.

This suggests L;; is a product of the su(2) generators, as we have that
[T, TiTj] = [Ta, Ti|Tj + Ti[Ta, Tj] = fais To T; + fajp Ti Tp- (259)

However, T;T; is not anti-Hermitian. As (T,-Tj)+ = T].JFL;r = LjL; = LiLj + fjuLx #
—L;Lj, so taking L;; = T;T; is not an option. However, we can take L;; = fijka, which
is anti-Hermitian as the structure constants are real valued. This is akin to taking
Lj = [T, T]] We also need to restrict to summing i < j because T;; = —Tj; and
T;;i = 0, so if we summed over all i and j, we would cancel everything. Note that this
is assumed from the beginning anyways as v'q/ = —/v' 4 25, so to remove this

complication we always order the indices.
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Armed with this information we can reduce the formula in eq. (258) by using the
following property of the structure constants for su(rn) which arises due to the Jacobi

identity that the Lie bracket satisfies:

[Te, [T3, Tj]] = [[Ta, Ti], Tj] + [T;, [Ta, Tj]] (260)
fijplTa, To] = faiv[To, Tj] + fajp[Ti To) (261)
fijo favk Tk = faivfoji Tk + fajb fivk Tk (262)
(fijpfavk — faiv fojk = fajofirk) Te =0 (263)
faiv fojk + fijo foak + fajpfik = 0 (264)

This allows us to assert the following, (where indices have been relabelled from

above):

[faivLvj + fajoLiv, m] = [faivfojxTe + fajb fiok T, m] (265)
= [~ fijpfoar Tr, m] (266)

= [fijp.favk T, m] (267)

(268)

So we need that };[&, Lij] = — Yici h* fijp fao Tk,

Y 18 Lijl = Y I8 finTol = 38" [Tu fipTol = }_ 8" fije farr T (269)
i<j i<j i<j i<j
So these terms only vanish if we have that ¢’ = —h”. Which leads us to the
following conclusion. We cannot have both of the anti-Hermitian terms present if
we require SU2 equivariance.
Again note that the number of anti-Hermitian gamma matrices is not used, so this
derivation is valid for any number.
So summarising our results here, we have that the Hermitian matrices must com-

mute with all elements of the Lie algebra su(2) and we can only have one of the two
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anti-Hermitian terms. So the two forms for the SU(2) equivariant Dirac operators

are the following

e’ @1+ B2 @1+ 69 @ [L;, -]
D— o (270)
a’ @14+ by Y @1+ c i Y'Y © [fijeLi, -]

We can notice that y'19293 = i9%(—iy%y19?43), and that 7' = 7%9%9’. So we can

rewrite these operators as:

Y(a@1+iBy®1+67y% @[L;,-])
D— (271)

Y@@1+iby@1+cTii vy @ [fijkLi, -])

Expressing in terms of a (0,3) Clifford Module

We can construct the (1,3) geometry from smaller Clifford modules by taking suitable
products of Clifford modules as described in section To construct the (1,3)
Clifford module from a (0,3) Clifford module we need to product it with a type
(1,0).

We can take the gamma matrices to be:

0 01 . 0 io”
Y = , 7= , (272)
10 —ic® 0
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where ¢* are the generators of a (0,3) Clifford module acting on C? with real struc-
ture. With this expression of the gamma matrices we can write the Dirac operators

as:

0 a®1+iBrto?c® @1+ isc' @ [L;, -]
2 ®1—iBoto?c® @1 —iso' @ [L;,-]

0 a+ibo'c?P @14 ¥ cfipoio* @ [Ly, ]
j<k

a—ibo'o?® @1+ ¥ cfijpo'or @ [Ly, ] 0
\ j<k

(273)

If we let 0* = (—i0”), where " are the Pauli matrices. Then we have that
ioclo?0® = —515%6° = —illh«,. Using this we have that ibolc?0> ® 1 = —ibll,. So we

can rewrite the expression above slightly more compactly as:

;

0 (0 —iB) ®1+idc’ ® [L;, ]
(x+iB) ®1—idc’ @ [L;, -]
D= 0 (a—ib) @1+ ¥ cfipo'oc* & [Ly, -]
j<k
(a+ib) @1+ Ek cfino'c* @ [Ly, ] 0

(274)

Chiral Rotations

The operator R = exp(ial’) is a chirality rotation operator, a transformation we can
perform on the finite noncommutative geometry in the same way as the SU(2) action

above. For even values of s = g — p mod 8, we take R = exp(—inI' /4). The modified
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Dirac operator D = RDR ™!, maybe or may not be another Dirac operator in general,

but for even s we have that:

D = (cos(rt/4) — isin(7r/4)T)D(cos(7r/4) +isin(rt/4)T) (275)

= (cos(7t/4) — isin(7r/4)T)*D = exp(—inT /4) exp(—inT/4)D (276)

= exp(—inl/2)D = cos(m/2) —isin(7r/2)I'D (277)

= —iI'D (278)

where we have use that TD = —DT. For s = 2,6 we have that D is again a Dirac

operator (done by checking the axioms and using the relations between | and I').
So for the (1,3) Dirac operators above, we should examine what —iI'D are for the

two SU(2) equivariant operators. Lets look at

—iID = —iT(ay° @ 14 By'y** @ 14 69" ® [Li, 1)) (279)
= —i(y21) (@’ @1+ Y*Y¥ @1+ 6y @ [L;,])) (280)
= —i(ay’ @1+ Bry VP @1+ vy @ [Ly, ) (281)

So we need to examine the products yy* for u = 0,1,2,3. Starting with y = 3, we
get the following:

1y =i’y 17* = —iy%yle3, (282)
1yt = i3, 77" = iyly?e?, (283)
Y = =iyl (284)
So we end up with
—ilD = —i(a(iv'v*y?) @ 1+ B(—iy°) @ 1
+i°% (Y’ @ [Ly, -] — Y'Y’ ® [Ly, ] + v @ [Ls, ) (285)
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This can be summarised by

—iTD =ay' P @1 -’ @1+6) ey r'y ® Ly, ] (286)

i<j
As fiix = €ijx for su(2) we have that this is of the form of the other type of Dirac
operator in eq. (270) with 6 = ¢, « = b and B = —a. So taking account of the chiral
transformations, there is only one form of Dirac operator on a type (1, 3) fuzzy space,

which we will take as:

D:70(a®1+b7®1+c27i'ﬂ®[Li]',~]) (287)

i<j
where Lijj = fijxLy. Note there is no relationship between the coefficients a,b,c
imposed. So in particular, the fuzzy sphere as described by Barrett is precisely the

case when a4 = ¢ and b = 0, is not the unique SU(2) equivariant Dirac operator.

4.2.2  Type (0,3) SU(2) Equivariant Dirac Operators

For a type (0,3) Clifford module we have that, s = 3 and the Hermitian gamma

products are 71929 and (/)2

= —1 (so constants) and the anti-Hermitian products
are 7' and 7’9/ (for i < j). So we have the following Hermitian terms in the Dirac

operator:

h')/l’y2’)/32) ® {gH123¢",m} v® {gH;ig", m} (288)

and the following anti-Hermitian terms:

hy'h*o ® [gLig*, m] Y hy'yh*v ® [gLiig*, m] (289)

i<j
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By following a similar procedure to the (1,3) case we arrive at the following forms

for the SU(2) equivariant Dirac operators:

x®1+6v ®[L;,-
D= N Lir’] (290)
a @1+ Ay @ [fijrLe, ]
Again we notice that the Grosse-PreSnadjer Dirac operator is given when a = ¢ and

so is not the unique SU(2)-equivariant Dirac operator for (0,3) Clifford modules.

4.2.3 Extracting the metric

For boty type (1,3) and type (0,3) fuzzy spaces the SU(2)-equivariance is not
enough to select the fuzzy sphere Dirac operator given by Barrett or Grosse-Pre$nadjer.
To examine the metric content, we note that the metric tensor is contained in
the symbol of squared Dirac operator D?. That is the coefficients in front of the
second order terms must equal the metric. The lower order terms are governed by
the connection which may not be Levi-Civita. As the second order terms will arise
from the double commutator terms in the square of the fuzzy Dirac operators D?,
we can extract the vielbeins under the following identification: that [L;j, -] — Xj; :=
x;dj — x;d;, which both satisfy the same commutation relations. Focusing on the

(0,3), as both the (1,3) and (0, 3) have the same commutator terms, we have that:

D=a®1+ Az'yi'yj ® [Lij, ] (291)

i<j

fori < j.
Using the identification [L;j,-] — X;; and using that that for (0,3) we can take
9l = io/, where ¢/ are the usual Pauli matrices we have that: v/ = —ielkyk. We

then find that:

D=a®1—ile® ® X1 +iAc? @ X3 — iAc! @ Xo3 (292)
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Expanding this and gathering each derivative term yields:
D =a—i\(0?x — 2x?)0; — iA(Pxt — 01x)9, — iA(otx® — o?x1)0s (293)

Then comparing this to the expression: D = ie**0,V, we can read off the entries for

the inverse veilbein. Setting A = 1 to simplify matters we arrive at:

0 —x¥ x?
@) =1+ 0 (294)
—x2 xt0
This inverse veilbein gives the inverse metric of:
(x2)2 + (x3)2 A P P N
g_l(xl/ xZ/ x3) — _x1x2 ( )2 + (x3) _x2x3 (295)
_x1x3 x2x3 (xl)z + (x2)2

which is precisely the metric given in eq. (85), which was shown to be the inverse to
the round metric on the sphere in section [2.3.1}

So the SU(2)-equivariant Dirac operators for type (1,3) and (0,3) fuzzy geome-
tries all produce the round metric on the sphere in the continuum limit. It would be
interesting to analyse the spectrum of one of the arbitrary SU(2)-equivariant fuzzy
Dirac operators and apply the spectral measures of chapter 3. It should be found

that the produce similar results to the fuzzy spheres.
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The aim of this program of research was to better understand the subject of fuzzy
spaces. An emphasis was made to develop tools to measure familiar geometric
constructs in the context of fuzzy spaces, and attain non-trivial values.

Using two concrete examples of fuzzy spaces that are known to have a manifold
as their commutative limit, the fuzzy sphere and fuzzy torus. Several proposals
for a dimension and volume measure were examined. The quality of a spectral
measure was judged based on what it produced for these cases. With a measure
being deemed inappropriate if it produced values that were drastically different
from the continuum value.

As the fuzzy tori have drastically different spectra to their continuum counter-
parts, with the largest magnitude eigenvalues differing the most. Their spectra do
not obey the asymptotic expression predicted by Weyl’s law. Thus, a naive imple-
mentation of Weyl’s law would not be appropriate for fuzzy spaces, and an analysis
was conducted in chapter [3|to explain why.

Locating the poles of the spectral zeta function (which occur at s = d/2 for
Laplace-type operators) for fuzzy spaces also was deemed inappropriate. A number
of reasons were identified for this, despite a procedure being developed that works
well for both the fuzzy sphere and fuzzy torus. Multiple fuzzy spaces of different
matrix sizes were required in order for this to be defined. This is an unattractive
feature as it is not always possible to ensure the same geometry is being considered

- such as when investigating the random fuzzy spaces. The dimension is also an
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intrinsic property of a fuzzy space and should be calculable from a single spectrum.
Even in the cases when it is effective, the convergence to the continuum value is
logarithmic in the matrix size. This makes it useless in general for the small matrix
sizes considered in this thesis.

The spectral dimension was adapted to the fuzzy geometry case, where it exhibits
an unpleasant feature. Originally it was developed to produce a scale dependent
measure of dimension from the scalar Laplacian spectrum, which always contains
a zero eigenvalue. When the spectrum of an operator does not contain zero as an
eigenvalue (such as the Dirac operator for curved spaces) the spectral dimension,
ds(t) grows linearly as the parameter ¢ is increased. This is not a problem in the
continuum setting as the topological dimension is defined as t — 0. However the
spectral dimension vanishes at t = 0 for fuzzy spaces, as was seen in fig. It is
therefore necessary to examine some non zero value of the parameter ¢, for which
the linear growth begins to interfere. At this point a new modification called the
spectral variance was defined to remove this linear mode. The spectral variance,
vs(t), again vanishes as t — 0 and it also vanishes as t — oo. It produces remarkably
good results for the fuzzy sphere, with the global maximum attaining a value close
to 2 for very small matrix sizes. When applied to the fuzzy torus a extraneous bump
for small values of t is seen, that becomes sharpened and shifted towards t = 0 as
the matrix size is increased. After the bump a plateau in the spectral variance occurs,
similar to that seen for the fuzzy sphere and the continuum cases. Thus this bump
is a considered a consequence of the fuzzy torus spectrum deviating from a classical
spectrum for the largest eigenvalues. The plateau is at a height that is very close to
the continuum dimension of 2.

The spectral variance also exhibits an interesting feature when applied to a non-
square fuzzy torus. When applied to the a = 3 fuzzy torus, the spectral variance
has two plateaus. With the plateau nearest the origin having a height similar ~ 2
and occurring for similar values of ¢ as the plateau for the square fuzzy torus. The
second plateau occurs for larger value of ¢ and has a height of ~ 1. This is inter-

preted as Kaluza-Klein type effect, where the spectral variance is able to measure
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the longer direction of the torus at lower energies (large t), whilst only rendering the
tull dimensionality of the fuzzy torus for higher energies (small t).

The analysis of the square fuzzy torus required the use of larger matrix sizes than
for the fuzzy sphere. This is due to the fuzzy sphere having a Dirac spectrum that
is a truncation of the continuum spectrum. Where the fuzzy torus is a dramatically
different spectrum, where very few of the eigenvalues match the continuum. It only
recovering the continuum values in the infinite matrix size limit.

The non-square fuzzy tori requires even larger matrix sizes than the unit square
fuzzy torus. This is because a fuzzy torus with parameters (a,b,c,d) and a matrix
size of N, is effectively ad — bc many copies of an (a, b, c,d) fuzzy torus with matrix
size N/(ad — bc). As a result the spectrum is that of a N/ (ad — bc) torus repeated
ad — bc times. As such matrix sizes that are ad — bc larger are required to get qual-
itatively similar results to a square fuzzy torus of the same matrix size. This is an
effect of the cyclicity of the quantum number defined in section as was shown
in fig.

There are a number of ways to get a single number out as the dimension from the
spectral dimension and variance, as they are scale dependent dimensional measures.
It is clear that it is not necessarily the global maximum of the spectral variance but
rather the height of the plateau closest to the origin. This definition is a little vague
and further work is required to develop a more rigorous statement. However for the
random geometries there is only one extremum which avoids this issue.

When considering the random fuzzy geometries there are two main ways to go
about calculating the spectral measures. The first is to calculate the spectral vari-
ance for each geometry in the ensemble and average. The second is to take the
(increasingly ordered) eigenvalues of each geometry within the ensemble, average
the eigenvalues and then apply the spectral variance. A comparison of the two ap-
proaches was presented for the type (2,0) geometries, where it was seen that away
from the phase transition both procedures produce very similar results. Near the
phase transition however the two methods produce slightly different results. By ap-

plying the spectral variance to samples taken from the simulation, it was shown that
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all the geometries before and after the phase transition behave qualitatively different.
Notably, all the geometries before the phase transition behave similar to each other,
and all the geometries after the phase transition also behave like each other. Near
the phase transition, the sample contained a mix of geometries from before and af-
ter the transition. Which lead to a larger variance in the averaged eigenvalues and
therefore a larger variance in the spectral measures.

Despite this the resulting spectral variances are not drastically different with the
main differences showing when ¢ is large. The maximum for instance, is minimally
changed. The spectral variance also verifies the findings of [63] that the type (1,1)
random geometries behave differently when compare with the type (1,3) and (2,0).
With the spectral variance undergoing a smooth increase through the phase transi-
tion, whereas for the other types the spectral variance experiences a drastic increase
in value near the phase transition and remains there afterwards.

An interesting feature was found by examining the maximum of the spectral vari-
ance as a function of the action coupling constant g, for the different sizes of matrices
considered. For the type (2,0) and (1,3) geometries the maximum of the spectral
variance appears to be independent of the matrix size exactly at the phase transition.
With it decreasing/increasing with the matrix size before/after the phase transition.
This has the effect of making the plot of the maximum (fig. have a steeper tran-
sition as the matrix size increases yet the value at the phase transition remains ~ 2.
This behaviour is unexpected and suggests that the behaviour of the random geome-
tries might be independent of the matrix size at the phase transition. This fact alone
provides motivation for further study into the random geometries. Specifically, with
larger matrix sizes the behaviour may become clearer.

Two volumes measures were investigated. One based upon the Dixmier trace and
another based upon the work by Stern [66]. The Stern procedure is similar to the
Dixmier trace with the main advantage of converging faster. The main obstacle for
defining a volume measure is that they typically depends on the dimension, and
the measures introduced here are not exempt from this. However for the case of

the fuzzy sphere and fuzzy torus the dimension is taken to be 2 and both measures
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produced respectable results. With the Stern volume converging to the continuum
value rapidly. By using the value of the spectral variance v;(t) as the dimension
for varying t, the volume measures were able to made scale-dependent. With the
results for the N = 90 fuzzy torus being shown in fig.|23| This shows the dimension
measures to be closest to the continuum value when the spectral variance is closest
to the continuum dimension value at small .

For the random fuzzy spaces the maximum of the spectral variance is taken as the
dimension. The volume measures are then applied with this value for the dimension.
Due to the face that the eigenvalues for the random geometries are constrained to lie
with an interval ~ [—3,3] about the origin, the volume increases as the matrix size
is increased. This is a result of the eigenvalues being more densely packed instead
of attaining greater values. This has the analogous effect in continuum geometry of
forcing the points in the space to become further apart, and thus the volume to be
larger. Despite this, there is a clear behavioural change in the volume graphs that
coincides with the phase transition.

There was an attempt to counteract the action enforce scaling by multiplying the
eigenvalues with a Weyl’s law factor N'/4. This succeeded in removing the N de-
pendent growth of the volume and provided us with fig. |25} It is shown that before
the phase transition the geometries were roughly the same size and at the phase
transition the volume undergoes an abrupt change. Especially for the type (2,0)
which had the strongest phase transition.

The work of Stern [66] also provides us with a mechanism to access the further
poles of the spectral zeta function and therefore further geometrical quantities. It
would be intriguing to develop a measure for the second heat kernel coefficient as
this is intimately related to the integral of the scalar curvature. Which then could
plausibly be used to define a Einstein-Hilbert type action for fuzzy spaces. The
higher heat kernel coefficients have a less clear geometric interpretation.

The zeta distance introduced at the end of chapter [3] allows us to quantitatively
compare fuzzy spaces to each other and fuzzy spaces to continuum spaces. This

confirmed the intuition that the fuzzy spheres become more alike and become closer
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(spectrally) to the continuum sphere as the matrix sizes increase. This result was
also found for the fuzzy tori. This zeta distance is particularly informative when
applied to the random geometries. It is found that the geometries are closest to that
of a fuzzy sphere near the phase transition (including for the type (1,1) geometries).
This provides a quantitative statement equivalent to the findings of [61]. That the
random fuzzy spaces are the most manifold-like near the phase transition.

The final chapter aimed to explore the consequence of a manifold possessing a Lie
group symmetry has on the different structures defined upon it. Specifically the aim
was to understand how the group action manifests in terms of a symmetry of the
Dirac operator. In turn, all G-equivariant differential operators on a homogeneous
space G/K were described as elements of End(V) ® U(g) which are K-invariant.
The existence of spin structure on the homogeneous space is described in terms
of the existence of a lift of the isotropy representation to the spin group. When
such a lift exists, the G-invariant differential operators on a spinor bundle can be
classified in a Lie algebraic way. This characterisation strikes a resemblance to the
fact that the Dirac operators for a fuzzy space are members of End(V) ® End(M,(C))
and investigating this link is left to future work. The possible SU(2)-equivariant
Dirac operators on the type (1,3) and (0,3) fuzzy spaces are investigated. They are
found to take one of two forms in either case, with the forms in the type (1,3) case
being chiral rotations of each other. It was shown that all the Dirac operators found
produce the round metric for the sphere, despite the operator being different from
the usual Grosse-Pre$nadjer or Barrett operators. Thus the G-equivariance does not
appear to be enough to select the Levi-Civita connection.

Looking to possible avenues of future research there are some obvious pathways.
With regards to the random geometries investigated, the main limitation was that
only small matrix sizes were investigated. With the maximum size studied here
being 10 by 10 matrices. Despite the fuzzy torus being a particularly special fuzzy
space, one that possesses a symmetry, most of the measures defined did not show
clear behaviour until around N = 15. For a general random geometry, larger matri-

ces are likely to be needed to investigate their properties with confidence.
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The work of Stern has allowed for a spectral expression for the second heat kernel
coefficient, which is related to the integral of the scalar curvature. Investigating the
curvature of fuzzy spaces would be highly interesting and this outlines a direction
of study to this effect.

Another avenue of research is to investigate G-equivariant Dirac operators on
fuzzy spaces for different Lie groups, G. For instance is it known that CP" for odd
n are spin manifolds and also coadjoint orbits of SU(n 4 1). So by investigating the
possible SU(n + 1)-equivariant Dirac operators on fuzzy spaces for odd values of n,
may lead to a description of fuzzy CP" that satisfies the axioms laid out in section
For even values of n it is known that CP" are not spin manifolds but spin-c [62].
There are also constructions being developed that may incorporate a larger class of
geometries such as spin-c geometries. Most of these involve relaxing some of the
axioms outlined in section The most common approach to allow generalised
real-structures that satisfy a modified first order condition. [133} 134, 97, 135, 98,
136, 137]. Thus, there may still be some understanding gained when considering
SU(n)-equivariant Dirac operators for even n to this effect.

There is also related work, in the direction of twisting the real structure, to move
from Euclidean signatures to Lorenzian signatures [138, 139]. A possible avenue of
study is to investigate if a characterisation is possible of the finite versions of these
so-called twisted spectral triples, similar to that provided by Barrett for real spectral
triples in [46]. If so this could lend itself to exploration via Monte Carlo methods as
was done discussed in this thesis.

In the Lie theoretic description of the fuzzy sphere presented in chapter |4} explicit
use of the isotropy group K did not come into play [} This is most likely due to
their only existing one non-trivial homogeneous space of SU(2). Looking at the
case for SU(3), there are multiple different possible homogeneous spaces one can
form. Selecting one boils down to choosing a specific choice of isotropy group K.

Investigating how to implement the K-invariance conditions in fuzzy geometry is

It is used in the definition of the algebra of functions for the continuum case appendix |A} but for
fuzzy spaces this is not currently understood.
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therefore a necessary step in order to define objects such as fuzzy CP". A reasonable
approach comes from the study of Dirac operators in representation theory. The
Dirac operators on homogeneous spaces then correspond to the K-invariant elements
of End(V) ® g for a specific adjoint action of K. This framework seems likely to be
adapted to the fuzzy geometry case.

Overall, the aim of this thesis was the explore the world of noncommutative ge-
ometry through analysis of fuzzy spaces. Tools were developed to investigate and
understand the unusual geometry these spaces possess. It was shown that manifold-
like fuzzy spaces can be extracted from a path-integral over all fuzzy spaces. Also, as
there exists fuzzy spaces which possess a full Lie group symmetry, such as the fuzzy
sphere and fuzzy tori. This suggests that a fuzzy space which is Lorentz invariant
could well be possible, once Lorentzian geometries are included into the framework
of noncommutative geometry.

All of this promotes the idea that the development of a fuzzy space analogue of the
Einstein-Hilbert action could be possible, complete with its full symmetries. Such a
development would put noncommutative geometry onto similar lines of investiga-
tion as other quantum gravity models, such as LQG, CDT and causal sets. With the
standard model already being described by a finite spectral triple, NCG provides a

possible framework to investigate the unification of gravity and the rest of physics.
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In this appendix we collate the results necessary to describe the algebra of functions
of coadjoint orbits/homogeneous spaces in terms of their representation theory.

Using the identification of coadjoint orbits of compact Lie groups, G, with ho-
mogeneous spaces of the form G/K, where K is a closed subgroup (equal to the
coadjoint-stability group of a given weight 0 # y € g*). We then view functions on
the coadjoint orbit as functions on the homogeneous space G/ K. Denote the space of
continuous functions on G/K as C(G/K), these can be either real or complex valued
(determined by context or explicitly specified). Let C(G) denote the space of contin-
uous functions on the entire Lie group G. Then the algebra C(G/K) can be viewed
as a subalgebra of C(G) such that the functions f € C(G) satisfy f(xk) = f(x) for
all x € Gand all k € K, i.e. C(G/K) are the right K-invariant functions on G.

Definition 57. Let G be a compact Lie group, and let (7r, V) be a unitary finite
dimensional representation of G. Any function on G of the form f, ,(g) = (7(g)u,v)
for u,v € V is said to be a matrix coefficients of the representation (7, V). The space

of matrix coefficients is denoted by MC(G).

Proposition 15 (Theorem 3.21. Sepanski [123]). The space of matrix coefficients, MC(G),
coincides with the space of G-finite vectors of C(G),

C(G)g—fin = {f € C(G) | dim(span{ly(f) | g € G} < oo}, (296)

where lo(f)(x) = f(g 'x) forall g, x € G.
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Remark 7. Note that there is a right action of G on C(G) given by r¢(f)(x) = f(xg),
and it turns out that the set {f € C(G) | dim(span{rqs(f)||||g € G} < oo} is the same as

C(G) G- fin, so we can unambiguously talk about the G-finite vectors.

Theorem 9 ([123]). Let G be a compact Lie group. As a G x G-module with (g1,$2) €

G X G acting as rg, o lg, on C(G)g— fin, we have that:

C(G)g—fin = P Er ® En (297)
neG

where G is the set of equivalence classes of irreducible (unitary) representations of G and

C(G)g-fin = {f € C(G) | dim(span{g - f | g € G} < oo}

Theorem 10 ([123]). Let G be a compact Lie group. Then C(G ) fi is dense in both C(G)
and L?(G). (Note that C(G) is also dense in L2(G) so by the transient property of denseness
we it suffices to show that G(G)g— fi is dense in C(G).)

Asweneed A = C®(G) and A = C®(G/K), we note that the smooth functions are
dense in the (compactly supported) continuous functions and therefore dense in L2-

functions. So we can approximate any function by a sequence of smooth functions.

Corollary 2 ([123]). Let G be a compact Lie group. Considered as a G x G module with

action r o l as above, we have that:

—

L*(G) =@, Ex®Ex (298)

Given that the space of matrix coefficients MC(G) is the same as the space of G-
tinite vectors of C(G), we have that we can write any continuous function or square-
integrable function as a limit of matrix coefficients by the above theorem. Given a

unitary irreducible representation of G we have that f € C(G) can be expressed as

flg)= Y f"(g) (299)

neG
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where
dim(7)

Fr©) = L i), (300)
ij=

where the v; and v; are orthonormal basis elements in the representation (7r, V) and

cjj T are just coefficients. To clear up the notation we will write:

dim(m
=) Z if7(s (301)
neG 1j=1

This is often expressed in another notation using Wigner D-matrices, here we have
that 7 € G is replaced by J labelling irreps and then D}, (g) = for o, (8)-

The coefficients cl?]? are defined by

cjj = dn /Gf (8)f7 (8)dg (302)

Theorem 11 (Section 2.3.7, Theorem 1. [140]). Any continuous function from a linear
compact group G can be uniformly approximated by linear combinations of matrix coefficients

Z7]-7, for € @, and 0 > i,j < dn, where d is the dimension of the representation space V.

Theorem 12 (Section 2.3.9, Theorem 1. [140]). Let H be a subgroup of G. Let L%,(G) be
the subspace of right H-invariant functions of L>(G). Then any functions f € L%,(G) can
be expanded in the following way:

dy kg
Y Y Y ki) (303)
weG/HI=1j=1

The question is then what is C®(G/K), L?(G/K) and C°(G/K) in terms of the
decompositions given above? C(G/K) are all the right K-invariant functions, we see

that the right action r when restricted to K is trivial. Meaning we have that:

Theorem 13 ([123]).

—

LZ(G/K) = @neéE” ® (E;)K (304)

where EX are representations of G such that rt(gk) = 7t(g) for all k € K.
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We see this by making use of the fact that rf = f for all k € K, and using the

expansion

rnef(g) = flgk) = Y (o'l (gk)lj,m) = Y (j,m'|7d (g)7 (K)lj,m)  (305)

jom ! jmm’
= Y (| (9) i m) Gl (k) ) (306)
Jmn
, where repeated indices are summed over, j labels the irreps 7w and m, m’ index an
orthonormal basis of the representation. As we require this to be equal to f, we
require that (j, n|70/ (k)|j,m) = 8,m, which is equivalent to saying that 7t/ (k)|j, m) = 1

for every m.

Example 9. We often see statements about "the functions on the sphere can be decomposed
in spherical harmonics”. This type of statement is a restatement of the above construction,
where S = SO(3)/SO(2) = SU(2)/U(1), and then the matrix coefficients can be related
to the spherical harmonics, in the following way: we write ¢ € SU(2) in the following
parametrisation ¢ = e~ ze=Plve=1: where J; are the standard hermitian generators for
the Lie algebra su(2). For S* = SU(2)/U(1), we take the representation of U(1) =
diag(e'?,e="%) = exp(—if],). The finite-dimensional irreducible unitary representations of
su(2) are indexed by a non-negative integer | and have dimension 21 + 1. We can find a basis
of each representation denoted by {|j,m)}. __, so we have that 7t;(J.)|j,m) = m|j,m). In
order for 1t;(diag(e'®,e~)|j,m) = mj(e~%)z)|j,m) = |j, m), we need that m = 0.

7T

£5(8) = DLo(a, B,7) = (~1)" | =22 Y "(a,6) (307)

2j+1°1

So if we let V; be the vector space spanned by all the spherical harmonics Y]", where

m=—1,—1+1,...,1—1,1. Then we can write that

C(G) =DV (308)
=1
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