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ABSTRACT

Within the framework of noncommutative geometry, the concept of almost commu-
tative geometries can be used to describe models in physics. We shall study the
properties of real even almost commutative geometries in their most general form.
In particular, we show that any such almost commutative geometry describes a
gauge theory, minimally coupled to a Higgs field, and we show how to recover
the gauge group from the spectral triple. In the 4-dimensional case, we derive the
general form of the bosonic Lagrangian, and show that it is conformally invariant
up to the appearance of a dilaton field. We then apply the general framework to
three examples, which step by step take us towards the description of the Standard
Model of high energy physics. The first example of electrodynamics shows that it
is also possible to describe abelian gauge theories in noncommutative geometry. In
the second example of the Glashow-Weinberg-Salam model, we in particular show
that the Higgs mechanism provides a spontaneous breaking of both the gauge sym-
metry and the conformal symmetry. In the third example, we can then easily extend
the results to describe the full Standard Model.
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PREFACE

Seven years and four months, that is how much time has passed between follow-
ing my first lecture at the university and finalizing my thesis. Though a study in
physics should nominally take only five years, I have tried my best to extend this
period, and with success. I am glad that I am able to say that the entire delay was
time well-spent. I have spent many hours of my time in useful work for several
students’ organizations. Although this led to a delay of my graduation, I consider
it to be a valuable contribution to my personal academic development.

However, there comes a point when it is time to finish and move on, and the time
arrived to finish my Master. About one year ago, I needed to choose a research area
for my Master’s thesis. Although I am a student in physics, I have always had an
interest in mathematics. I am very grateful for the opportunity to do my Master’s
research right on the borders between physics and mathematics.

I chose to do my Master’s research in the field of noncommutative geometry, an
area of mathematics that at the time was completely unknown to me. Therefore,
a large portion of my time was spent on reading books and papers and reproduc-
ing known results. The original plan was to produce a cosmological model from
noncommutative geometry. However, as time went by, other interesting topics in
noncommutative geometry revealed themselves to me, and I frequently changed
directions. Essentially, I had to finish my thesis before I could say what it would be
about.

Now my thesis is finished. During the past year I have not only familiarized myself
with (a part of) noncommutative geometry, but I have also had the chance to start
developing my own ideas on some topics. Perhaps, the latter can be considered the
most important result of my thesis.
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SAMENVATTING VOOR LEKEN

SUMMARY FOR LAYMEN (IN DUTCH)

Gedurende het afgelopen jaar werd mij regelmatig door bekenden de vraag gesteld:
“Waar gaat je scriptie eigenlijk over?” In veel gevallen werd deze vraag vrij snel
gevolgd door: “Of begrijp ik daar toch niks van?” Het eenvoudigste antwoord
dat ik op deze vragen kan geven is: “Nee, dat begrijp je inderdaad niet...” Vaak
waagde ik vervolgens toch een halfslachtige poging om uit te leggen waar ik mee
bezig was, en ik vertelde dan zoiets als:

“Ik bestudeer een deelgebied van de wiskunde dat niet-commutatieve
meetkunde heet. Ik ben natuurkundestudent, en zit hiermee op het grens-
vlak van de wiskunde en de natuurkunde. Een belangrijke toepassing
van de niet-commutatieve meetkunde is dat je het Standaard Model van
de natuurkunde hieruit kunt afleiden. Dit Standaard Model beschrijft
alle elementaire deeltjes en hun onderlinge interacties, behalve de zwaar-
tekracht. Bijkomend voordeel van de niet-commutatieve meetkunde is
dat je, naast het Standaard Model, ook de zwaartekracht erbij cadeau
krijgt. Zelf bestudeer ik wat voor andere modellen men zou kunnen af-
leiden uit de niet-commutatieve meetkunde, en wat voor eigenschappen
deze modellen in het algemeen hebben.”

Ik heb echter zelden het idee gehad dat mensen ook daadwerkelijk veel wijzer zijn
geworden van deze korte uitleg. Bij deze wil ik daarom de uitdaging aangaan
om te proberen in lekentaal samen te vatten waar mijn scriptie ongeveer over gaat.
Voor ik echt begin, wil ik je complimenteren met het feit dat je het hebt aangedurfd
om deze scriptie open te slaan, en dat je samen met mij de uitdaging wilt aangaan
om er iets van te begrijpen. Ik kan je niet beloven dat je na het lezen van deze
samenvatting alles perfect begrijpt, maar ik zal mijn best doen om ervoor te zorgen
dat je er in ieder geval iets van zult opsteken.

MEETKUNDE EN ZWAARTEKRACHT

Laten we ons eerst een idee vormen van wat meetkunde is. De meetkunde geeft
een beschijving van de ruimte. Hiermee beschrijft men bijvoorbeeld wat de afstand
tussen twee punten is, of wat het verschil tussen recht en krom is. Ruimte en
tijd zijn nauw met elkaar verbonden, en het samengevoegde concept ruimte-tijd
kunnen we geheel meetkundig beschrijven.

De notie van ruimtelijke kromming verstoort ons intuitieve idee van wat recht en
krom is. Een steen die we in de lucht werpen zal een boogvormige baan volgen en
verderop weer op de grond terecht komen. Deze boogvormige baan is in onze ogen
duidelijk krom, maar kan niettemin ook beschreven worden als een ‘rechtlijnige’
beweging op een gekromde ruimte. Op deze wijze kan de zwaartekracht worden
beschreven als meetkundige theorie. De aantrekkingskracht van de aarde kromt
de ruimte, en zorgt er zo voor dat de omhoog geworpen steen vanzelf weer naar
beneden komt.
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HET STANDAARD MODEL EN NIET-COMMUTATIEVE MEETKUNDE

De zwaartekracht is echter niet de enige kracht in de natuur die we kennen. Bekend
uit het dagelijkse leven zijn elektriciteit en magnetisme. Daarnaast bestaan boven-
dien de sterke en zwakke kernkrachten, die zorgen voor stabiele atoomkernen of
voor radioactief verval. Een omschrijving van alle elementaire deeltjes (de funda-
mentele bouwstenen van alle materie), inclusief het effect van de drie genoemde
interacties op deze deeltjes, wordt gegeven door het Standaard Model van de na-
tuurkunde.

Dit Standaard Model bezit een bepaalde symmetrie, genaamd ijksymmetrie. Deze
ijksymmetrie levert een wiskundig elegante omschrijving van de interacties tussen
elementaire deeltjes. Het feit dat materie massa heeft, verstoort echter de symme-
trie. Een theoretische oplossing die de symmetrie herstelt, is de introductie van
een nieuw deeltje, het Higgs-deeltje, in het Standaard Model. Dit theoretisch voor-
spelde deeltje is echter het enige onderdeel van het Standaard Model dat nog niet
is waargenomen. Op dit moment wedijveren de deeltjesversnellers van Fermilab
(Chicago) en CERN (Geneve) om de ontdekking hiervan.

De eenvoudige meetkunde is niet in staat om, naast de zwaartekracht, ook de in-
teracties van het Standaard Model te beschrijven. Voor deze overige interacties is
het nodig om, aan ieder punt in de ruimte-tijd, extra interne vrijheidsgraden toe
te voegen. Deze interne vrijheidsgraden beschrijven welke deeltjes er bestaan, en
welke interacties ze met elkaar kunnen hebben. Hier komt de niet-commutatieve
meetkunde om de hoek kijken. Zij maakt de meetkunde algemener, door naast
de ruimte-tijd ook deze interne vrijheidsgraden te beschrijven. Via deze combi-
natie van ruimte-tijd met interne vrijheidsgraden, beschrijft de niet-commutatieve
meetkunde een natuurkundig model. De precieze vorm van dit natuurkundige mo-
del hangt af van de vorm van de interne vrijheidsgraden. Bij een geschikte keuze
van deze interne vrijheidsgraden blijkt dat het bijbehorende natuurkundige model
precies het Standaard Model oplevert (inclusief het Higgs-deeltje), ditmaal echter
gekoppeld aan de meetkundige beschrijving van de zwaartekracht.

MIJN SCRIPTIE

In mijn scriptie beschrijf ik eveneens natuurkundige modellen, die door de combina-
tie van ruimte-tijd met bepaalde interne vrijheidsgraden uit de niet-commutatieve
meetkunde verkregen worden. Ik doe dit echter zonder te kiezen welke interne
vrijheidsgraden er zijn. Dit levert een algemene beschrijving op van natuurkundige
modellen in niet-commutatieve meetkunde. Ook zonder te weten welke interne vrij-
heidsgraden er zijn, is het nog steeds mogelijk om de algemene eigenschappen van
zulke natuurkundige modellen goed te beschrijven. In het bijzonder toon ik aan
dat deze modellen altijd een ijksymmetrie bezitten. Ook het Higgs-deeltje komt
in alle gevallen vanzelf tevoorschijn. Daarmee biedt mijn scriptie goede inzichten
in het soort natuurkundige modellen dat met behulp van de niet-commutatieve
meetkunde beschreven kan worden.

Voortbouwend op deze algemene beschrijving van natuurkundige modellen, is het
niet heel moeilijk om concrete voorbeelden van modellen te construeren. Hiervoor
hoeven we enkel een concrete keuze te maken voor de interne vrijheidsgraden. Eén
van de voorbeelden die ik geef, beschrijft de Electrodynamica, of, simpel gezegd,
elektriciteit en magnetisme. De Electrodynamica heeft een bijzondere ijksymme-
trie, omdat deze commutatief is. Zonder hier uit te leggen wat commutatief be-
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tekent, moge het duidelijk zijn dat niet-commutatief het tegenovergestelde is. In
de vakliteratuur bestond het vermoeden dat het onmogelijk was om vanuit de niet-
commutatieve meetkunde een dergelijke commutatieve ijksymmetrie te beschrijven,
en dus dat het onmogelijk was om de Electrodynamica te beschrijven. Aangezien
ik in mijn scriptie wel de Electrodynamica heb kunnen beschrijven, heb ik dit ver-
moeden uit de literatuur ontkracht.

MOTIVATIE

Tot slot nog een vraag die weleens gesteld wordt: “Maar wat heb je daar nou aan?”
Zijn er nuttige toepassingen van dit onderzoek? Als iemand zijn wiskundige mo-
dellen toepast op economische vraagstukken, dan zal iedereen begrijpen dat deze
wiskunde nuttig kan zijn voor de maatschappij. Maar hoe zit dit bij de toepassing
van wiskundige modellen op de theoretische natuurkunde? In mijn ogen is dat wel
degelijk een nuttige toepassing van de wiskunde. Jij zou waarschijnlijk echter de
voor de hand liggende vervolgvraag stellen: “En wat is dan het nut van de theore-
tische natuurkunde?” Hierop kan ik slechts het ietwat onbevredigende antwoord
geven: “Dat is afwachten.” Het eerste doel van de theoretische natuurkunde is
namelijk het zo goed mogelijk begrijpen hoe de natuur in elkaar zit. Ik ben van
mening dat een verbeterd begrip van de werkelijkheid in zichzelf al waardevol is.

Desalniettemin zal een verbeterd begrip van de werkelijkheid, na verloop van tijd,
vanzelf tot nuttige toepassingen leiden. Een sterk voorbeeld hiervan is de relativi-
teitstheorie, die begin vorige eeuw door Albert Einstein is bedacht. Deze theorie
leert ons dat tijdsmetingen relatief zijn. De tijd die een klok aangeeft hangt af van
de sterkte van de zwaartekracht en de snelheid waarmee de klok beweegt. Dit heeft
dus effect op de klokken waarmee GPS-satellieten zijn uitgerust. Zonder een goed
begrip van de relativiteitstheorie is navigatie op basis van GPS-satellieten daarom
simpelweg niet mogelijk. Maar als men aan Einstein zelf zou hebben gevraagd wat
het nut is van zijn werk, zou hij heus niet aan satellietnavigatie gedacht hebben.

Om deze reden is het mijns inziens geheel gerechtvaardigd om vooruitgang van
de wetenschap zelf als doel te beschouwen. Ik ben ervan overtuigd dat een beter
begrip van de natuurwetten vanzelf zijn nut zal bewijzen.

Ik hoop je met deze samenvatting een idee te hebben gegeven waar mijn scriptie
over gaat. Het is aan jou om te oordelen of dat goed gelukt is. Hoe dan ook wens
ik je nog veel leesplezier.

Koen van den Dungen
Januari 2010
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INTRODUCTION

The framework of noncommutative geometry [10] provides a generalization of or-
dinary Riemannian geometry, in two steps. The first step is to obtain an algebraic
description of the topology and geometry of a space. The starting point is the
Gelfand duality between a topological space and its algebra of functions. By this
duality, any unital commutative C*-algebra describes a topological space. This du-
ality has been expanded to find an algebraic description of the geometry of a space.
It has been shown that a Riemannian spin manifold can be fully described by the
canonical spectral triple (C*(M),L2(M,S), ), consisting of the algebra of func-
tions, the Hilbert space of square integrable sections of the spinor bundle, and the
canonical Dirac operator [11, 12]. The second step, and the main idea of noncom-
mutative geometry, is to then take this algebraic description in terms of spectral
triples as the starting point, and drop the commutativity of the algebra. This non-
commutative spectral triple can then be considered to describe a ‘noncommutative’
space.

The field of noncommutative geometry has interesting physical applications. In
physics there are two main theories, which each describe a separate part of physics.
First, there is Einstein’s theory of General Relativity, which describes gravity by
the curvature of space-time. Second, there is the Standard Model of high energy
phsyics, which describes all elementary particles, and their electromagnetic, weak
and strong interactions.

Using the canonical triple, which describes a Riemannian space, one can find a
theory of gravity. In order to obtain other interactions as well, one somehow needs
to add internal degrees of freedom to the model. In noncommutative geometry,
these internal degrees of freedom can be described by a finite spectral triple.

The main subject of this thesis is the concept of almost commutative geometries.
An almost commutative geometry is given by the product of the canonical spectral
triple (describing Riemannian space-time) and a finite spectral triple (describing
the internal degrees of freedom). One of the main successes of noncommutative
geometry (at least from the physicists” point of view) is that for a suitable choice
of the finite spectral triple, the resulting almost commutative geometry allows to
derive the Standard Model coupled to gravity [8].

We will study the general properties of real even almost commutative geometries.
The main focus will be the formulation of gauge theories in noncommutative geom-
etry. A precise definition of the gauge group will be given. We will also prove that
any almost commutative geometry describes a gauge theory.

Once the general framework has been established, we discuss three important ex-
amples in physics. We start with electrodynamics, and via the Glashow-Weinberg-
Salam model we work our way towards the Standard Model. Though the first two
examples serve as stepping stones for a good understanding of the Standard Model,
they are also interesting by themselves. It has long been thought impossible to de-
scribe abelian gauge theories within the framework of noncommutative geometry,
but with our description of electrodynamics we show that it is very well possible.
The Glashow-Weinberg-Salam model provides an interesting example of the Higgs



INTRODUCTION

mechanism in an almost commutative geometry, where not only the gauge symme-
try, but also the conformal symmetry, is spontaneously broken.

This thesis has been divided into several parts. In Part I we first gather some prelim-
inary material on differential geometry and spin geometry, which will be needed
later on. Next, we will describe how the notions of symmetry and invariance are
used to describe theories of physics. We will briefly explain the Lagrangian for-
malism and gauge theory. We will also give a description of gravity, including
higher-order gravity terms, and introduce conformal symmetry.

In Part II, we will introduce the general framework of noncommutative geometry
in terms of spectral triples, and show how a gauge group can be recovered from
unitary transformations of spectral triples. Next, we will study the general structure
of almost commutative geometries, for arbitrary finite spectral triples. The main
emphasis will be to show how any almost commutative geometry will give rise to a
gauge theory. We will derive the general form of the Lagrangian, and also show that
this Lagrangian is invariant (up to a dilaton field) under conformal transformations.

Finally, in Part III, we will apply the general machinery to three examples, in which
we work our way towards the Standard Model. The first example is the simplest
one, but nonetheless an important one. It has long been thought impossible to de-
scribe abelian gauge theories within the framework of noncommutative geometry.
In Chapter 7 we show that it is not impossible, and we provide a description of
electrodynamics as an almost commutative geometry. In Chapter 8 we expand this
model to also incorporate the weak interactions. This provides a good example
of the application of the Higgs mechanism in an almost commutative geometry.
Because of the coupling of the Higgs field to the scalar curvature, the Higgs mech-
anism yields a spontaneous breaking of not only the gauge symmetry, but also
of the conformal symmetry. These two examples provide a good preparation for
Chapter 9, in which we will finally discuss the full Standard Model.



Part 1

GEOMETRY, SYMMETRY & PHYSICS

Symmetry, as wide or as narrow as you may define its
meaning, is one idea by which man through the ages
has tried to comprehend and create order, beauty and
perfection.

— Hermann Weyl






DIFFERENTIAL GEOMETRY

In this chapter we have gathered several topics in (or related to) differential geom-
etry. We do not have the intention to provide a decent introduction to these topics.
Instead, we merely mention what is needed later on in this thesis.

There is a lot of literature available on differential geometry, we only mention
what we have been able to use. Many topics on differential geometry can be found
in [16]. A good introduction to Lie groups is given in [15]. An introduction to
principal fibre bundles (to be used in gauge theory) is given by [2]. The discussion
of Pontryagin and Euler classes (as well as the introduction to Grassmann integrals
and Pfaffians) is primarily based on [30]. An introduction to differential operators
and generalized Laplacians is given in [1], and the theorems on the heat expansion
and the Seeley-DeWitt coefficients are taken from [18].

2.1 LIE GROUPS AND LIE ALGEBRAS

In this section we give the definitions and some properties of Lie groups and Lie
algebras. A good introduction to these topics can be found in [15, Ch.1].

2.1 Definition. A Lie group is a group G that at the same time is a smooth finite-
dimensional manifold, such that the multiplication y: G x G — G: (x,y) — xy and
the inversion : G — G: x — x~! are smooth.

2.2 Definition. A (real or complex) Lie algebra g is a vector space (over R or C)
endowed with an antisymmetric (real or complex) bilinear mapping [, ]: g x g — g,
called the Lie bracket, which satisfies the Jacobi identity

(X, Y],Z]+[[Y, 2], X] + [[Z2,X],Y] =0 VX,Y,Zeg. (2.1)

For a Lie group G, we will denote the tangent space at the identity element 1 of
G by g := T1G. It is shown in [15, Theorem 1.1.4] that this tangent space, as our
notation already suggests, indeed satisfies the definition of a Lie algebra.

2.3 Definition. For each x € G, we will define the adjoint mapping Adx: G — G
as the conjugation by x given by (Ad x)(y) = xyx~!. The map Ad induces a linear
map ad : g — End(g).

2.4 Example. For an N-dimensional vector space V, let L(V, V) denote the vector
space of all linear mappings V — V. The most basic example of a Lie group is the
general linear group G = GL(V) of invertible linear transformations of V, given by

GL(V):={A€L(V,V)|detA #0}. (2.2)

As a manifold, it inherits the smooth structure from its embedding in L(V,V) =
My(C) = RN, The Lie algebra of GL(V) is given by g = TqGL(V) = L(V, V).
The adjoint action of G on g is given by

Adx: Y~ xoYoxl, (2.3)
for x € GL(V) and Y € g. The adjoint map ad is then given by
(adX)(Y) =XoY—-YoX, (2.4)

which is the commutator of X and Y in g.



DIFFERENTIAL GEOMETRY

Not only can we define the Lie algebra of a Lie group, it is also possible to
locally recover the Lie group from a Lie algebra. For this purpose we can define the
exponential map exp: g — G as in [15, Definition 1.3.3].

2.5 Definition. For each X € g, the element exp X € G is defined as h(1), where h
is the unique differentiable homomorphism (R, +) — (G, -) such that %(O) =X.

If V is a finite-dimensional real or complex vector space, and X € L(V, V), then
the power series

eX = Z —xk (2.5)
converges in L(V,V). The map X — ¢X is equal to the exponential mapping

exp: L(V,V) — GL(V). We have the well-known formula

det(eX) = eTX, (2.6)
2.1.1 Representations

2.6 Definition. A group representation of a group G on a vector space V is a group
homomorphism R: G — GL(V).

2.7 Definition. A Lie algebra representation of a Lie algebra g in an associative algebra
A is amap r: g — A such that ([X,Y]) = [r(X),r(Y)] for all X,Y € g, where we
have defined the commutator in A by [a,b] = ab — ba for all a,b € A.

Now let G be a matrix Lie group with Lie algebra g, and let R: G — GL(V) be
a representation of G on the finite-dimensional vector space V. We then obtain a
representation r of g in the associative algebra A = End(V) by defining

r(X):= —| R(e”). (2.7)

2.1.2 Lie subgroups and quotients

We now provide some useful definitions and results on Lie subgroups and Lie
subalgebras, based on [15, §1.10].

2.8 Definition. A normal subgroup N of a group G is a subgroup such that gng~—! €
Nforalln € Nand g € G.

2.9 Definition. A Lie subgroup H of a Lie group G is a subgroup of G that is also a
submanifold of G.

2.10 Definition. A matrix Lie group is a closed subgroup of GL(V), for some finite-
dimensional vector space V. By [36, Theorem 3.42], a matrix Lie group is indeed a
Lie group.

2.11 Definition. A Lie subalgebra ) of a Lie algebra g is a linear subspace of g such
that [X,Y] € h for all X,Y € h. A Lie subalgebra is called an ideal if [X,Y] € b for
all X egand Y € b.

It follows that a Lie subalgebra is itself a Lie algebra. In particular, the Lie algebra
h of a Lie subgroup H of a Lie group G becomes a Lie subalgebra of the Lie algebra
g of G.



2.2 FIBRE BUNDLES

2.12 Definition. Let H be a subgroup of G. We define the quotient G/ H as the set
G/H:={xH | x € G}, (2.8)
where for any x € G the left coset xH is given by
xH:={xh|heH}. (2.9)

We can define an equivalence relation ~ in G, by letting x ~ y if y € xH, ie. if
y = xh for some h € H. The resulting equivalence class [x] = [xh] is then equal to
the coset xH. Hence the elements of G/H are given by the equivalence classes [x].

2.13 Proposition ([15, Corollary 1.11.5]). If H is a closed normal subgroup of G, the
quotient G/ H is a Lie group.

2.14 Definition. Let h be a Lie subalgebra of g. We define the quotient space g/b as
the quotient of vector spaces:

g/b:={X+bh|Xeg}, (2.10)
where for any X € g the set X +  is simply given by
X+h:={X+Y|Yeh}. (2.11)

We now define an equivalence relation ~ in g, by letting X ~ Z if Z € X + b, i.e. if
Z = X +Y for some Y € h. The resulting equivalence class [X] is then equal to the
set X + b. Hence the elements of g/h are given by the equivalence classes [X].

2.15 Proposition. If Y is an ideal of g, the quotient g/ forms a Lie algebra.

Proor. We need to check that the Lie bracket is well-defined. Take X,Y € g. The
Lie bracket on g/h is given by [X +b,Y +h] = [X, Y] + . If we take different
representatives X', Y’ such that X+bh = X'+ hand Y+h = Y' + 5, then there
are U,V € hsuch that X’ = X +U and Y’ = Y 4 V. Then we obtain for the Lie
bracket that [X',Y'] = [X+ U, Y+ V] = [X, Y]+ [U Y]+ [X, V] + [U, V], where
the latter three terms are in h because ) is an ideal Lie subalgebra. So we obtain
[X",Y'] +b = [X,Y] + b, and the Lie bracket is indeed well-defined. O

2.2 FIBRE BUNDLES

2.16 Definition. Let M be a smooth manifold. We define a fibre bundle over the base
space M as a smooth manifold E together with a smooth surjective map 7: E — M
(called the projection onto M), such that for each x € M the inverse image 77! (x)
is diffeomorphic to some manifold F, which is called the fibre of E. Moreover, for
every x € M there must exist a neighbourhood U C M and a diffeomorphism
hy: 7Y (U) — U x F such that 71y o hy = 7t on 71 (U), where we have denoted
mp: U x F — U for the projection on the first factor. The pair (U, hy) is called
a local trivialization of E. The fibre bundle is called trivial if there exists a global
trivialization h: E = 7~ '(M) — M x F.

2.17 Definition. A fibre bundle E = M is called a vector bundle if the fibre F
has the structure of a vector space, and if on every local trivialization the map
hu‘ﬁ_l(x): m~1(x) — x x F is an isomorphism of vector spaces. The dimension of

F is called the rank of the vector bundle.

2.18 Definition. For two local trivializations (U, hy) and (V,hy), with UNV # 0,
of a vector bundle E = M, we have the diffeomorphism hy o hy Lfrom UNV x F
to itself, which yields the transition from (U, hy) to (V,hy). We can write this
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diffeomorphism as hy o hyt(x, f) = (x, guv(x)f), where gyv is a smooth map from
UNV to the group End(F). These maps g,v are called the transition functions of
the vector bundle. If g,;v(x) € G C End(F) for a subgroup G of End(F) for all
local trivializations with U NV # 0, then G is called the structure group of the vector
bundle E.

2.19 Definition. Let E = M be a fibre bundle. We define a local section on an open
set U C M as a smooth mapping s: U — E such that mos = Id,;. We denote
I'(U,E) for the space of sections on U. A section is called a global section if it is
defined on U = M, and we denote I'(M, E) = I'(E) for the space of global sections.

Notice that T'(E) is a module over the algebra C*°(M). The action of C®(M) is
just given by pointwise scalar multiplication:

(@f)(x) := o(x)f(x), (2.12)
forc € T(E) and f € C®(M).

2.20 Definition. Let E be a vector bundle with fibre V, and let r = dim V be the
rank of E. A local frame over U is a set of local sections {ey,...,e;} C I'(U,E) that
are linearly independent in each point x € U.

2.2.1 Principal fibre bundles

2.21 Definition. The group action of G on a space X is called free if for all x € X,
gx = x implies g = e. The action is called transitive if Gx = X for any x € X.

2.22 Definition. Let G be a Lie group. A principal G-bundle P is a fibre bundle
P & M with fibre G, and with a free and transitive right action of G on P, such
that for a local trivialization (U, /) of P the map hy intertwines the right action
of G on P with the natural right action of G on U x G; if hy(p) = (x,f), then

hu(pg) = (x, f8)-

For a principal G-bundle P % M, it follows that the projection 7 is G-invariant:
n(pg) = 7nt(p), since on a local trivialization we have for hy(p) = (x,f) that

nt(pg) = m(x, fg) = m(x, f) = n(p).
2.2.2  Associated vector bundles

Let P be a principal G-bundle over M and suppose we have a representation of G
on the vector space V. Then there is a natural right action of G on P x V given by
(p,v)g = (pg,g 'v). We define P x5 V to be the quotient of P x V with respect
to this right action. In other words, P x; V consists of the equivalence classes
[pg,v] = [p, gv]. By [32, Theorem 7], we can state:

2.23 Proposition. The associated vector bundle E := P x V is a vector bundle over
M with fibre V.

2.24 Example. If P = M x G is a trivial principal G-bundle, the associated vector
bundle E = M x V is also trivial.

2.2.3 Bundle morphisms

2.25 Definition. Let 7t1: Ey =& M and m,: E; — M be two fibre bundles over the
same base space M. A bundle homomorphism f: E; — Ej is a smooth map such that
1y o f = 1. This means that f maps the fibre (Ej)y into the fibre (E;)y for each
x e M.
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If E; and E, are vector bundles, we further require that f: (E;)x — (Ez)x is a
linear map for each x € M.

If Ey = Py and E; = P, are two principal G-bundles, we further require that f is
compatible with the group action of G, i.e. f(pg) = f(p)g.

A bundle homomorphism f: E — E is called a bundle endomorphism, and we
denote by End(E) the set of all bundle endomorphisms of E.

2.26 Definition. If a bundle homomorphism f: E; — E; is a diffeomorphism, the
fibre bundles E; and E; are said to be equivalent or isomorphic, and f is called a bundle
isomorphism. A bundle isomorphism f: E — E is called a bundle automorphism of
the bundle E.

2.3 CONNECTIONS

Let M be an n-dimensional differentiable manifold. The set of continuous functions
on M is denoted by C(M). At each x € M the set of tangent vectors forms the
vector space TyM. These tangent spaces are joined together to a vector bundle,
which is called the tangent bundle TM. The sections of this bundle form the set of
continuous vector fields X(M) := T'(M, TM). These vector fields are derivations on
the set of smooth functions C*°(M) on M. In local coordinates we have a local basis
dy, of TM.

The cotangent bundle is the bundle with as fibres the dual spaces Ty M of the
tangent spaces, and its sections are the continuous 1-forms A'(M) := I['(M, T*M). In
local coordinates we have a local basis dx" of T*M, which is dual to the basis d;
of TM. By taking the (completely antisymmetric) exterior product of k elements
of A'(M), we obtain A¥(M) := T(M, A\* T*M). Taking the direct sum over all k
(including for k = 0 the set A%(M) := C®(M)) then yields the exterior algebra
A* (M) =T (M, \* T*M) of differential forms.

The exterior derivative is the unique linear antiderivation d: Af(M) — AM1(M)
satisfying the Leibniz rule d(a A B) = (da) A B+ (—1)*a A (dB) for & € A¥(M) and
B € A (M), and which for f € C®°(M) gives a 1-form df satisfying df(X) = X(f)
for X € X(M).

A tensor of type (k, 1) is an element of the tensor product Ty M®* @ T} M®!. These
again join together to form a bundle, and its sections are the continuous tensor fields
le(M) = T(M, TM®F @ T*M®!). Such a tensor field can be viewed as a C(M)-
multilinear map T*M%F @ TM® — C(M).

2.27 Definition. Let E %> M be a smooth vector bundle with smooth sections T'(E).
A connection VF is a linear map

VE:T(E) 5 T(E® T*M), (2.13)
such that the Leibniz rule
VE(of) = VE(o)f + o @df (2.14)

is satisfied for all f € C®°(M) and ¢ € I'(E). Equivalently, we can regard V¥ as
amap X(M)®T(E) — T'(E). By inserting a vector field X € X(M), we then get
amap V&: T(E) — I'(E) with the Leibniz rule V& (of) = VE(0)f + 0 X(f). This
map is also called a covariant derivative.

2.28 Lemma. The difference between two connections on a vector bundle E is a 1-form
with values in End(E).

Proor. Take two connections V,V’: T(E) — I'(E ® T*M). We need to check that
their difference is C*(M)-linear. Indeed, using the Leibniz rule, we find for f €
C*®(M) and o € T'(E) that

(V-=V')cf)=V(o)ftoxdf -V (o)f —c@df = (V-V')(0)f. O
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Let E be a vector bundle E of rank n. On a locally trivializing neighbourhood U
in M, we have an orthonormal frame {ey,...,e,} of T'(U, E). Any section of E on
U can then be identified with an n-tuple of smooth functions (sy,...,s,) by writing
s =Y sie.

We have the exterior derivative d: C*(M) — A!(M). We can extend this deriva-
tive to arbitrary local sections by defining d: I'(U, E) — I'(U, E ® T*M) to be given
locally as ds = (dsy,...,dsy). It is a straighforward calculation to show that d
satisfies the Leibniz rule. Consequently, we have the following lemma.

2.29 Lemma. The exterior derivative d: T (U,E) — I'(U,E ® T*M) defines a local con-
nection on E.

2.30 Proposition. Any connection VE on a vector bundle E can locally be expressed as
VE = d + w, where d is the exterior derivative and w is a local End(E)-valued 1-form,
called the connection 1-form. Conversely, any local End(E)-valued 1-form w defines a
local connection on E by VE = d + w.

Proor. By Lemma 2.29, d is a local connection. By applying Lemma 2.28, we can
then define w := VE — d. For the converse, we use that d satifies the Leibniz rule
and that the connection form w € T(U,End(E) ® T*M) = T'(U,End(E)) ® A (U) =
Endce () (T(U, E)) © A'(U) is C*(U)-linear, so d + w satisfies the Leibniz rule and
hence defines a local connection. O

2.31 Proposition. Let (U, $y) and (V,¢y) be two local trivializations of M such that
UNV #@. Let VE be a connection on a vector bundle E over M. By Proposition 2.30 we
can locally write VE = d + wy on U and VE = d + wy on V. The connection forms wy
and wy are related on UNV by

wy = guvwuguy — ASuv&uy- (2.15)

Proor. Let s be a section of a vector bundle E over M. We shall write s; =
(s1,...,52) on U and sy = (s},...,s;) on V. On UNV, we have sy = guysy for
the transition function g;v, and we must also have gUVVEsu = VEs,. Thus the

following two expressions are equal:

Suv(d + wy)su = guvdsu + guvwusu,
(d+ wy)sy = (d + wv)(guvsu) = dguvsu + guvdsu + wvguvsu.

This yields the identity guvwuy = dguv + wyguv. Rewriting this expression yields
the desired result. O

For principal fibre bundles, there is a different approach to introduce connections.
There are several different but equivalent definitions, and a detailed discussion can
be found in [2, §1.2]. Our definition given below is based on [2, Definition 1.2.3]. For
the purpose of this thesis we will only deal with the case of a principal G-bundle
for a matrix Lie group G, which simplifies the definition.

2.32 Definition. Let G be a matrix Lie group and let P be a principal G-bundle.
A connection on P assigns to each local trivialization (U, hy) a g-valued 1-form Ay
on U. For two local trivializations (U, hy) and (V,hy) with UNV # @ for which
guv: UNV — G is the transition function from U to V, we require that on U NV
we have the transformation property

Av = guvAuguy — d8uv8uy- (2.16)

One should note that this transformation property is precisely the same as the
relation between the local connection forms on different trivializations of a vector
bundle (cf. Proposition 2.31). Of course this is no coincidence, and the following
proposition relates the connection on the principal bundle to a connection on an
associated vector bundle.
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2.33 Proposition. For an associated vector bundle E = M x V of the trivial principal
bundle P = M x G, the connection form A on P defines a connection VE =d + A on E.

Proor. The representation of G on V induces a representation of g on V as in
Section 2.1.1, which yields the embedding of g in End(V'). The connection form A
is by definition an element of I'(T*M ® g), and is thus an End(E)-valued 1-form on
M. By Proposition 2.30, d + A defines a connectionon E = M x V. O

2.4 RIEMANNIAN MANIFOLDS

2.34 Definition. A manifold M is called pseudo-Riemannian if it is equipped with
a symmetric tensor field g of type (0,2), called the pseudo-Riemannian metric, such

that the bilinear form gy: TyM ® TyM — R is non-degenerate for every x € M, i.e.

for v € T,M we have
gx(v,w) =0forallw € ThyM = v =0. (2.17)
M is a Riemannian manifold if g is also positive definite, i.e.
¢x(v,0) > 0forall v € TyM, and ¢+(v,v) =0 = v =0, (2.18)

and now g is called a Riemannian metric.

On a local basis 9, of X(M), we define the components of g by g, := §(9y,9y).

The trace over g of a tensor product of two 1-forms «, 8 and a section s of some
bundle E is defined by

Tre(a ® B s) := g(a, B)s. (2.19)

Using a local basis 9, of X(M) and its dual basis dx* on A'(M), we can write a

vector field as X = X#9, = dx#(X)d,, where X} = dx¥(X) € C®(M). Since V¥ is
C*®(M)-linear in X, we can locally write V£ = de(X)ng, or VE =dxt ® ng.

2.35 Proposition. For the tangent bundle TM there is a unique connection V: X(M) ®
X(M) — X(M), which is torsion-free:

VxY—-VyX—[X, Y] =0, (2.20)
and compatible with the metric g:
8(VzX,Y)+g(X,VzY) = Z (g(X,Y)) (2.21)
This connection is called the Levi-Civita connection.

2.36 Definition. On an orthonormal local basis d,, the Christoffel symbols I P v are
defined by
vayav = r”#,,ap. (2.22)

If the metric g is Riemannian, i.e. if each g, is positive definite, then there are
mutually inverse isomorphisms between X(M) and A!(M):

(M) - AHM); X X°, X (Y) = g(X,Y),
given by (2.23)
AL M) = X(M); & — of, a(Y) =: g(a?,Y).

This can be used to define a metric on A'(M) by

g ' B) = g(a, B (2.24)

for a, p € A(M). On a local basis dx* of A!(M) dual to the basis 9;, of X(M), we
define the components of g~ by gt := g~ 1(dx*,dx") = dx"((dx")?). From this
we conclude that (dx")* = ¢"#9,. We then derive

8"gup = §"8(9v,0p) = g((dx")?,9p) = dx"(3,) = 8", (2.25)

11
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so the matrix of g is the inverse matrix of g, which justifies the notation of g~!
for the metric on A!'(M). By a slight abuse of notation, the metric g~! is often
written simply as g as well.

2.37 Definition. Using the Levi-Civita connection on TM, we can define an associ-
ated connection on the cotangent bundle T*M, also denoted V and referred to as the
Levi-Civita connection on 1-forms, given by

(Va)(X) :=d(a(X)) —a(VX), (2.26)
or (Vzua)(X) :=Z(a(X)) — a(VzX).

Locally, we can use the same Christoffel symbols of the Levi-Civita connection on
TM to write Vdx? = —I* uwdxt @ dx". If we choose instead an orthonormal basis
6% of 1-forms over a chart U C M, we can write locally

Vo = —f”ybdx” ® 6. (2.27)

2.5 CURVATURE

2.38 Definition. The curvature QF € A?(M,End(E)) of a connection VF is defined
by
OF(X,Y) := VL VY = ViV — Vi) € End(E), (2.28)

for X,Y € X(M). We immediately see that QF(X,Y) = —QF(Y, X). The compo-
nents of the curvature QF are given by QEV = OF(9,,9,) € End(E).

2.39 Definition. A Euclidean vector bundle is a real vector bundle E — M, endowed
with a C®(M,R)-bilinear symmetric positive definite form ¢F: ['(E) x I['(E) —
C®(M,R).

2.40 Definition. Denote EC for the complexification of E, and write £ := T(E®).

We extend ¢F to a C*°(M)-bilinear form gFf: & x & — C®(M). By setting (s|t)
gE(s*,t) for s, t € £, we get a C®°(M)-valued hermitian pairing which satisfies

(
* (
(

s|t) is linear in £;

tls) = (s|t) € C=(M);

s|s) > 0, with (s|s) =0=s=0in¢&;

(s|ta) = (s|t)a for all s,t € £ and a € C*(M).

2.41 Definition. We define a scalar product on &£ by

s|t ::/ s|t)v 2.2
ol = [ (v (229)
for s, t € £, where (s|t) is the hermitian pairing on £ as in Definition 2.40.

2.42 Definition. If £ is equipped with a C*°(M)-valued hermitian pairing (| ), we
say that a connection V¥ on & is hermitian if

(VEs|t) + (s|VEE) = d(s|t). (2.30)

2.43 Lemma. Ifa vector bundle E over M is endowed with a metric ¢& and has a hermitian
connection VE, then the curvature is skew-symmetric:

gE(s, QE(X,Y)t) = —gF (1, QF(X,Y)s) (2.31)

for X,Y € X(M) and for real sections s,t € E. In other words, we see that we have
OF € A%(M, s0(E)).
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Proor. For real sections s, , the fact that VE is hermitian implies that

gE(Vxs, t) +¢E (s, Vxt) = X (gE(s,t)) . (2.32)
We then obtain

gE (s, QE (X, Y)t) + gE(t, QF (X, Y)s)
=85 (s, VX Vyt) — 85(s, VYVt — 85(s, Vig yt)
+85(t, VEVYs) — g5 (1, VyVEs) — 85 (L Vix ys)
= XgF(s, Vyt) — g5 (Vis, Vit) — Yg&(s, Vit) + 8 (Vis, Vi)
+ X" (t, Vis) — g5 (Vit, Vys) — Yg5(t, Vis) + g (Vit, Vis)
—gE(s, VFX,Y]t) - gE(VFX,Y]s, t)
= XYgE(s, t) — YXgE(s,t) — [X, Y]gE(s,t) = 0. O

2.5.1 Riemannian curvature

In the special case of the Levi-Civita connection V on X(M), we obtain the Rieman-
nian curvature tensor R € A?(M,End(TM)). R can be seen as a tensor of type (1,3).
By a slight abuse of notation, we define a tensor R of type (0,4), which we will also
call the Riemannian curvature tensor, by R(V,W,X,Y) = ¢(V,R(X,Y)W). In local
coordinates, we define the components of R by Ryyp := (9y, R(9p,95)9y).

The Riemannian curvature tensor R has several symmetries, which we shall now
explore. Since R is a 2-form, the endomorphism R(X,Y) is skewsymmetric in X
and Y. From Lemma 2.43 we know that R(V, W, X,Y) is also antisymmetric in V
and W, which implies that R € A?(M, so(TM)). Using the fact that the Levi-Civita
connection is torsion-free, one can show by explicit calculation that R(X,Y)Z +
R(Y,Z)X+ R(Z,X)Y = 0. Using the symmetry properties we have obtained so
far, one can also show that R(V, W, X,Y) = R(X,Y, V,W). In local coordinates, we
thus have the following relations:

Ryuvpe = Rpguy = —Ruypper = —Ryuvep, (2.33)
as well as the (first) Bianchi identity
Ruvpe + Ryugvp + Rypov = 0. (2.34)
Using all these properties of R one can also prove the second Bianchi identity
VzR(V,W,X,Y)+ VxR(V,W,Y,Z) +VyR(V,W,Z,X) = 0. (2.35)
Using the compact notation X* o= VuXP, this gives locally

Ryvpa;/\ + Ryvcr/\;p + Ryv)\p;tr =0. (2.36)

Taking a trace over the first and third indices of the Riemannian curvature tensor,
we get the Ricci tensor, whose components are Rys := ¢" Ryyp. This Ricci tensor
is symmetric: Ryy = Rgy. The trace of the Ricci tensor is the scalar curvature s :=
8""Rye = 878" Ryypr € C®(M).

Note that in this convention for the Riemannian curvature tensor, the scalar cur-
vature of a sphere is positive. In other literature, one often finds the definition
R(V,W,X,Y) = g(R(X,Y)V,W), which by Lemma 2.43 effectively changes the
sign of the Riemannian curvature tensor.

13
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Now, let us evaluate the curvature of the associated connection on 1-forms. Using
the definition of Eq. (2.26), we find that

(R(Y,Z)a) (X) = ((V¥Vz = V2Vy = Viy 7)) (X)
= Y(Vza)(X) = (Vza)(VyX) = Z(Vya)(X) + (Vya)(VzX)
—[Y, Z]a(X) + a(Vy 7 X)
=a(VzVyX) —a(VyVzX) +a(Vy 7 X)
=—ua(R(Y,Z2)X). (2.37)
2.44 Lemma. In local coordinates, we have for a 1-form a = waydx" the formula

R oy = (VoVy = Vo Vo) ay. (2.38)

Proor. We need to rewrite Eq. (2.37) into local coordinates. First we note that, by
writing the fields in local coordinates and applying Eq. (B.14), we have

R(Y,Z)X = X"YPZR(3p,0¢)0y = X"YPZTR" 0,

Using Eq. (2.37), writing X" = dx"(X), using #(d,) = a, and canceling the compo-
nents of Y and Z, we find for the 1-form a = a,dx" that

R(9p,9¢)ay = —Ryvpgzx},.

Since [0y, 9] = 0, we have R(dy,95) = V,Vs — VsV, and we obtain the desired
result. O

2.6 LAPLACIANS

2.45 Definition. If E — M is a smooth vector bundle with a connection V£ on
& =T(M,E), we can consider the connection VE .= V®1+1® VE on the tensor
product & = A'(M) ® 4 £, where V is the Levi-Civita connection on A!(M). Their
composition is an operator VE o VE from & to A'(M) ® 4 A1(M) ® 4 €. Using the
metric to take the trace over the first two factors, we define the Laplacian by

A= —Tr (VF o VE): € = €. (2:39)

In particular, when E = M X C is the trivial line bundle (for which I'(E) = C*(M)),
we get the scalar Laplacian A.

2.46 Lemma. In local coordinates, the Laplacian equals

AF = —gh (VE V5 —17,V5 ). (2.40)
Proor.
A = —Tro(VF o VE)
= —Tr, (((dx" ®V5,) ®1+1@ (dx’ @ V5)) o (dxf vgp>)
= —Trg (dx! @ (~T* ") @ VE +dxf @ dx’ @ V5 V5 ),
where we have used Vj dx? = -1 uwdx’. Taking the trace over ¢ means Trg(dx! ®

dx") = g(dx!,dx") = g, so we obtain (by using the symmetry of ) that

AF = gM'T?,, VE — V5 V5 = g (V5 V5 17, VE ). :
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Note that the scalar Laplacian is then given in local coordinates by

A=—gt (8V8V — rPWap) . (2.41)

For a function f € C®(M), we use the same compact notation f;, = V,f = 9,f.
For the scalar Laplacian, one then often writes

-
fu" = —Af (2.42)
2.7 INTEGRATION ON ORIENTED MANIFOLDS

In this section, we will assume that the n-dimensional manifold M is orientable.
Equivalently, there exists an n-form v € A" (M) that vanishes nowhere on M.

For functions f: R" — R with compact support in R", we can calculate the
integral [, f. If A and B are two open subsets of R”, and ¢: A — B is a diffeomor-
phism, then the integral of a function f: B — R with compact support in B can be
rewritten as an integral over A by the formula

£ =] IaetDg)lr o, (243)

where ngbi is the Jacobi matrix of ¢.

2.47 Definition. A differential form 6 € A" (M) is called an elementary form if there
is a chart (U, h) for which the support of 6 lies in U.

n

2.48 Definition. For an elementary form 6, given locally by 6|, = fdx! A--- Adx",
we define the integral

0:= . hL .
/M h(u)f o (2.44)

Since M is an oriented manifold, Eq. (2.43) shows that this integral is well-defined
on the overlap of two charts. Note that the integral is additive:

/M(91 +6) = /M 61 + /M 62, (2.45)

for two elementary forms 61 and ¢, on the same chart. Every n-form 0 with compact
support on M can be written as a finite sum of elementary forms 6;. We can then
use the additive property of the integral to define the integral of 6.

2.49 Definition. For an n-form 6 with compact support on M, we define the integral

/M 0 :— ; /M 0., (2.46)

where we have written 8 = ) ; 6; as a finite sum of elementary forms 6;. This integral
is linear:

/ (c101 + c260) = C1/ 01+ Cz/ 0, (2.47)
M M M

for two forms 6; and 6, with compact support and cj,c2 € R.
We shall now state without proof the well-known Stokes’ theorem.

2.50 Theorem (Stokes). Let M be an oriented n-dimensional manifold. Let D C M be
an area with smooth boundary, for which the closure D is compact. For a differential form
w € A" (M) we have

/D dw — /a Jw, (2.48)

where j: 0D — M is the inclusion of the boundary of D in M, and where dD is endowed
with the standard orientation.

2.51 Corollary. If M is a compact manifold without boundary, we have for every (n —1)-
form w that [, dw = 0.

15
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2.7.1 Integration on Riemannian manifolds

2.52 Definition. For g, the matrix of the metric g, we write [g| := | det[g;,]|. The
Riemannian volume form, for a given orientation and (pseudo-Riemannian) metric g,
is defined locally by

Vg 1=/ [gldx! AdxP A Adx" € AT (M). (2.49)

2.53 Definition. For a vector field A € X(M), we define the divergence V-A €
C*®(M) of A as the Lie derivative of the volume form, i.e.

V-Avg = La(vg). (2.50)

By Cartan’s formula (see, for instance, [16, §4.2]), we have L4 = dig +isd, where
ig: AL(M) — C®(M) is given by is () = «(A). Since dvg = 0, we then have

V-Avg =dis(vg). (2.51)
2.54 Proposition. For a vector field A, written locally as A = A9, we have

V-A=V,Al (2.52)

Proor. By using d (v/[g] Aﬂ) =9, (V/IglA") dxf and & = 0, we find that
dip(vg) = ( 1)FLAMAX A - /\ch\V/\~--/\dx”>
n —_—
Z ( gl A’*) (=) ldxP Adxt A AdxF A - Adx”,

where the circumflex over dx* means (as usual) that this factor should be omitted.
Because of the antisymmetric nature of the wedge product (which yields dx* A
dxf = 0), only the terms for which y = p survive. Since dx* Adx! A -+ Adxt~1 =
(=1)#~tdx! A -+ AdxM, we obtain

diA(vg):8y< |g|A”> \/1@%.

We can conclude that the divergence of A can locally be written as

1

V-A=2, < g|A”) T (2.53)

Eq. (B.26) gives us the derivative of /|g|. By using Eq. (B.2) and Eq. (B.3), this
derivative can be written in terms of the Christoffel symbols of the Levi-Civita

connection on TM as
1
0/ 18] = 51/181808pr = 1/ 18IT pys

so the local formula for the divergence is
V-A =0, Al +T7,, A",
From Eq. (B.7), we finally conclude that V-A = V, AF. O

2.55 Theorem (Divergence theorem). If M is a compact manifold without boundary, we
have for every vector field A € X(M) that

/ V-Avg =0. (2.54)
M
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Proor. We consider the global (n — 1)-form a corresponding to the vector field A,
given by & := is(vg). From Definition 2.53 we see that V-A v, = da. Applying
Corollary 2.51 then proves the proposition. O

2.56 Corollary. If M is a compact manifold without boundary, we have for every function
f € C®°(M) that
Af vy =0. 2.
' /M f g (2.55)
Proor. We define a vector field A = A¥d, by A¥ = o''f = ¢ld,f. Using the
divergence theorem and writing out the integrand yields

Oz/v-A :/VA” :/v Y
Iy Vg = f VrAT Ve = | (80 f)vg

= /Mgw(a#av —TP,,0p) f vg = — /M Af vg,

where in the last step we have used the local formula of Eq. (2.41) for the scalar
Laplacian. O

2.8 GRASSMANN INTEGRALS AND PFAFFIANS

In this section, we will give a short introduction to Grassmann variables, and use
this to find the relation between the Pfaffian and the determinant of an antisymmet-
ric matrix. A more detailed introduction can be found in for instance [30, §1.5].

A Grassmann variable is an anticommuting variable. For a set of Grassmann
variables 6;, we have 6,0, = —0,6;, and thus in particular, 61-2 =0.

2.57 Definition. On anticommuting Grassmann variables 6, we define an integral by

[ads; =0, [ o0, =1, (2.56)

If we have a Grassmann vector 6 consisting of N components, we define the integral
over D[] as the integral over db; - - - d0y. Suppose we have two Grassmann vectors
n and 6 of N components. We then define the integration element as D[y,0] =
di]ldgl - -d;yNdGN.

The determinant of an N x N-matrix A is given by the formula
1
det(A) = o Y DAL ) Areye(ny (2.57)
T o,telly
where 11y denotes the set of all permutations of 1,2,..., N.

2.58 Lemma. For an N x N-matrix A, we obtain the formula
/egTA”D[iy, 0] = det A. (2.58)

ProoF. The only terms in the expansion of the exponential that give a non-zero
contribution to the integral are the terms that contain each Grassmann variable 6;
and 7;. Thus the only contribution comes from the term

1 N 1
(Do) = 5 ;H Acye()  Acnyr(N) o) Tr(v) -~ Oo1) Te(1);
1,] g,T N

where we have used that the terms 6;17; commute with each other and have square
zero. The calculation of the integral gives us

/GU(N)WN) <051y ey D1, 0] = (=17 (=1)/7].

17
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Using Eq. (2.57), we then obtain
/N, Ze Al]iy]> D[y, 6] = det(A). O
2.59 Definition. The Pfaffian of an antisymmetric 2/ x 2]-matrix A is given by
(-1 o]
Pf(A) = = Y (=D As1y02) - Av@i—1)0(21)- (2.59)

2.60 Lemma. For an antisymmetric 21 x 2I-matrix A, we obtain the formula

/ e31" A1) = PE(A). (2.60)
ProoF. As in Lemma 2.58, the only terms in the expansion of the exponential that

give a non-zero contribution to the integral are the terms that contain each Grass-
mann variable 7;. Thus the only contribution comes from the term

1/1 l 1
17(5 Z’?iAijﬂj) = 5 EZH: Aeyo2)  Ac(N=Do(N) Te WMo 2) * ** To(N=1)To(N)-
L] oclly

The calculation of the integral gives us

/ Mo o) " Mo (N-1) o)D) =
/(_1)1770(N)77¢7(N71) @) eyDl] = (=1 (=)

Combining this and comparing with Definition 2.59 gives
1/1 !
/ﬁ (5 ZUiAij’?j) D[] = Pf(A). O
L]

2.61 Lemma. The determinant of a 21 x 21 skewsymmetric matrix A is the square of the
Pfaffian:
det A = Pf(A)>. (2.61)

PrOOF. From Lemma 2.60 we know that the Pfaffian is given by the Grassmann

integral Pf(A) = [ o2 A’7D[17], where 7 is a 2]-component Grassmann vector. The
square of thls integral has the form

PH(AY = [ 3" 41Dly] [ e¥" A DYy = [ 3 Av kA iy Dfy)

1 . . .
where we have used that e27" 47" is an even polynomial and thus commutes with
all Grassmann variables. We make the change of variables

1 . 1 .
0= \ﬁ(’?]’ +in), = \ﬁ(’?k — infg).

Using the anticommutation of r]]f and 77y, as well as the antisymmetry of A, we see
that 17]’-Ajk1yk = nkAkjr]]f, so that we obtain

1 .
0;AjCk = E(UjAjka + i Ajte — i Al + 1 Ajr) = 2’7; Ajitli + 2’7] Ajrg.
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We also note that
1 . / . !/ / !/ . /
d0;dl; = E(d’?jdﬂj + idyidny; — idydy; + dijdy;) = —idy;dy;,
so we can rewrite the integration element as

DyID[y] = dyy - dyyydny - - - dyyy = (=1)'dmdn] - - - dyyydn,
= (—1)'i?d64dg; - - - d6d Ty = D[6, ]

We thus obtain

Pf(A)? = / AR ITART D[ DIy'] = / Hi4iiDlg, 7] = detA. O

We have evaluated the Grassmann integral over a function of the form " A1 The
matrix A can be considered as a bilinear form. We first considered the case where
6 and 7 are independent variables, and found that we obtain the determinant of A.
In the second case, we took € = 7, and now we obtained the Pfaffian of A. Finally,
the square of this Pfaffian equals the determinant of A. So, by simply considering
one instead of two independent Grassmann variables, we are in effect taking the
square root of a determinant.

2.0 PONTRYAGIN AND EULER CLASSES

In this section we define the Pontryagin class and the Euler class. We will show
that the integral over M of the Pfaffian of the Riemannian curvature will yield the
Euler characteristic of M. A good introduction to these topics can be found in [30,
Section 11.4].

Let E be a real k-dimensional vector bundle over an n-dimensional manifold
M. Assuming that we have a hermitian connection VE on E, we can choose an
orthonormal frame for E. By Lemma 2.43, the curvature QF € A%(M, so(E)) of this
connection can then be seen as an antisymmetric matrix whose entries are 2-forms.

2.62 Definition. The total Pontryagin class of the curvature is defined by
OF
Ey ._
p(QF) := det (I + 27'() . (2.62)

Since the transpose of QOF equals —QF, we have det (I + %f) = det (I - %f), and
it follows that p(QF) is an even function of QF. We expand the Pontryagin class as
p(QF) =14 p1(QF) +p2(Q°) + .. (263)

where pj(QE ) is a polynomial of order 2j. This expansion is cut off for either
2j > k = dim E (the highest order arising from the determinant) or 4 > n = dim M
(since OF is a 2-form).

2.63 Lemma. If k = dim E is even, we find that

1 k
pa0) = (5 ) det@®) (260
Proor. A skew-symmetric matrix A can be block diagonalized as
0o A
A1 0 0
A— :

0 0 Mo
—Aks2 0
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The Pontryagin class is invariant under such a transformation, because
det(I + BAB™!) = det(B(I + A)B™!) = det(B) det(I + A) det(B) ! = det(I + A).
If we take A = QF /271, we then see that the Pontryagin class is given by

E OE k/2 A2
— -t — 1
p(Q)—det(I—i—zn) 11 1+ 5

i=1

where the A; are the eigenvalues of QOF. The highest order term is then given by

pis2(QF) :ﬁ N (L kdet(QE)' O
7 4m? 27

2.64 Definition. Let M be a 2/-dimensional orientable Riemannian manifold with
Riemannian curvature R of the tangent bundle TM. We define the Euler class e of
M by

e(A)e(A) = pi(A), (2.65)

where both sides are to be understood as functions of a 2/ x 2/-matrix A and not of
the curvature R, since p;(R) vanishes identically. However, R can be written as a
matrix-valued 2-form, and the above procedure applied to that matrix does define
a 2l-form (i.e. a volume form) e(M) := ¢(R).

We state here without proof the following theorem (see, for instance, [30, §11.4.2]).

2.65 Theorem (Gauss-Bonnet-Chern). The integral of the Euler class over a compact
orientable manifold M without boundary yields the Euler characteristic:

/Me(M) — x(M). (2.66)

2.66 Proposition. For a 2]-dimensional Riemannian manifold M, endowed with the Levi-
Civita connection V, we obtain that Pf(R) = (27)!e(M), and hence that

| PER) = (20)'x (). (267)

Proo¥. The Euler class e(M) is defined by e(A)e(A) = p;(A). By Lemma 2.63, we
21
have p;(R) = (%) det(R). By Lemma 2.61 we have det(R) = Pf(R)2. From this

we conclude that (277)!e(M) = Pf(R). The last statement then follows from the
Gauss-Bonnet-Chern Theorem 2.65. O

2.67 Corollary. In the case dim M = 2| = 4, we have
/M R*R*vg = 87 (M), (2.68)
where R*R* is given by
R*R* = 5% — 4Ry R™ + Ryypo RMP7. (2.69)

Proor. We have R € AZ(M, End(TM)), so for two vector fields X,Y we have an
endomorphism R(X,Y) € End(TM). We write R* g€ A?(M) for the components of

the matrix of this endomorphism, such that R* ﬁ(X' Y)ZPd, = R(X,Y)Z for a vector

field Z = Z*9,, on a local basis d, of TM. The determinant of R over End(TM) is
given by det(R) = det(R"‘ﬁ), which can be rewritten as det(R) = det(g""R,5) =
lg|~! det(R,5). Note that the components R,z should not be confused with the
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Ricci tensor. For the Pfaffian we then obtain Pf(R) = Pf(R“ﬁ) = /| g|71Pf(RM;).
This Pfaffian can now be written as

-1)? ;1 1
Pi(R) = 0 lsl T DD IR 110 A Royots) = 0% Rag A Ry
° [

where, using Eq. (B.31), the sign of the permutation and the factor \/|g| ! have been
absorbed into 6*7°. We write Rup = Rupuydxt Adx" and Rys = Ryspedxf A dx’ to
obtain

Pf(R) = %(S“ﬁ“’&Raﬁwapade Adx¥ AdxP A dxC.

We note that dx" A dx¥ A dxP N dx” = §#P7vq, where vg is the Riemannian volume
form defined in Definition 2.52. Using Eq. (B.32), we can then write

1
PE(R) = 5 *RTPTR . 500 Vg.

We introduce the common notation R*R* := *RW‘SP‘TR%;W. So, to conclude we have
1
Pf(R) = ER*R*vg,
where by Eq. (B.38) we have
R*R* = s — 4Ry R" + Ryyype R

The statement then follows from Proposition 2.66. O

2.10 DIFFERENTIAL OPERATORS AND THE HEAT EXPANSION

The main goal of this section is to present two important theorems, which we will
need later in Chapter 6 to calculate the spectral action of almost commutative spaces.
The first of these theorems states that there exists a heat expansion for a generalized
Laplacian. The second theorem gives explicit formulas for the coefficients of this
expansion. We first start with a few definitions.

2.68 Definition. The algebra of differential operators on E, denoted by D(M, E), is
the subalgebra of End(I'(M, E)) generated by elements of I'(M,End(E)) acting by
multiplication on T(M, E), and the covariant derivatives V£, where V£ is any con-
nection on E and X ranges over all vector fields on M. The algebra D(M, E) has a
natural filtration, defined by letting

D;(M,E) =T(M,End(E)) -span{Vg(1 e V%; j<i}. (2.70)
We call an element of D;(M, E) an i-th order differential operator.

An important example of a second order differential operator is the Laplacian
AF of a connection VE on E (cf. Definition 2.45). We can generalize the notion
of Laplacians by defining generalized Laplacians. One way of introducing these
generalized Laplacians is by requiring the symbol of a second order differential
operator to yield the square of a norm on the sections of E. In [1, Prop. 2.5] it is
shown that the following definition is equivalent.

2.69 Definition. We define a generalized Laplacian H on a vector bundle E as a second
order differential operator of the form AF — F, where AF is the Laplacian of some
connection V¥ on E and F is a section of the bundle End(E).

2.70 Definition ([1, section 3.3]). A (general) Dirac operator on a Z,-graded vector
bundle E is a first order differential operator of odd parity on E:

D:T(M,E%) — T(M,ET), (2.71)

such that D? is a generalized Laplacian.

21
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2.10.1 The heat expansion

2.71 Theorem ([18], §1.7). For a generalized Laplacian H on E we have the following
expansion in t, known as the heat expansion:

Tr (e_tH) ~) tkanak(H), (2.72)
k>0

where n is the dimension of the manifold, the trace is taken over the Hilbert space L>(M, E)
and the coefficients of the expansion are given by

a(H) = [ o, H)\/Iglit. 273)

The coefficients ay(x, H) are called the Seeley-DeWitt coefficients.

We also state here without proof Theorem 4.8.16 from Gilkey [18]. Note that
the conventions used by Gilkey for the Riemannian curvature R are such that
gt gWRWW is negative for a sphere, in contrast to our own conventions. There-
fore we have replaced s = —R. Furthermore, we have used that f/.y; # = —Af for

feC®(M).

2.72 Theorem ([18], Theorem 4.8.16). For a generalized Laplacian H = AE — F the
Seeley-DeWitt coefficients are given by

ao(x, H) = (471)" 2 Tr(1d) (2.74)
a>(x, H) = (477) 3 Tr (% +F) (2.75)
1
ag(x, H) = (4m)"2 360 Tr(— 12As + 55 — 2R, R (2.76)
+ 2R upr RFP7 + 60sF + 180F>
— 60AF + 3000, (QF)M),

where the traces are now taken over the fibre E,. Here s is the scalar curvature of the Levi-
Civita connection ¥, A is the scalar Laplacian and QF is the curvature of the connection
VE corresponding to AF. All ay(x, H) with odd k vanish.
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In this chapter we give an introduction to spin geometry. We start in the first two
sections with the description of Clifford algebras and spin groups. Next, we use
this formalism to describe the Clifford bundle and the spinor bundle on a spin man-
ifold M. After introducing the spin connection, we can define the canonical Dirac
operator [P on the spinor bundle. This spinor bundle and the Dirac operator will
be main ingredients in the definition of the canonical spectral triple in Chapter 5.
For more details on the topics of this chapter, we refer to [17, 19, 34].

3.1 CLIFFORD ALGEBRAS
3.1.1  Real Clifford algebras

Suppose we have an n-dimensional real vector space V equipped with a symmetric
bilinear form g.

3.1 Definition. The real Clifford algebra over V, denoted CI(V), is the associative
algebra generated by V, where the Clifford product (denoted by -) is subject to the
relation

u-v+v-u=29(u,nv) (3.1)

forall u,v € V.

In the special case of the zero bilinear form, the corresponding algebra is just
the exterior algebra A\* V. In general, the Clifford algebra has the same underlying
vector space as the exterior algebra, but with a modified product operation.

3.2 Definition. The exterior multiplication € on A\* V is defined by
e(@)(uy A+ ANug) :=vAug A~ Aug. (3-2)
The contraction by g (or interior multiplication) is defined by

k .
W) A Awg) ==Y (1) g(o, upug A NG A - Ay, (3.3)
=1

where the circumflex on u; means that this factor is omitted.
3.3 Proposition. We define o: CI(V) — A*V by o(vy---vg) := c(v1)---c(vp) 1,
where c(v) := €(v) + 1(v). This map o gives an isomorphism of vector spaces CI(V) =
A V.
PRrROOF. Leteq,..., e, be an orthonormal basis for V. Then the set

{eil.eiz.”eik | 1<k<nii<ip<... <ik}
forms a basis for CI(V) (as a vector space), while

{eil/\eiZA--J\eik\1§k§n,i1<i2<...<ik}

forms a basis for A\*V. Both vector spaces evidently have equal dimension 2".
Since the ¢; are orthonormal, 0 maps e; -e;, - -¢; to e, Nej, A---Ae;. For o
to be well-defined, we need to check that c(u)c(v) + c(v)c(u) = 2¢(u,v). Because

23
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uAv = —vAu, wehave e(u)e(v) +€(v)e(u) = 0. The factors (—1)/ in the definition
of 1(v) make sure that also ¢(u):(v) + ((v)t(u) = 0. Therefore we have

c(u)e(v) +c(v)e(u) = e(u)i(v) + 1(v)e(u) + e(v)i(u) + t(u)e(v).

The action of €(u)i(v) + ¢(v)e(u) is given by

(e(u)e() +1(v)e(u))(ur A~ - - Ag) =

M-

1(—1)]‘*lg(v,uj)u/\u1/\-~~/\1?jA---/\uk

]

(—1)f_1g(v,uj)u/\u1 N NG ANug + g0, u)uy A Ay,

M

j=1

so we conclude that e(u):(v) + 1(v)e(u) = g(v, u). Hence, by symmetry,
c(u)c(v) +c(v)e(u) = 2g(u,v). O
3.4 Lemma. For u,v,w € V, we find
oc(uow) =uNvAw+ g(u,v)w— g(u, w)v + g(v, w)u. (3-4)
Proor. We simply write this out:

o(uow) = c(u)c(v)c(w)1 = c(u)c(v)w = c(u) (v Aw + g(v, w))
=uNvAw+g(u,v)w—g(u,w)v+ g(v, w)u. O

3.5 Proposition. If A is a unital real algebra, and f: V — A is a real-linear map satisfying
f(0)* = g(v,0)14 forall v € V, then f extends uniquely to an algebra homomorphism
f:Cl(V) — A

PROOF. f(v1---v¢) = f(v1)--- f(vx) must hold for this algebra homomorphism,
and this defines f uniquely by linearity. For f to be well-defined, we need to check

that f(u-v+v-u—2g(u,v)) =0forall u,v € V. Indeed,

flu-vtov-u)=f((u+0)? —u? —0%) = fu+0f — f(u)* ~ f(0)?
=g(u+ov,u+0v)ly—g(u,u)ly —g(v,v)14 =29(u,v)14. O

3.6 Example. If h: V — V satisfies ¢(hu,hv) = g(u,v) for all u,v € V, then by
taking A = CI(V) it extends to the Bogoliubov automorphism 6;, of CI(V).

3.7 Definition. The grading automorphism (or Z,-grading) x of CI(V) is defined as
X = 0_1.

The grading automorphism splits CI(V) into an even subalgebra and an odd
subspace: CI(V) = CI*(V) @ CI~(V), where CI* (V) denotes the (+)-eigenspace
of x. The even subalgebra CI™ (V) consists of all linear combinations of Clifford
products of an even number of elements of V.

3.1.2  Complexification

We shall often be concerned with the complex case. Denote by V¢ the complexifica-
tion V@R C = V @iV. A real-linear operator A on V simply extends to a complex-
linear operator on VC by A(u + iv) := Au + iAv. Similarly the symmetric bilinear
form g on V extends by g(uq + ivy, up + ivy) = g(uq,up) +ig(uy, v2) +ig(vq,uz) —
¢(v1,v2). The complexification of the exterior algebra is then A®V ®g C =2 \® VE.
The exterior and interior multiplication are still defined by Eq. (3.2) and Eq. (3.3).
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3.8 Definition. The complex Clifford algebra over V, denoted C1(V), is the associative
algebra generated by V¢, where the Clifford product (denoted by ) is subject to the
relation

u-o+0-1=2g(u,0) (5)
for all u,v € VE.

3.9 Proposition. There is a canonical isomorphism of vector spaces Cl(V) = A* VC.
Under this isomorphism, left Clifford multiplication by v € V€ is given by

v- = €(v) + 1(v). (3.6)
Proor. The proof is analogous to the proof of Proposition 3.3. O

3.10 Definition. The grading automorphism in the complex case is defined in the
same way as in Definition 3.7, using the complex analogue of Proposition 3.5. Write
n = 2m or n = 2m + 1 for n even or odd, respectively. The chirality element -y of
Cl(V) is

vi= (=) "1 en, (3.7)

for an orthonormal basis ey, ..., e,;. For a fixed orientation, -y is independent of the
chosen basis.

For n even, 7 - v -y = —v, so by Definition 3.7 v -a -y = x(a) for a € CI(V). For
nodd, y-v-y=vand hence y-a-vy =a.

3.1.3 Classification of the Clifford algebras

We will now describe the (complex) Clifford algebras more concretely, by giving an
isomorphism between the Clifford algebra and a matrix algebra (for even dimen-
sions) or a direct sum of two matrix algebras (for odd dimensions).

3.11 Lemma. There is a periodicity isomorphism
CI(R"?) = CI(R") ®¢c M(C). (3.8)

Proor. Take V = R"*2 with an orthonormal basis ej,...,e,.2, A = CI(R") ®¢
M;(C)and f: V — A given, forj=1,...,n, by

fen = (T ),
flens1) =1® ((z) 61) ,
flen) =15 (5 9 ).

All f(e;) anticommute because all ¢; do, in fact (for i = 1,...,n +2) all f(e;) anti-
commute and satisfy f(e;)> = 1. By (the complex analogue of) Proposition 3.5, f
extends to an algebra homomorphism f: Cl(V) — A. As complex vector spaces,
CI(V) and A have equal dimension 2"*2, so f is in fact an isomorphism. O

3.12 Proposition. If N = 2", then

CI(R*™) = M/(C),
CL(R?™ ) = My/(C) & My(C). (3-9)
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Proor. It is clear that CI(R) = C @ C = M;(C) ® M;(C) and CI(R?) = M,(C),
so the first isomorphism holds for m = 1 and the second holds for m = 0. In the
first case, suppose CI(IR?") & My /(C). The periodicity isomorphism of Lemma 3.11
then yields

CI(R2m+1)) = CI(R?™) @ M(C) = My(C) ® Mp(C) = Myn(C).

By induction, the first isomorphism holds for all m € IN*. Similarly, in the second
case suppose that CI(R>"*1) = My(C) & My(C). The periodicity isomorphism
now gives

CI(R2m+D+1) = CUR?™H1) © My(C) = (Mn(C) & My(C)) @ My(C)
= Mon(C) @ Man(C),

and by induction, the second isomorphism holds for all m € IN. O

3.13 Lemma. The centre of the complex Clifford algebra C1(V) equals C for n even or
C & Cv for n odd. In both cases, the even subset of the centre equals C.

ProoF. In both cases, C is obviously in the centre. For n even, the isomorphism
from Proposition 3.12 shows that the centre is 1-dimensional, and hence equal to C.
For n odd, the chirality element - is also in the centre. Now the isomorphism from
Proposition 3.12 shows that the centre is 2-dimensional, and hence equals the span
of 1 and 7. O

3.1.4 Spinor space

In Proposition 3.12 we have obtained an isomorphism between the Clifford algebra
and matrix algebras. We can regard a matrix algebra My (C) as the space of endo-
morphisms of an N-dimensional complex vector space S. If V is an n-dimensional
vector space, it is isomorphic to R”. Therefore we have the following result:

3.14 Corollary. For an n-dimensional complex vector space V, write n = 2m or n =
2m + 1. Define N = 2™, and let S, S* and S~ be N-dimensional complex vector spaces.
Then we have isomorphisms

Cl(V) =

{ End(S), n even, (3.10)

End(ST)®End(S™), nodd.

3.15 Definition. For n even, we call 5 the spin space. For n odd, we define the total
spin space as S := ST B S,

3.16 Definition. In both cases, the isomorphism of Corollary 3.14 yields a represen-
tation of the Clifford algebra on the spin space, given by c: CI(V) — End(S). Since
End(S) = S ®S*, we can also regard this as a map ¢: C1(V) ® S — S, which we will
call Clifford multiplication.

We also note here that in the even case, C1(V) has one irreducible representa-
tion given by c. In the odd case, the representation c splits into two irreducible
representations on S* and 5™

3.2 SPIN GROUPS
3.2.1  The real case

We will now continue by examining the relation between symmetry operations (re-
flections and rotations) on the vector space V and Clifford multiplication in CI(V).
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We will start in the real case, and define subgroups Pin(V) and Spin(V') of CI(V),
and these will turn out to be nontrivial double covers of the orthogonal group O(V)
and the special orthogonal group SO(V), respectively.

3.17 Proposition. The reflection of a vector v € V with respect to the hyperplane orthogo-
nal to a unit vector v € V is represented in the Clifford algebra by —r-v - r.

Proo¥. By Eq. (3.1), we have —r-v-r = (v-r—2g(v,r)) - r =v—2g(v,7)r. O

For such a unit vector » we of course have r - r = 1, and the previous proposition
has shown that the product —r - v - r is again a vector in V. The following definition
uses these two properties to generalize the set of reflections.

3.18 Definition. The group Pin(V) is defined as the subgroup (with respect to the
Clifford product) of elements a € CI(V) which satisfy a-a' = landa-V-a' SV,
where the antiautomorphism ! is defined as (v1 - - - vy)' = v - - - 1.

Note that all unit vectors in V are elements of Pin(V), as well as all Clifford
products of unit vectors. Conversely, suppose a = v; - - - U is an element of Pin(V).
Then a - a' = 1 implies g(v1,01) - - - g(vr, vx) = 1. If we define r; = ——2—, we see

8(viv;)
that we can rewrite a = vy - - - vy = \/g(v1,01) - - g(Ok, Vg )r1 - g =11 -+ 7. So we
can always write a as the Clifford product of unit vectors in V.

3.19 Proposition. There is an exact sequence (of group homomorphisms)
1—2Z/2Z — Pin(V) - O(V) — 1. (3.11)

Prook. The homomorphism p: Pin(V) — O(V) is given by the action p(a)v =
x(a)-v-a fora € Pin(V)and v € V. If a = ry - - - ¢ is a product of unit vectors,
p(a) = p(ry) - - p(ry) is a composition of reflections. Since O(V) is generated by all
reflections, p is surjective. We proceed to determine its kernel. Assume that p(a)
is the identity, so p(a)v = x(a) -v-a' = v. This implies that x(a) - v = v-a. Let
e1,...,e; be an orthonormal basis for V. Choose v = ¢; and writea = a +a_ + b4 -
e; +b_ -e;, where ay. and b1 do not involve ¢;, a4 and by are even elements of CI(V)
and a_ and b_ are odd elements of CI(V). Then x(a) = a1 —a_ — by -e;+b_ -e;.
We have

x(a)-es=ay-e;—a_-e;—by+b_=e-ay+e-a_—by+b_

and

ej-a=e;-ar+e-a_+e-by-e;+e-b_-e;=e-ay+e-a_+by—>b_.
Since both expressions must be equal, we see that b, = b_ = 0. This holds for all
i, so we conclude that a is a constant. Then a-a' = a?> = 1 gives a = +1. Hence
Ker(p) 2 2/27Z. O

3.20 Definition. The spin group Spin(V) is the subgroup of all even elements of
Pin(V).

The group SO(V) consists of all rotations on V. Each rotation can be written as
the composition of two reflections. It is no surprise that this Spin group is related
to SO(V).

3.21 Proposition. There is an exact sequence (of group homomorphisms)
1—2/2Z — Spin(V) — SO(V) — 1. (3.12)

Proor. The composition of an even number of reflections yields a rotation, so the
homomorphism p (as defined in the proof of Proposition 3.19) restricts on Spin(V)
to SO(V). Since SO(V) is generated by all rotations, it is surjective. As in the proof
of Proposition 3.19, Ker(p) = Z/27Z. O

27
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3.2.2  The complex case

The construction of the spin group from the complex Clifford algebra is slightly
more complicated. First we shall define the concepts of conjugation and unitary
elements of C1(V).

3.22 Definition. Recall that the ‘product reversal’ antiautomorphism ! of C1(V) is
given by (v; - - - v)' = v) - - - v1. Denote by o the complex conjugate of v € V<. This
extends to an antilinear conjugation a +— a of C1(V'). We define the involution * on
CI(V) by a + a* := (a)'. We define charge conjugation by x(a) := x(a).

3.23 Definition. An element u € CI(V) is called a unitary element if u*u = 1. Any
unitary vector w € V¢ is of the form w = Av, for v € V a unit vector and |A| = 1.

3.24 Definition. The group Spin(V) is defined as the subgroup of C1(V) generated
by all even unitary elements.

3.25 Proposition. There is an exact sequence (of group homomorphisms)
1— T — Spin°(V) — SO(V) — 1, (3.13)
where T is the circle group of unitary scalars {A € C; |A| = 1}.

Proo¥. The proof is similar to Proposition 3.19. The homomorphism p: Spin‘(V) —
SO(V) is now given by p(u)v = u-v-u~! for u € Spin°(V) and v € V. (Since
Spin®(V) only contains even elements, we do not need the grading automorphism.)
Now u~! = u* = ()", so p(u) is an even composition of reflections, and hence
is a rotation in SO(V). If u € Ker(p), meaning v = u-v-u~! for all v € V, then
v-u = u-v, sou commutes with all v € V. Using Lemma 3.13, any u € Ker(p)
must be a unitary scalar. O

There is another important homomorphism v: Spin®(V) — T, given by v(u) :=
uu'. For a unitary vector w = Av (with v a unit vector in V), we have v(w) = A? € T.
We are now ready to give an alternative definition for the spin group of V.

3.26 Definition. The spin group Spin(V) is defined as the kernel of v in Spin®(V).
3.27 Proposition. Definition 3.20 and Definition 3.26 are equivalent.

Proor. For a € Spin(V) by Definition 3.20, a is an even element of the real group
Pin(V). Since @ = a, we have a* = a',so a-a* = a-a' = 1. Hence a is an even
unitary in CI1(V') and also complies with Definition 3.26.

Conversely, for a € Spin(V) by Definition 3.26, write 4 = w; - - - wy as a product
of unitary vectors. We can write w; = A;v;, and define A = Ay --- A4, This yields
a = Avy - - - vy. Because a € Ker(v), we have A = 41, so a = +v7 - - v} is an even
product of real unit vectors in V. Thena-a* = 1 becomesa-a' = 1,anda-V-a' C V
follows from Proposition 3.17. Hence a complies with Definition 3.20. O

Since the spin group is a subgroup of the Clifford algebra, the representation ¢
from Definition 3.16 restricts to a representation of the spin group. Furthermore,
the elements of the spin group are invertible and hence give automorphisms of S.

3.28 Definition. The homomorphism c: CI(V) — End(S) can be restricted to the
subgroup Spin(V) to obtain the spin representation

u: Spin(V) — Aut(S). (3.14)
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3.2.3 The Lie algebra of Spin(V)

Recall the map ¢ from Proposition 3.3, and write Q: A*V — CI(V) for its inverse.
3.29 Proposition. Q(A? V) forms a Lie algebra.

Proor. Q(A?V) consists of all a € CI(V) for which o(a) € A\?>V. We know that
o(uv) = c(u)c(v)l = u Av+ g(u,v), so we have

QuAv) =uv—g(u,v) = %(uv —ou), forallu,veV.

Hence all a € Q(A?V) must be a linear combination of such vectors. We need
to check that Q(A2V) is closed under commutation. Take a = uv — g(u,v) and
b = wx — g(w, x), then
[a,b] := (ab — ba) = uvwx — wxuv = uvwx + wuxv — 2g(u, x)wo

= uowx — wuvx — 2g(u, x)wov + 2g(x, v)wu

= wowx + uwox — 2g(u, x)wov + 2g(x, v)wu — 2g(w, u)vx

= —2¢(u, x)wv + 2g(x,v)wu — 2g(w, u)vx + 2g(w, v)ux

— —2g(u, x)(wo — g(w,0)) +28(x,0) (wn — g(w, )

— 2g(w,u) (0% — g(0,%)) + 28 (w,0) (ux — g1, x)).

This is a linear combination of elements of the form uv — g(u,v), so the commutator
is again an element of Q(A% V). O

3.30 Definition. The Lie algebra of SO(V) consists of the skewsymmetric operators

s0(V) := {A € Endr(V) | g(y, Ax) = —g(Ay,x) Vx,y € V}. (3.15)

3.31 Definition. We define the adjoint map ad : Q(A\*V) — s0(V) by (ada)(x) =
[a,x] fora € Q(A2V)and x € V.
We have seen that the elements of Q(A? V) are of the form a = 1 (10 — vu), so

2[a, x] = uvx — VUX — XUV + xXVU
= —uxv +2g(v, x)u + vxu — 2g(u, x)v + uxv — 2g(u, x)v — vxu + 2g(v, x)u
=4g9(v, x)u —4g(u,x)v € V.
So ada € Endg(V), and furthermore

g(y, (ada)(x)) = g(y,2¢(v, x)u — 2g(u, x)v) = 2¢(v, x)g(y, u) — 28(u, x)g(y,v)
= —g(28(v, y)u —2g(u,y)v,x) = —g((ada)(y), x),

so the map ad indeed maps Q(A% V) into so(V).
3.32 Proposition. The map ad: Q(A?V) — so(V) is a Lie algebra isomorphism.

Proo¥. First we must check that ad is a Lie algebra homomorphism, i.e. ad [a, b] =
[ad a,ad b]:

(ad [a,b])(x) = [[a,b], x] = —[[b, x],a] — [[x,a],b] = [a, [b,x]] - [b, [a, ]]
= (ada)((adb)(x)) — (adb)((ad a)(x)) = [ada,ad b] (x).

Ifadb =0, ie. [b,x] =0 for all x € V, then b is a central element of CI(V, g). Since
Q(A? V) consists only of even elements, b must be a scalar by Lemma 3.13. Because
there are no pure scalars in Q(A?V), we conclude that b = 0 so ad is injective.
Furthermore, dimso(V) = In(n—1) = dim A2V, so ad is in fact bijective and
hence an isomorphism. O
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3.33 Proposition. The inverse of ad is given by the map ad ™' : s0(V) — Q(A? V) defined
by

n
Y glej, Aep)ejer = Zg ej, Aeg)eje. (3.16)
jk=1 ]<k

ad

»M»—\

Proor. We simply calculate

n

(adad™'(A))(er) :% Y glej, Aey)[ejex, )] = % f‘_,g(ejrAek)(éklej_ jiek)
. —

1 n n

1
=3 Y g(ej, Aeyej — 5 Y g(er, Aey)e =

=1 k=1

M-

Il
—_

g(ei, Aey)e; = Aey,

where in the fourth step we used the skewsymmetry of A. Also, for a = J(uv —
vu) € Q(A? V), we have

n

- 1
ad !(ada) = 1 ) g(ej,28(v, ex)u — 28 (u, ex)v)ejex
k=1

n
1
Y (g(u,e)g (v, ex)ejer — g(v,e5)g(u, ex)ejer) = E(uv —ou) =a. O
k=1

N\*—‘

Jr

3.34 Lemma. For b € Q(A?V) and x € V, we have the formula

(@b () = ¥ (1) (-0t (.17)

k=0

ProOF. The case r = 1 immediately follows from the definition of ad. Suppose the
statement holds for r, then we have for r + 1 that

(ad b)"*1(x) = [b, (ad ) (x)] = [b, 2 < ) e
(;) (bk“x(—b)’*k — (b))
(k11) Brx(—b) 1k — i (;) V()i

k=0
(1’ —;{_ 1> bkx(_b)rJrlfk/

I I 1
S S
RN N AT g

T
(e}

where we have used that (r —It 1) = (Z) + (ki 1). Hence, by induction, the

statement holds for all » € IN.
3.35 Proposition. The Lie algebra of the spin group Spin(V) is Q(A? V).
ProoF. For b € Q(A?V), define
expb:= Z R (3.18)
k>0
Take u = exp b, then for x € V we have by the previous lemma

(;) V(b =} = (adb) (x) € V.

r>0

1 r
uxu~! = Z ka x(— b)I:Zr' )

k1>0 r>0 " k=0
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Since b' = —b in Q(A? V), we have v(u) = uu' = expbexp(—b) = 1. From this
we conclude that u € Spin(V). By recalling the homomorphism p from Proposi-
tion 3.19, we can write this as p(u) = exp(adb) € SO(V), and these p(u) cover
all of SO(V). There is a unique A € so(V) such that b = ad !(A). Choose an
orthonormal basis such that g(e;, Ae;) = 0 and g(e;, Aep) = 0 for all 2 < i < n.
Then we have

n
b= 1g(el,Aez)elez + E Z g(ej, Aex)ejer,
2 4
so clearly b commutes with ejep. Since (eje3)> = —1, we see that exp(7meje;) =
cos 7T + ejep sint = —1. This means that for each u = expb € Spin(V), we also
have —u € Spin(V), because —expb = exp(7eiep) exp(b) = exp(meie; +b). We
conclude that exp(Q(A2 V)) is a subset of Spin(V’) that doubly covers all of SO(V),
and hence equals Spin(V). O

3.36 Definition. Q(A?V) is a subset of the Clifford algebra C1(V), which is repre-
sented on the spinor space S by Clifford multiplication. We define the infinitesimal
spin representation ji: so(V) — End(S) by the composition

A(A) = c(ad " A). (3.10)

By the previous proposition we have u(expb) = exp(ji(adb)) for b € Q(A2V),
which justifies the name.

3.37 Proposition. The infinitesimal spin representation satisfies
[1(A), e(v)] = c(Av), (3-20)
forall A€ so(V)andov e V.

Proor. It is enough to show that [ad A, 0] = Av € CI(V). By choosing an or-
thonormal basis ¢; of V, we see that

B 1 n 1 n
[ad 1A, 0] = 1 Y glej, Aeg)[ejer, v] = 1 Y glej, Aey) (28 (ex, v)ej — 28(ej, v)ex)
jk=1 jl=1
1 n 1 n
=5 Y gle, v)Aey + 5 2. 8(ej,0)Aej = Av,
k=1 =1
because of the skewsymmetry of A. O

3.3 MODULES
3.3.1  Clifford bundle

3.38 Definition. The Clifford bundle is the bundle of complex Clifford algebras
CI(M) — M generated by the cotangent bundle T*M — M with ¢~ ! as its Eu-
clidean structure. In other words, C1(M) := CI(T*M).

3.39 Definition. From here on we will write A := C(M) and (for n = dim M)

B {FF(M, Cl(T*M)), n even, (3.21)

(M,CI*(T*M)), 1 odd.

We will denote A and B for the restriction of A and B to the smooth functions and
sections, respectively.

31
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3.3.2  Spinor module

From Corollary 3.14 we see that the Clifford algebra Cl(T;M) has a representa-
tion on the spinor space S. These Clifford algebras join to form the vector bundle
Cl(T*M). One might wonder whether the vector space S can also be turned into
a vector bundle S, such that its sections I'(M, S) form a module over the algebra
B defined in Definition 3.39. This is not always possible, but depends on certain
topological conditions. We will require that the Dixmier-Douady class §(B) and the
second Stiefel-Whitney class x(B) both vanish identically. A manifold that satisfies
these conditions is called a spin manifold. For a detailed discussion, we refer to [19,
§9.2].
3.40 Definition. Let M be a compact boundaryless orientable even-dimensional
spin manifold. We define the spinor module as the B-A-bimodule S :=I'(M, S) such
that at each x € M, the vector space S,y = S is an irreducible representation of the
simple algebra By = CI(T; M).

The Hilbert space L?(M, S) of L?-spinors on M is defined as the completion of
{s € §=T(M,S); [,(s|s)vg < co} in the norm ||¢|| := /(y[ip), where the scalar

product is defined in Definition 2.41.

3.41 Proposition ([19, §9.2]). There exists an antilinear endomorphism C of S such that
C(pa) =C(¢)a, forp € S,ac A;

C(by) = x()C(y), forp € S, b € B;

 C is antiunitary in the sense that (C¢|Cy) = (|¢p), for p,p € S;

e C2 = 41 on S whenever M is connected.

On the Hilbert-space completion L?>(M,S) of S, the operator C becomes an antiunitary
operator, and it is called the charge conjugation.

3.42 Definition. Recall the Clifford multiplication ¢: CI(V) ® S — S from Defini-
tion 3.16. We now have a module of sections, S, which carries an action of B (de-
fined in Definition 3.39). We can extend the Clifford multiplication to this bundle
by setting

Cb@yp)) (x) =c(b(x) @ y(x)) (3-22)
forb € Band ¢ € S. As before, we can write ¢(b ® ¢) = c(b)y. Using the inclusion
AY(M) — B, this defines a map ¢: A'(M)®4 S — S. In the odd-dimensional
case, B consists only of even elements, and the inclusion is given by c(«) := c(a)
for « € A'(M) and 7 the chirality element of Definition 3.10. On a local basis dx*
of A'(M), we define the abbreviation y* := c(dx").

3.4 THE SPIN CONNECTION

This section is based on [34, §2.6]. From here on we will take M to be a differ-
entiable manifold. Instead of the algebras A and B, we will now consider their
restrictions to the smooth case, A and B. Similarly we will replace I'(M, S) by the
set of smooth sections I'°(M, S). Thus the spinor module S = I'°(M, S) will de-
note the .A-module of smooth spinors. Recall from Section 2.3 the definition of a
hermitian connection on the smooth sections of a vector bundle.

3.43 Definition. A spin connection on a spinor module S is any hermitian connection
VS: S — AY(M) ® 4 S which is compatible with the action of B:

V2 (c(a)yp) = c(Va)p + c(a) Vi, (3.23)

where V is the Levi-Civita connection on A' (M), « € A (M) and ¢ € S. Moreover,
for real X € X(M), we require that each Vx: & — S commutes with C.
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3.44 Proposition. For a spin manifold M, the spin connection V*° exists and is unique.

Proor. Recall from Eq. (2.27) the functions f”yb, given on a chart U C M. The
metric compatibility of V yields

8 '(Vo,0%6") + g 1(6°,Vy,0°) = 9,(6") =0,

S . =b
which implies F“ﬂb +1%,
the components of a skewsymmetric matrix. We can write

= 0. This means that for fixed , the functions I b form

T € AY(U,s0(T*M)) = AY(U) @ so(R™).

On the local chart U, we then have V = d — I for the Levi-Civita connection on
1-forms.

On the chart U, we can replace A, B and S by Cg°, C°(U, CI(R")) and C§°(U,S)
respectively. We extend the action of T on 1-forms to Clifford products of 1-forms
by the Leibniz rule T(aq---ag) == Z;-‘Zl oy - -faj - -, which turns T into a deriva-

tion on C(U,CI(R")). Since we have T € A'(U) ® s0(R"), we can apply the
infinitesimal spin representation f on the so(IR") part of T, and define

Ve i=d—j(T). (3-24)

By using the commutation property Eq. (3.20) in the third step, we check that for
p €T (U,S) and v € T'(U,Cl(M)) we have the Leibniz rule

V3 (c(v)yp) = d(c(v)yp) — t(T)e(v)y
c(dv)p + c(v)dyp — [1(T), c(0)]p — c(v)(T)y
= (c(dv) — c(Tv))p + c(v) (dy — (L)) = c(Vo)y +c(0) V71,

so Eq. (3.24) is compatible with the action of B. For a local orthonormal basis 6%,
we can write

() = izb:gw“fa,beb) c(6%)c(e" Zrz,bc 0")c(6").

Since C(by) = x(b)C(y), we see that C commutes with c(6%)c(6?), and since the
Christoffel symbols are real, C commutes with V°, so Eq. (3.24) indeed defines a
spin connection.

Suppose we have another spin connection V’. The difference V5 — V/ commutes
with all ¢(v), so it is a multiplication by a scalar. Since this scalar commutes with
C, it must be real, but by Eq. (2.30) this scalar must be purely imaginary. Hence
it is zero, and the local definition of Eq. (3.24) is unique. This also means that the
locally defined connections must coincide on the overlap of two charts, so that V°
is also uniquely defined globally. O

3.45 Lemma. The curvature QS of the spin connection is given by ji(R).

Proor. The proof is based on [19, Prop. 9.9]. Using the local expression V = d — T,
ie. Vx = X —T(X), the Riemannian curvature R can be written

R(X,Y) = [Vx, Vy] = Vixy = [X = T(X),Y =T(Y)] = [X, Y] + T([X,Y])
= —X(I(Y)) + Y(I(X)) + [[(X), T(Y)] + T([X, Y])
= (—dT +T AT)(X,Y).
A similar calculation shows that for V¥ = d — i(T), the curvature equals

= —dp(T) + p(T) A p(T) = j(R). N
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3.46 Lemma. The scalar curvature can be expressed locally as
s = —27V7V[vgy,v§v]. (3-25)

Proor. The spin curvature O e AZ(M, EndS ) is defined as in Definition 2.38, so
on a local basis d;, we have

05(3,,0y) = [vgy ) vgv}

because [8;,, 8,,] = 0 and hence V[By,au} = (. From Lemma 3.45 we have the relation
0%(9y,9y) = ji(R(9y, 9v)), so by Eq. (3.16) we see that

1 1 1
Qs(aﬂ' aV) = Zg(aplR(a}l/av)aﬂ)c(dxp)c(dxo) - 1Rp0’y1/’)”0’)/0 = _1R¢pr1/’)/‘0')/o'.
(3.26)

Therefore the right-hand-side of Eq. (3.25) equals %RUPW')/VVVVP'W. By applying
the isomorphism Q onto the result of Lemma 3.4 and choosing u = dx¥, v = dxV"
and w = dxf, we know that

Y yP = Qdxt Ndx¥ NdxP) 4 g — ghPy" + g™l

This factor gets multiplied by Rypyy. A cyclic permutation of y, v, p has no effect on
Q(dx" ANdx" NdxP), so this term contributes zero by the Bianchi identity of Eq. (2.34).
Because of the antisymmetry Rypuy = —Rgpuy, the term ¢#V9f also contributes
zero, while the terms —g#’y" and g"Py# contribute equally. To summarize, we can
replace y#yVvP by —2g#°vY, and we get

—29"9"[V3,, V5,1 = Rooyg"* 7"y

We now recognize the definition of the Ricci tensor, and use its symmetry to obtain
1
Rpg‘wg}‘io/yv/y” =Ry = ERUV('YU')’V +9"97) = Rng”’ =s. ]

3.5 THE DIRAC OPERATOR

3.47 Definition. Let M be a compact Riemannian spin manifold with spinor module
S. The (canonical) Dirac operator Ip on S is defined by

D:=—icoV°. (3.27)

where V¥ is the spin connection on S and ¢: A'(M) ® 4 S — S is given by Defini-
tion 3.42.

Note that in Definition 2.70 we have already given a general definition of a Dirac
operator. The operator [P indeed also satisfies this general definition. Because of
the Clifford multiplication ¢ we see that I} is an odd operator. It will be shown
below in Proposition 3.50 that furthermore * is a generalized Laplacian as in
Definition 2.69.

3.48 Proposition. The Dirac operator satisfies the commutation relation
(D,a] = —i c(da) (3.28)

foralla € A.
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Proor. For ¢ € S we have, by using the Leibniz rule for VS,

(D, aly = —ie(V>(ap)) +ial(V°y) = —ic(V®(ap) —aV°y)
= —if(da ® @) = —ic(da)ip. ]

3.49 Lemma. In local coordinates, we have
D = —iy'V;. (3-29)

Proor. The spin connection is given locally by V° = dx* ® Vf,. Applying the
Clifford multplication ¢ on dx* then gives the local formula for ID. O

3.5.1 The Lichnerowicz formula

3.50 Proposition (Lichnerowicz). Let M be a compact Riemannian spin manifold with

spinor module S. Then
1

D* =nA5+ 2 (3.30)

as an operator on S.
Proor. We use local coordinates, where Ip = —iy# ng. We can then calculate the
square of the Dirac operator as
Dz = _’Y‘uvgﬂlyvvgv = _’y‘u,)/vvgllvgv B Wﬂc(valldxp)vgﬂ
— _r),}l,YVngng +,)/P‘,Yvrpyvvgp,
where on the first line we used the Leibniz rule of Eq. (3.23), and on the second line

that Vy dxf = l"pwdxv. Using the Clifford relation y#4" + yYy# = 2¢"", we have
for the first term

1 1
—'y”fyvvgﬂvgv = _Ewyvvgﬂvgv - Efywvgvvgﬂ

1 sgs _ 1 S s s s s oS
_§7y7vvayvav . E’YV'V” (vavvay + Vay V5, — Va,, VBV)
1
S s S S
= —gﬂvvayvav — E’YH’YV[VaM’vav]’
where on the second line the first and third terms combine by the Clifford relation,

and the second and fourth terms form a commutator. From Eq. (2.20) we know that
rr w = r’ v, 80 for the second term in D? we get

1 1
,),}l,)/vrpﬂvvgp = E'Y}‘ryvrpyvvgp + E'YV'Y'urpyvvgp = gyvrpyvvgp-
Their sum then equals
DZ_ nv VS VS ° vS 1 u VVS VS
= =" (V5,95 ~1¥5,) = 37" 95, V3

By Lemma 2.46 the first term equals A°, and by Lemma 3.46 the second term equals
%s. This concludes the proof. O
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LAGRANGIAN THEORY

The basic method for describing a field theory in physics is the Lagrangian for-
malism. It is a quite remarkable fact that all fundamental physical theories are
described by Lagrangians. In this chapter we will give a short introduction to
the formalism of Lagrangian theory, and show how the action principle yields the
Euler-Lagrange equations, or equations of motion. In the next section we introduce
the concept of gauge theory, which is a Lagrangian theory endowed with an addi-
tional gauge symmetry. For this first part of the chapter, we have made good use
of [2, 32], and for more information on these topics we refer to these references. In
the last sections, we discuss Lagrangians that describe theories of gravity. We also
introduce conformal transformations, and describe the conformally invariant Weyl
gravity. For these sections, good use has been made of [35].

4.1 THE LAGRANGIAN FORMALISM

4.1 Definition. Let M be an m-dimensional manifold. A field or particle field i is
defined as a section of a vector bundle E — M. If the rank of the vector bundle
E is r, the field is said to have r components, in which case we can write locally
1 = e, in terms of a local frame ¢, of E.

4.2 Definition. For & = (ay,...,a,) € N™, we denote by 0, the partial derivative
Oy 1= (01)" - -+ (9 )*m. A local form of order K is the tensor product of a differential
form on M with a smooth function (polynomial) in the coordinates x* and 9,9 (x),
where |a| := Y, a; < K for some finite positive integer K. The algebra of local
forms is denoted by Loc(E).

4.3 Definition. A K-order Lagrangian density L is a local form of degree m = dim(M)
and of order K. A local functional F[y] of the fields is the integral of a Lagrangian
density over M, ie. F[] = [,,L(x,0,p(x)). The algebra (over C) generated by
local functionals is denoted by F([E]).

Note that it is also possible to define a global Lagrangian density by using a
partition of unity. See, for instance, [32, §6.1] for more details.

4.4 Definition. For a functional F[y], we define the functional derivative g anlP]) as the

distribution given by

5p(x)

For a local functional of the form F[p] = [, J(v)¢(y)d™y, this yields

[ f g are= 4 _ Fly ] (41

)
WF[IP] = J(x). (4.2)

This functional derivative need not yield a proper function of x, in general it can be
any distribution.

4.1.1  The action principle

4.5 Definition. Let £ be a K-order Lagrangian density of the set of fields ¢;. A
variation of the Lagrangian density is defined by the substitution ¢; — ¢; + tf;, for
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t € R and a set of fields f; that satisfy 9, f;|;,; = 0 for |#| < K — 1. The variation is
called an infinitesimal variation if the parameter f is infinitesimally small.

4.6 Definition. An action S is a local functional S € .7-" ([E]) for some vector bundle
E over an m-dimensional manifold M, given by S[¢] = [,, L(x,0a1p;)d™x for a set
of fields ;. We shall require that £(x,d,1;) is an 1ntegrable function over M, and
that £ (as well as its functional derivative) is sufficiently smooth.

We can state the action principle, or the principle of least action, as follows:

The physical solution of the fields ¢; is given by a stationary solution of
the action under infinitesimal variations of the fields.

The mathematical formulation of the action principle is that the functional deriva-
tive of the action with respect to the fields must vanish:

3S[y]
= ( .

591 (x) +9

4.7 Proposition. The action principle translates into the Euler-Lagrange equations
oL
(—n“a()—o vy (4-4)
\a\z<1< *\0(0at) i

Proor. From Eq. (4.1) we see that the action principle implies that

4
dt

d ey _
- Slp +tf] = / dt‘ L(x,05(; +tf))d 0.

The variation is given by the set f;. We take f; = 0 for j # i. The action then only
depends on t through 1; + tf;. The total derivative with respect to t is given by

d d(aa(¢i+tﬁ)) 4 _
ar )y dt 6(0a1) L “f’é( dutp;)

|a| <K la|<K

Since the Lagrangian is required to be sufficiently smooth, we may assume that the
derivative % commutes with the integration over M, so we obtain

4
dt|,_,

sty-+1= [, il Ewastv+ s = [ iz

We can use integration by parts to obtain

0=1{ f; lala( oL >d’”,
/f|,x|<1< ‘S(aawi) *

where a minus sign arises for each integration by parts, and the boundary condition
dafilypy = 0 for |¢| < K —1 ensures that all boundary terms vanish. Since this
equation must hold for arbitrary variations f;, we conclude that for each ¢; we have

ey (9L _
P (s097) =° .

4.2 GAUGE THEORY

We will now briefly review the formalism of gauge theory. We do not give a detailed
introduction, but merely provide the material that will be needed later on in this
thesis. For a more detailed introduction, see for instance [2, §3.2] or [32, §4.7].
Throughout this section, we will consider a differentiable manifold M of dimen-
sion m. We will take G to be a Lie group, and denote its Lie algebra by g. We will
denote by P a principal G-bundle over M, and we let 7 be the projection P — M.



4.2 GAUGE THEORY

4.8 Definition. We define a gauge transformation of P to be a bundle automorphism
¢: P—P.

Because of the way we defined bundle morphisms in Definition 2.25, the follow-
ing two important properties immediately follow from the definition of a gauge
transformation:

n(¢(p)) = n(p), forallp € P, and (4-52)
¢(pg) = ¢(p)g, forallpcPgeC. (4.5b)

4.9 Proposition. A gauge transformation ¢ can be written uniquely as ¢(p) = p - v(p)
foramap y: P — G for which

_1.

vp-8) =8 7)) s (4.6)

Proor. The fact that 77(¢(p)) = 7(p) shows that we can write ¢(p) = p - y(p).
Since ¢(pg) = ¢(p)g, we then must have
p-gvp-g=prp) g

1

and hence y(p-g) =g -7(p) - 8- =

4.10 Definition. We define the gauge group G(P) of P as the set of all maps y: P — G
satisfying 7(p-8) =871 - 1(p) - &
4.11 Lemma. On a local trivialization (U, hy), a gauge transformation ¢ can be written

as (x,g) — (x,tu(x)g), for a smooth map t,;: U — G.

ProoF. The action of the gauge transformation ¢ on U x G is given by hy o ¢ o hyl.
Eq. (4.5a) shows that this can be written as

huogohyt(x,g) = (x,¢u(x)(g))- 47)
Because of Eq. (4.5b), we have ¢;(x)(g) = ¢pu(x)(e)g. We define themap t;: U — G
by tu(x) := ¢u(x)(e), so we can write ¢y (x)(g) = tu(x)g. O

4.12 Proposition. On a local trivialization (U, hy), a gauge transformation ¢ transforms
a local connection form Ay on P as

Ay — tyAgtyt —dtytg (4.8)

Proor. We first realize that the map hy o ¢: P|, — U x G defines a new local
trivialization of P. From Lemma 4.11 we see that the transition function of this
change of trivialization is given by the map t;. From Definition 2.32, we then find
the transformation of A, on U. O

4.13 Proposition. Suppose we have a representation G — GL(V) on a finite-dimensional
vector space V, so we can construct the associated vector bundle E = P X5 V. On a local
trivialization (U, hy), a gauge transformation ¢ transforms the local particle field i as

$(x) = tu(x)i(x). (4.9)

ProoF. In Lemma 4.11 we have seen that locally we have (x,¢) — (x, ty(x)g). The
local trivialization E|; = P|y xgV — U x V is given by [(x,g),7v] — (x,gv) =
(x,w) € U x V, where we write w := gv. The action of the gauge transformation
on U x V is then given by (x,w) — (x, ty(x)w). O

4.14 Proposition. The gauge group of a trivial principal bundle P = M x G is C*(M, G).
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Proor. The gauge group G(P) is defined in Definition 4.10 to be the group of
maps v: P — G satisfying v(p-¢) = ¢! 7(p) - g Inserting p = (x,e) into this
relation we obtain y(x,g) = ¢~ - v(x,e) - g. Hence we see that vy is completely
determined by the image (x,e) in G. The map ¢ — 7(-,e) € C®°(M, G) then gives
the isomorphism G(P) = C*(M, G). O

In Definition 2.32 we have defined a connection form on a trivial principal G-
bundle P = M x G as a global g-valued 1-form A on M. From Proposition 2.33, we
know that V = d + A defines a connection on the trivial associated vector bundle
E = M x V. In the context of gauge theory, this connection form A is called a gauge
field.

We have now gathered all the elements we need to formulate a gauge theory.

4.15 Definition. A gauge theory is a Lagrangian theory, where the fields are given
by both the gauge fields (i.e. local connection forms) of the principal G-bundle P,
and the particle fields of an associated vector bundle E = P x V, where G has a
representation on V. The Lagrangian density of a gauge theory is required to be
invariant under the gauge transformations given by Propositions 4.12 and 4.13.

4.3 GRAVITY

In this section we will explore different possibilities for gravitational theories. We
will use the Lagrangian formalism of Section 4.1. Let M be a 4-dimensional (pseudo)-
Riemannian manifold. The metric g will be considered as the dynamical quantity
of the purely gravitational theory. Thus we shall study Lagrangians of the field g,
and subsequently apply the action principle to obtain the equations that the metric
must satisfy. In order to increase the readability of this section, most of the explicit
calculations have been moved to Appendix B.

We will start with the decription of Einstein gravity including a cosmological
constant. Next, we will describe higher-order gravity, where the action depends
quadratically on the Riemannian curvature tensor. An interesting example is Weyl
gravity, for which the action is invariant under conformal transformations. These
conformal transformations are discussed in the next section. We will conclude this
chapter with the most general form of a gravitational action that depends at most
quadratically on the Riemannian curvature tensor.

4.3.1 Einstein gravity
Einstein gravity is described by the Einstein-Hilbert action

Senlg] :/MEEH[g]d4x:: /Ms |g|d4x. (4.10)

Note that the Lagrangian density Lgp[g] contains the factor /|g|. We consider an
infinitesimal variation ¢y — ¢uv + dguv, and require that the action is invariant
under such an infinitesimal variation:

Senlg] = Senlg +dg]- (4.11)
Since the scalar curvature s equals ¢"” Ry, we can rewrite the action as
Senlg] = | g™ Ruy/Igla*x, (4.12)

where the Ricci tensor Ry, is given by Eq. (B.20). The variation of the Lagrangian
Lenlg] = ¢ Ruw/|g] is given by

0Len(g] = 68" Ruvy/ I8 +8W‘5Rw\/ gl + 8" Ruwd /gl (4.13)



4.3 GRAVITY

By Egs. (B.50) and (B.51), the first and last terms equal

v v 1 v
08" R/ 18] + 8" Rywd/ |8] = (Ryv - zsg;w) o8 \/ 1g]- (4-14)

By Eq. (B.62), the middle term is equal to the divergence of the vector field v given
by Eq. (B.61). We conclude that the variation of the Einstein-Hilbert action is given
by

1
OSenlg] = /M (Ruw = 558yw) 38" 1/ Igld*x + /MWJ gld'x. (4.15)

By the Theorem 2.55, the last term only contributes a boundary term. This bound-
ary term vanishes, because by Definition 4.5 ¢*” as well as its first derivatives are
held fixed on the boundary. The requirement that the variation of the action is
zero for an arbitrary infinitesimal variation of g"V, then yields Einstein’s equations in
vacuum:

1
G;ﬂ/ = RI/“/ - Esgl/“/ - 0, (4.16)
where we have introduced the Einstein tensor G,,. By multiplying this with ¢g"¥, we
find G 1’4 = —s = 0, so it follows that the scalar curvature vanishes identically in
vacuum.

4.3.2  Cosmological constant

We can also add a term to the action containing the cosmological constant Ac:

sclgl = [ Acy/lgld*x. 417)

Since the cosmological constant is independent of the metric g, applying the action
principle on Sc[g] simply yields

1
Acd\/18l = —5Ac/181gmdg"" = 0. (4.18)

Since this equation holds for arbitrary variations 6g"¥, this implies that the cosmo-
logical constant A¢ simply must equal zero. However, if we take the combined
action

Senlg] +Sclgl = | (s+Ac) /Isld', (419)
this leads to a modification of Einstein’s equations into
In this case, multiplying with g yields s = —2A¢, so the scalar curvature in

vacuum no longer vanishes, but is determined by the cosmological constant.
4.3.3 Higher-order gravity

Let us now have a look at higher-order terms for the action, that depend quadrati-
cally on the Riemann tensor. We consider the following possibilities:

S1(g] = /MSZ |gld*x, (4.212)
So[g] == MRWRW\/ |gld*x, (4.21b)

Sslg) i= [ RuupeR7[Igldx. (4.210)
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These are not the only possible Lorentz invariant Lagrangians that depend quadrat-
ically on the Riemann tensor. In principle, one could also consider terms like
RWWRP‘PW, where two indices have been interchanged, or even terms of the form
€;4wxlgRaﬁ P ARMP7 and engepm(gR”‘m‘sRV"W, containing the completely antisymmet-
ric Levi-Civita symbol e. However, by using the (anti)symmetry relations Eq. (2.33)
and the Bianchi identity Eq. (2.34), any interchange of indices can be reduced to
the form Eq. (4.21¢). The terms involving the Levi-Civita symbol turn out to only
contribute boundary terms, as is shown in the case of R*R* in Section B.4.4, which
will be discussed below.

The variations of the actions in Egs. (4.21) have been calculated in the Appendix,
Section B.4. We write S;[g] = [, L;[g]d*x. From Egs. (B.67), (B.72) and (B.81)
respectively, we have (ignoring boundary terms)

. 1
0L1[g] = (25Ryuy — 28,0 + ngs,ﬁ;ﬁ - Eszgﬂv) \ 1glogh, (4.22a)
. 1 .
0L, [8] = ( - Ray;v;a - R“v;y;a + Ryv;/ﬂ,ﬁ + Eslﬁ;ﬁgﬂl’
1
+ 2Ry RY, — zRaﬁRaﬁXW> V/ Ig1og™, (4.22b)

0L [g] = (ZR};“V&;‘B;N + 2Ryavﬁ;a;ﬂ + 2R;w¢p(7RvapU

1
- gRaﬁpaRaﬁ p”guv) glogh”. (4-220)

From Corollary 2.67 we see that (on a compact oriented manifold without bound-
ary)

R*R*\/|g| = £1[g] — 4La[g] + Ls[g], (4.23)

and hence that

S1(8] — 4S2[g] + Ss[g] = 87 x(M). (4-24)

The Euler characteristic x(M) is independent of the metric, and hence this partic-
ular linear combination must be insensitive to variations of the metric. So we find
that 6(R*R*\/|g[) must vanish identically. A direct computation that §(R*R*/[g])
indeed vanishes is given in Section B.4.4. We then have

6(L3[g]) = 6(4L2[g] — L1lg]), (4.25)

and therefore there is no reason to consider the case of S3[g].

4.4 CONFORMAL SYMMETRY
4.4.1  Conformal transformations

We take M to be an m-dimensional Riemannian manifold, with a Riemannian metric
g given locally by ¢,,. We will consider conformal transformations of the metric,
which is equivalent to a rescaling of the coordinates on the manifold. Quantities
that are invariant under conformal transformations are thus scale-invariant. In this
section we will show that, from the Riemannian curvature tensor, we can derive the
conformally invariant Weyl tensor. Subsequently we will use this tensor to study
conformal gravity. More information on conformal transformations can be found
for instance in [35, Appendix C].



4.4 CONFORMAL SYMMETRY

4.16 Definition. A conformal transformation of the metric is given by ¢y — guv =
02 Suv, Where Q) € C®(M,R") is a smooth, strictly positive function. Note that this
transformation does not change the coordinates x* of M, but only the geometry.

4.17 Lemma. Let V denote the Levi-Civita connection corresponding to the transformed
metric g,y. We then have

Viuwy = Vywy — (8)V,(InQ) + 54V, (InQ) — g, VF (In Q) ) w), (4.26)
for the Levi-Civita connection V corresponding to the metric g,y and a 1-form w = w,0".

Proor. By Lemma 2.28, the difference between two connections defines a tensor
field. We will define the tensor C” uv by

prwp = Vywy — ﬁywv.
If we take w, = V, f = V,,f for some function f € C®(M), we find
VuVuf = VuVuf +CuV,f.
V and V are both torsionless, and hence VuVyf and ﬁy V., f are both symmetric
in y and v. Therefore also C” uv Must be symmetric in p and v. We use the metric
compatibility of V to obtain
0=V = Vi — C'uv8oc — C'uo&up,
which, for Cyyy 1= CPngg, yields
V,&vo = Copv + Copo

We can then calculate (using the symmetry of C* uv) the particular combination

vy§v¢7 + vvgpw - vagp{v = Cayv + vaa + Cavy + C;WU - Cvay - C;wv = anyw

and have thus obtained an explicit formula for C* uv- Using the metric compatibility
of V we have

V8o = Vi (QPgs) = 2QV,Qgv0-
Hence, we finally obtain
C‘Dyv = gpacvyv = Q_Zg‘(wczryv
=V,(InQ) + 8V, (InQ) — g,V (InQ). (4.27)
Comparing this to the definition of C” v yields the desired formula. O

4.18 Proposition. We write ﬁ”vpa for (the components of) the Riemannian curvature

tensor corresponding to the transformed metric gyy. Similarly we write Ryy and § for the
transformed versions of the Ricci tensor and the scalar curvature, respectively. We then
obtain

RFype = RV ype + 65V, YV, (INQ) — 80V, VF (In Q)
—3hVeVi(InQ) + g0y Vo VF (InQ)
— 3hV,(InQ)V, (InQ) + 65V, (In Q) V, (InQ)
+ 05800 VP(IN Q) V(In Q) — 35 g0y VA (In Q) V5 (In Q)
— 8o Ve(InQ)VH(InQY) + g0V, (In Q) VH(InQ),
Rye = Rye — (m —2)VeV, (InQ) — g0V, VF (In Q)
+(m=2)Vs(InQ)V,(InQ) — (m —2)gry VF(InQ) V(I QY),
§=07 (s —2(m —1)VPV(In Q) — (m — 1) (m — 2)V’3(1nQ)Vﬁ(an)).
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Proor. We start by calculating
ﬁpﬁng = ﬁp (Vow, — C”m,wy)
=V, Vew, — C'oeVywy, = C*o Vowy — Vo (Cloywy)
+f o+ CP L sy
=V, Vew, — C'0eVywy, — C*o Vowy — Cloy Vpwy,
+ ( — VoCloy+CP g, + cﬁpucﬂgﬁ)wy.
Using Lemma 2.44, we find
R pocy = (Rvpo + VoClgy = VoClyy = CP P4 CP O ) o
Inserting Eq. (4.27), we obtain
Rype = RV ype + 65V, YV, (INQ) — 800V, VH (I Q) — 85V V, (InQ)
+ 8o Vo VH(InQ) — 85V, (InQ)V, (InQ) + 5, Vo (InQ) V, (In Q)
+0580u VP (IN Q) V(In Q) — 55 g0 VA (In Q) V(In Q)
— 8 Ve(InQ)VH(In Q) + g5V, (In Q) VF(In Q0).
By contracting over the indices y and p, we find
Rys = Rys + VoV, (INQ) — g0y V, VH(IN Q) = mVV,y (InQ) + VeV, (In Q)
—Vo(InQ)V,(InQ) + mV(InQ)V, (InQ) — g» VA (In Q)Ve(InQ)
—mgo, VF(INQ)V(InQ) — Vo (InQ)V, (InQ) + gV, (In Q) VF (In Q)
=Ry — (m—=2)VeVy(InQ) — ¢V, V¥ (InQ)
+ (m—2)Ve(InQ)V, (InQ) — (m — 2)gey VP (InQ) V4 (In Q).
Contracting this transformed Ricci tensor with 'Y = Q~2¢"7 yields

§=072 (s —2(m —1)VPV(InQ) — (m —1)(m — 2) VA (In Q) V4(In Q)). O

4.19 Proposition. The Wey! tensor C" voo is conformally invariant.

Proor. We use Eq. (B.41) to obtain the transformed Weyl tensor, which is given by

_ _ 1 .~
e m@“(gwgw — Swp8vo)

1 L= = o~ o~
- mgya (8apRvo — 8aoRup — SupRao + SuoRap)-
Using the results obtained in the previous proposition, we find after rearranging
the terms that
2 2(m-1)
m—2 (m—1)(m—2)

- (2 - %) (5{1gm - 5§gpv)vﬁ(1n0)vﬁ(1n0)

Crypo = Clyor — ( ) (5ggpv -y gm/) VAV (InQ)

-2
- (1 - %) ( — 3V, Yy (InQ) + 80V, VH(INQ) + 84V, V, (InQ)

— o VoV (INQY) + 8LV, (INQ)V, (In Q) — 8V, (In )V, (In Q)
+ 8 Vo (InQ)VF(In Q) — 86vV, (In Q) V#(In Q)) .

I:Ience we see that all extra terms cancel each other, and we conclude that indeed
CMpe = Clipor O
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4.4.2  Conformal gravity

4.20 Definition. We define the Weyl action by

Swlg] := /M Chuvpr M7 /| gldx. (4.29)

From Eq. (B.43) we see that this gravitational action can be written as the linear
combination Sy = %Sl — 257 + 53, where the S; have been defined in Eq. (4.21).
We will show in the next proposition that this Weyl action is conformally invariant,
and for this reason it is also called the action of conformal gravity.

4.21 Proposition. In the case dim(M) = m = 4, the Weyl action is conformally invariant.

Proor. By Proposition 4.19 we know that the Weyl tensor is conformally invariant.
However, since the metric does transform under conformal transformations, this
invariance depends on the position of the indices. We can calculate that

Covpr = §1aC%pr = 81 C%pr = O*Crupor
Similarly, since g"¥ = Q~2¢*", we have
éyvpa — Qf6cyvp{7_

We use the definition of the determinant |g| of the metric, given by Eq. (B.28), to
see that |g| = 08|¢|, and hence that /|g| = Q*,/|g|. Combining this we find that

éyvpaéng /|§‘ _ QZCVVPJQ*6cﬂVPLTQ4 /|g| — Cyvpacng /|g|. ]

The variation of the Weyl action is calculated in the Appendix, Section B.4.5. We
know from Eq. (B.96) that it is given by

o <CVVP‘7CHV‘D‘T \V |g|> = <4Cypva;p;a + 2CypvaR‘DU) \/Q(Sgw/. (4-30)

4.5 THE GRAVITATIONAL LAGRANGIAN

Let us now summarize the results of this chapter by considering the most general
gravitational Lagrangian that depends at most quadratically on the Riemannian
curvature. Such an action can be written as a linear combination of the form

aSgn(g] + bSclg] 4 cS1(g] +dSa[g] + eSs[g], (4.31)

for arbitrary constants a,b,c,d,e and where the actions are given by Egs. (4.11),
(4.17) and (4.21). The overall constant is irrelevant, so we are free to choose a = 1.
The constant b can be absorbed into the cosmological constant Ac. From Eq. (4.24)
we know that the action Sj is a linear combination of Sq, S and the Euler charac-
teristic. We can therefore write the general action as

Senlg] + Sclg] + ¢'S1[g] + d'Sz[g], (4.32)

for new constants ¢/ and d’. We can rewrite this further by using the Weyl action
Sw of Eq. (4.29). By Eq. (B.43) we have

Swlg] = 351(5] ~ 251g] + Salg] 439

Using again Eq. (4.24), this can be rewritten as

Swlg] = —351lg] + 252lg] + 87 (M) 439

Since the variation of the Euler characteristic must vanish identically, it is irrelevant,
and therefore we can replace the action S, by a linear combination of S; and Sw.
This leads us to the following result.
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4.22 Proposition. The most general gravitational Lagrangian that depends at most quadrat-
ically on the Riemannian curvature is given by the combination

Seulg] + Sclg] + aSug] + BSwlg) = [ (5+Ac+as®+ CupeC7) /I3,

for arbitrary constants « and B.



Part II

NONCOMMUTATIVE GEOMETRY

Mathematics takes us into the region of absolute
necessity, to which not only the actual word, but every
possible word, must conform.

— Bertrand Russell






INTRODUCTION TO NONCOMMUTATIVE GEOMETRY

In this chapter we will give an introduction to the main concepts of noncommuta-
tive geometry. We will start with the motivating example, the canonical spectral
triple, which describes a Riemannian spin manifold. We will briefly list the key
steps that were taken to arrive at this example. In the next few sections we will give
the definition of a spectral triple, and develop some useful tools. Subsequently, we
describe the spectral action and the fermionic action. These actions are crucial for
the applications of spectral triples as models in physics. We end the chapter with a
discussion of gauge symmetry in spectral triples, and we show how a gauge group
and gauge transformations are obtained from a spectral triple.

There are two books that have been of great help in writing this chapter. Much
material of this chapter has been taken from [13]. A good introduction to noncom-
mutative geometry can be found in [19].

5.1 A SHORT MOTIVATION

In this section we will briefly review the basic steps that lead us from topology and
geometry to the spectral triples of noncommutative geometry. We will not go into
detail, and for more information on these topics we refer to [19].

The framework of noncommutative geometry provides a generalization of ordi-
nary Riemannian geometry, by replacing topological and geometrical objects by
algebraic objects. The first step is to replace a topological space by its algebra of
continuous functions. For a compact Hausdorff space X, the algebra of continuous
functions C(X) turns out to be a commutative unital C*-algebra. Let M(A) denote
the set of characters of a Banach algebra 4, i.e. the set of nonzero algebra homomor-
phisms p: A — C. It can be shown that every character is automatically continuous,
and that M(A) is a topological space (see [19, §1.2]). The Gelfand transform of a € A
is the function 4: M(A) — C given by a(u) := u(a).

5.1 Theorem (Gelfand-Naimark [19, Theorem 1.4]). If A is a commutative C*-algebra,
the Gelfand transformation is an isometric x-isomorphism of A onto Co(M(A)).

”

Here, Cy denotes the algebra of continuous functions that “vanish at infinity.
This theorem implies that any Hausdorff space X can equivalently be described by
its algebra of functions Cy(X). Any commutative C*-algebra corresponds to such
a space. The basic idea of noncommutative geometry is to generalize the notion
of topological spaces by dropping the commutativity of the C*-algebra. From this
perspective, we will consider a noncommutative C*-algebra to describe a general
“noncommutative space.”

A major ingredient in differential geometry is given by vector bundles over dif-
ferentiable manifolds. The next key step is to find an algebraic description of these
vector bundles. This description arises naturally by looking at the continuous sec-
tions I'(E) of a vector bundle E — M. The sections I'(E) are easily seen to form a
module over the algebra of functions C(M).

5.2 Theorem (Serre-Swan [19, Theorem 2.10]). The functor I' from vector bundles over
a compact space M to finitely generated projective modules over C(M) is an equivalence of
categories.

In order to be able to speak of noncommutative geometry, we still need a way to
express the geometry on a topological space in algebraic terms. The last key step is
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thus to rewrite the notion of distance between two points in algebraic terms. The
usual geodesic distance between the points x and y is given by

dy(x,y) = inf /7 ds, (5.1)

where ds® = g, dx"dx" and the infimum is taken over all paths from x to y. Let us
now consider the (canonical) Dirac operator I) on a Riemannian spin manifold M,
defined in Definition 3.47. Let H = L?(M,S) be the Hilbert space of square inte-
grable spinors, with the algebra A = C®(M) acting on #H as multiplication opera-
tors by the pointwise product (ayp)(x) := a(x)(x). It is shown in [13, Prop. 1.119]
that the formula

dp(x,y) = sup{[a(x) —ay)|: a € A [P, a]|| <1}, (5-2)

is equal to the geodesic distance. In this way, a generalized notion of geometry
is obtained by focusing on the Dirac operator instead of the metric. To conclude
this section, we see that the geometry of a Riemannian spin manifold M can be
completely described by an algebra, a Hilbert space (which forms a module over
the algebra) and a Dirac operator, given by

(C“(M),LZ(M,S),ID) . (53)

5.2 SPECTRAL TRIPLES

In this section we shall follow the definitions of [13, Ch. 1, §10].

5.3 Definition. A spectral triple (A, H, D) is given by an involutive unital algebra A
represented as bounded operators on a Hilbert space # and a self-adjoint (in gen-
eral unbounded) operator D with compact resolvent (i.e. (1+ D?)~1/2 is a compact
operator) such that all commutators [D, 4| are bounded for a € A.

The operator D is called the Dirac operator of the spectral triple. However, it
should be noted that this is a generalization of Dirac operators, and D need not be a
Dirac operator in the sense of Definition 2.70. We will show later in Proposition 6.25,
that in the case of an almost commutative geometry the (fluctuated) Dirac operator
does satisfy Definition 2.70.

The actual algebra that we are interested in is not A, but its embedding 77(.A) as a
subalgebra of the bounded operators B(# ). We will usually not make a distinction
between A and 71(A), and simply consider A as a subalgebra of B(H).

The algebra A can be either real or complex, and furthermore, for a complex
algebra, the representation 77: A — B(#) on the Hilbert space can be either real- or
complex-linear. If we have a real-linear representation 7: A — B(?) of a complex
algebra A, the algebra 71(.A) becomes a real algebra. In this case, we will then treat
A as a real algebra instead of a complex algebra. From here on, if we say that A is
a complex algebra, this implicitly means that 7 is complex-linear and hence 7(.A)
is also a complex algebra.

5.4 Definition. A spectral triple is even if the Hilbert space H is endowed with
a Z/2-grading v which commutes with any 2 € A and anticommutes with D.
v decomposes the Hilbert space H = H™ & H~ into its two eigenspaces, where

HE = {p e H |y ==£y}.

5.5 Definition. An (even) spectral triple has a real structure if there is an antilinear
isomorphism J: H — H with J> = ¢, JD = ¢'D] and, if the spectral triple is even,
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Jy = €’v]. The signs ¢, ¢ and ¢’ determine the KO-dimension n modulo 8 of the
spectral triple, according to the following table.

0 1 2 3 4 5 6 7
11 -1 -1 -1 -1 1 1
1 1
1

-1 1 1 1 -1 1
-1 1 -1

Moreover, the action of A satisfies the commutation rule
[a,b°]=0 Vabe A, (5.4)
where we have defined the right action 5° of b by
W= Jor L (5.5)
The operator D satisfies the so-called order one condition
[[D,a],b°] =0  Vabe A (5.6)

In Section 5.1 we have already considered the data (C*(M),L?(M,S), D) as the
description of a Riemannian spin manifold. Let us return to this motivating exam-
ple for spectral triples, and also assign it with a grading and a real structure.

5.6 Definition. We now take M to be a compact even-dimensional spin manifold,
and define the canonical triple by

(A H,D) = (C*(M),L*(M,S), D), (57)

where I is the canonical Dirac operator of Definition 3.47. We have a Z/2-grading
given by vy := c¢(y), where c is the Clifford representation and v is defined in
Definition 3.10. Furthermore we have an antilinear isometry [y, which is the charge
conjugation operator on M (cf. Proposition 3.41).

5.7 Proposition. The canonical triple defines a real even spectral triple of KO-dimension
m = dim M.

Proor. For a detailed proof, we refer the reader to [19, Theorem 9.20]. O

On the decomposition H = H™ @& H~, we can write every operator on H as a
2 x 2-matrix. Let us evaluate the form of the operators discussed above. We have by

definition of the decomposition that v = <g _Oﬂ> . We obtain the following result:

5.8 Proposition. For an even spectral triple, we can write D = (;* g) and a =

+
(ao a0> foranya € A.

+
Proor. Since D is selfadjoint, it must have the form (;* Sd) for selfadjoint opera-

tors s on H*. We calculate
st d 10 10 st d
omore= () (1) (%) ()
(st —d n st d\ _ [2st 0
To\dt —sT —d*—s=) \ 0 =257/

Since ¢ must anticommute with D, the above must vanish identically, so we con-
clude that sT =0and s~ = 0.
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+ 4l
. a’ a
We write a = <a2

0= 27— vg — at a'\ (1 0\ (1 0Y [ata

AT =2 ) o1 0-1)\a%2a
(ot —a'\ (a4l _ (0 —24!
“\a? —a —a> —a=)  \22%> 0 )

Since this commutator must vanish, we conclude that a> = 4% = 0. O

> for an element a € A, and calculate

5.2.1 Finite spectral triples

5.9 Definition. A real even finite spectral triple is given by the data

(AF/%F/DF/’)/F/]F)/ (58)

for a finite dimensional Hilbert space Hr. The operators Dr, yr and JF satisfy the
relations J2 = ¢, JpDr = ¢'DgJr and Jpyr = €"vf]p.
o . 0d at 0
Recall from Proposition 5.8 that we can write D = 40 and a = 0 o
for any a € A on the decomposition H = H' & H~. We shall now evaluate in
the finite case, what general form the operator Jr can have for the different even
KO-dimensions.

5.10 Proposition. For a real even finite spectral triple, we can write

KO-dimension 0: Jr = <] (J)r ].O) C for symmetric j+ € U(H™);

KO-dimension 2: Jr = (_(;T (])) C forjj"=jj=1;

KO-dimension 4: Jp = (](J)r ]O) C for anti-symmetric j+ € U(H*);

KO-dimension 6: Jr = (]OT é) C forjj*=jj=1

Proor. Let the operator C denote complex conjugation. Then any antiunitary op-
erator Jr can be written as UC, where U is some unitary operator on Hr. We then
have J; = CU* = UTC, and J¢J}; = UU* = 1.

The different possibilities for the choice of Jr are characterized by J2 = UCUC =
UU = € and Jryr = €"vrJr. We shall have a look at each possibility separately.

KO-DIMENSION 0 ‘

In this case we have [ryr = vrJr, which implies we can write Jr = <] g ].0 ) C,
it 0
0T
hold, we find ji € U(Hf) The requirement that in this case we have ]1% =1,
implies j+j+ = IIH%. So we must have that j4 = j.

where j € Hf_-c Its adjoint is given by J; = ( > C. Since JrJf = 1 must

KO-DIMENSION 2
In this case we have Jryr = —vrJr, which implies that we can write Jr =

(]Q %) C, for operators j1: Hz — H} and jo: Hf — M. Its adjoint is given
2

T
by J§ = <](1; %) C = ]g. Since JpJr = 1, we find that jij7 = jpj5 = 1. The

requirement J2 = —1 gives ji1j» = j»j1 = —1, which yields j, = —jI.
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KO-DIMENSION 4 .
As for KO-dimension 0, we have Jr = (]g ]0> C for j+ € U(’Hf) The
requirement that in this case we have J2 = —1, implies j+ji = —]17_[;{. So we

must have that j. = —j1.

KO-DIMENSION 6 ‘
As for KO-dimension 2, we have [ = <]0 ]01> C with j1j7 = j2j5 = 1. Now
2
the requirement J2 = 1 gives j1j» = jaj1 = 1, which yields j, = jI. O
5.11 Remark. Note that we have not yet used all aspects of the definition of a spec-

tral triple. There are still two commutation rules that are required to be satisfied,
namely

[a,b°] =0  Va,be Af,
[[Df,a],b°] =0  Va,be A,
where b0 = Jpb*] 7. Furthermore, we must have J[fDr = Dpr]Jr for even KO-

dimensions. We will not examine the precise implications of these commutation
rules, but one should be aware that these rules impose further restrictions on the
operators D and Jr. Later on in Proposition 7.2, we will use these restrictions to
show that the two-point space does not simultaneously allow a real structure Jr
and a non-zero Dirac operator Dr.

5.3 SUBGROUPS AND SUBALGEBRAS

5.12 Definition. We define two subalgebras of A by

Aj:={acAla]=Ja} ={ac A|a®=0a"}, (5.9)
Aj:={acAla]=Ja*} ={ac A|a®=a}. (5.10)

The definition of A is taken from [13, Prop. 1.125]. We have provided a similar but
different definition for A J, since this subalgebra will turn out to be very useful for
the description of the gauge group in Section 5.5.2.

5.13 Proposition. For a complex algebra A, the following two statements hold.

1. The subalgebra Aj is an involutive commutative real subalgebra of the center of A.

2. The subalgebra A j is an involutive commutative complex subalgebra of the center

of A.

Proor. 1. By construction, A is a real subalgebra of A. One has (Ja]~!)* =
Ja*]J ' foralla € A Ifa € Aj, one then has JaJ=' = a and hence
Ja*]~1 = (]a]’l)* = a*, so a* € A; and we have shown that Aj is
involutive. For any 4, b € A we have [b,a°] = 0 by Eq. (5.4). Fora € A;, we
have a® = Ja*]~! = a*,s0 [b,a*] = 0 forany a* € Aj and b € A. Hence
Aj is contained in the center of A.

2. We easily see that a] = Ja* implies a = Ja*]* = a° and vice versa. Since
we must have [a,b°] = 0 for any a,b € A, we have [a,b] = 0 for any
ac€ Aandb € A J, SO A 7 is contained in the center of A. The requirement
a = a% is complex linear, and also implies that a* = (a°)* = (a*)?, so we
have a* € Zl] for a € .Zl]. Finally, we check that for a,b € .Zl], we find
(ab)? = %% = ba = ab,so ab € ;l]. O
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5.14 Definition. The unitary group U (A) of a unital, involutive algebra A is defined
by

U(A)={uec Aluu" =u*u=1}. (5.11)

For a finite-dimensional algebra Ar with a representation 77: Ar — B(Hf) on

a finite Hilbert space Hf, we can define the determinant of an element a € Af as

det(7t(a)). Usually, we will not explicitly mention the representation 7t and simply
write det(a). We can then define the special unitary group SU(Af) by

SU(AF) = {u € U(Ap) | det(u) =1}. (5.12)

The condition det(u) = 1 is also known as the ummodularzty condition.

If the algebra A is represented on an infinite dimensional Hilbert space #, there
is no clear notion of a determinant, and hence we are unable to define the special
unitary group of A.

5.3.1 The adjoint action

Similar to Definition 2.3, we define the adjoint action of u € U(.A) by
Ad (u)P = uPu* (5.13)
for an operator P on H. Similar to Eq. (2.4), we can also define the adjoint map
ad : u(A) — End(B(H)) by
(ad X)(P) = [X, P], (5.14)

for a bounded operator P on Hr.

Let us consider a finite-dimensional algebra Ar, that is represented on an N-
dimensional Hilbert space Hr. The group U(.Af) is then a subgroup of the matrix
Lie group B(Hr) = GL(Hr) = Mn(C). Using the exponential map of Defini-
tion 2.5, any element A of the Lie algebra u(Ar) of U(AF) defines an element
u = exp(A) € U(Af). This unitary element satisfies u* = u~!, and for A this
implies that exp (A*) = u* = u~! = exp(—A), hence A* = —A. If u € SU(Af),
we have 1 = det (exp(A)) = exp (Tr(A)). Hence, for elements A € su(.Ar), we can
also state the unimodularity condition as

Tr(A) = 0. (5.15)
For a real spectral triple (Ar, Hr, Dr, J¢), the operator Jr provides a right action
of a € Ap ori—lp by a’ = Jra* ]z, as in Eq;,(5'5)' Using this right action, we can
define maps Ad : U(Afr) — End(#Hr) and ad : u(Ar) — End(Hr) by
(Adu)g = ugu* = u(u*)’,
(ad A)§ := AZ — EA = (A— A")g, (5.16)
for ¢ € Hp. By inserting a® = Jpa*J;, we obtain
Adu = ufuJ*,
adA=A—JA ] 1= A+]JA]!,  for A" =-A (5.17)
If we would replace A = iB, we could then define
adB:= —iad (iB) = B—JB]~',  for B* = B. (5.18)

These maps look very similar to the adjoint maps Ad and ad, but are nevertheless
different, since Ad 1 and ad A act on the Hilbert rt space Hr, whereas Adu and ad A

act on operators on Hr. The maps Adu and ad A are often also called the adjoint
representations of u and A, respectively, on the Hilbert space HF.
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5.4 THE ACTION FUNCTIONAL

In this section we will first define the inner fluctuations of a spectral triple. These in-
ner fluctuations arise from considering Morita equivalences between algebras. For
a detailed discussion, we refer to [13, Ch. 1, §10.8]. In this section, we will simply
give the definition. Subsequently we will define both the spectral action and the
fermionic action.

5.15 Definition. For a spectral triple (A, H, D) we define the set
Q%) = {Zb‘l]'[D, b]] | aj, b] S .A} (5.19)
]

For a real spectral triple (endowed with an antilinear operator |) we define the
fluctuated Dirac operator by

Do:=D+A+€JA]7Y, (5.20)

for a selfadjoint A = A* € QL. The elements A are called the inner fluctuations of
the spectral triple.

Note that in the case A = C®(M) and D = ) (cf. Definition 3.47) we have
by Proposition 3.48 that 0113 is given by the Clifford representation of the 1-forms
AL(M). The elements of Q}, for a general Dirac operator D are therefore regarded
as a generalization of 1-forms. They will be interpreted as gauge potentials or
gauge fields. This interpretation will be justified for the case of almost commutative
geometries in Section 6.2.

5.16 Proposition. The inner fluctuations of the canonical spectral triple vanish.

Proor. We take a,b € C*(M) and calculate elements of the form A = a[Ip, b]. By
using the local formula ) = i’y”Vf, we find

A =iytao,b =: 1A,

Since A must be selfadjoint, A, = iad,b must be a real function in C*(M). Since
Jm commutes with ) = iy# V; and anticommutes with i, we know that Jp; must
anticommute with 9. J); commutes with A, since A is real. Hence we conclude

Da=D+A+]uAlL; =D +A—AJuly = D. O

The above proposition shows that we do not obtain a gauge field from the canon-
ical spectral triple. Associated to the algebra A = C®(M) is the unitary group
C*®(M,U(1)), so one might have expected that this would yield a U(1) gauge field.
Indeed, we found that A,(x) € R = iu(1), but in the combination A, — JpAuJ,
this field disappears because it commutes with Jj;, and therefore there is no gauge
field in this case.

5.17 Lemma. For an inner fluctuation A and an element a € A, we have the relations
[A, Ja]*] = 0and [J*A],a] = 0.

Proor. The inner fluctuation A is of the form }; a;[D, b;]. Because of the commu-
tation rules (5.4) and (5.6), we immediately find [A, JaJ*] = 0. We then note that
J*[A, JaJ*]] = [J*A], a] and conclude that then also [J*AJ,a] = 0. O

5.18 Definition. The spectral action of a real spectral triple is defined by

Sp:=Tr (f(%)) , (5.21)

where f is a positive even function, A is a cut-off parameter and D 4 is the fluctuated
Dirac operator.
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The spectral action accounts only for the purely bosonic part of the action. For
the terms involving fermions and their coupling to the bosons, we need something
extra. The precise form of the fermionic action depends on the KO-dimension of
the spectral triple. For the purpose of this thesis, we will only consider the case of
KO-dimension 2 and give the fermionic action for this case. By Definition 5.5, we
have the relations

?=-1, JD=DJ], Jy=-7]. (5.22)

We use the decomposition H = H* @ H~ by the grading 7. Following [13, Ch. 1,
§16.2-3], the relations above yield a natural construction of an antisymmetric form
on Ht.

5.19 Proposition. Let (A, H,D,,]) be a real even spectral triple of KO-dimension 2.
The expression

Ap(Z,¢') = (J¢,DE') (5.23)

for &,&' € HT defines an antisymmetric bilinear form on H™*, where { , ) is the inner
product on ‘H.

Proor. The inner product is antilinear in the first variable, and since ] is also anti-
linear, Ap is a bilinear form. We check that it is antisymmetric:

Ap(¢,¢) = (J§,DE') = —(J¢,]°D¢’) = —(JDE, &)

= - <D]€// C> = - <I§// D€> = 79{[)(611 6)/
where we have used the relations of Eq. (5.22) and the fact that | is antiunitary, i.e.
(Jg,J&"y = (&', ¢) for all &, &' € H. Furthermore, we can restrict %p to H* without

automatically getting zero, since we have yJD = JD7. For & = 7¢,& = v&' € HT,
we have

(J¢,D¢') = (J7¢,D¢') = —(v]¢,D¢') = —(J¢,vD¢’) = (J¢, D¢’) = (J¢, DE'). O

5.20 Definition. We define the set of classical fermions corresponding to H™,
Hi={C|ceH}, (524)

as the set of Grassmann variables ¢ for & € . Assuming that the Hilbert space is
separable and has a basis {¢;}, we can write { = Y; Gjej. The Grassmann variable

& is then obtained by making every component ¢j into a Grassmann variable §~j, so
Z= gje]'. If the Hilbert space is of the form L?(M, E) for a vector bundle E — M of
rank k, then there locally exists a frame {ey, .. .,ik} such thatg(x) = Z}‘Zl gi(x)ej(x).
In that case we obtain the Grassmann variable {(x) = Z;c=1 gi(x)ej(x).

5.21 Definition. For a real even spectral triple (A, H, D, v, J) of KO-dimension 2 we
define the full action functional by

S: =55+ 5 :=Tr <f(D/<4)> +%<]51DA§>1 (525)

for & € HJ. The factor % in front of the fermionic action Sp has been chosen for
future convenience.

5.22 Remark. One should note that we have incorporated two restrictions in the
fermionic action Sp. The first is that we restrict ourselves to even vectors in H™,
instead of considering all vectors in H. The second restriction is that we do not
consider the inner product ( J&,D AE:“) for two independent vectors ¢ and ¢’, but
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instead use the same vector ¢ on both sides of the inner product. Each of these
restrictions reduces the number of degrees of freedom in the fermionic action by
a factor 2, yielding a factor 4 in total. It is precisely this approach that solves the
problem of fermion doubling pointed out in [28] (see also [13, Ch. 1, §16.3]). We
shall discuss this in more detail in Chapter 7, where we calculate the fermionic
action for electrodynamics.

5.5 GAUGE SYMMETRY IN SPECTRAL TRIPLES
5.5.1  Unitary transformations

We denote by Aut(A) the group of algebra automorphisms of A (i.e. invertible
algebra homomorphisms A — A). An automorphism « is called an inner automor-
phism if it is induced by a unitary element u € U(A) such that a(a) = uau*. The
group of inner automorphisms &, : a — uau* is denoted by Inn(.A).

5.23 Lemma. There is an exact sequence of groups
1 — Inn(A) — Aut(A) — Out(A) — 1, (5.26)
where we define the set of outer automorphisms Out(.A) as the quotient Aut(.A)/Inn(A).

ProorF. For B € Aut(A) and a, € Inn(A), we find that

Boayo 1571 (a) = ﬁ(”ﬁil(ﬂ)u*) = B(u)ap(u)” = Xp(u)-

This means that Inn(.A) is a normal subgroup of Aut(.4), and hence it is the kernel
of some map ¢: Aut(A) — Out(A). O

5.24 Proposition. The group of inner automorphisms Inn(.A) is isomorphic to U(A)/Z,
where Z is the subgroup of U(A) that commutes with A.

Prook. The map ¢: U(A) — Inn(A): u — ay is clearly surjective, but it is not
injective. The kernel is given by Ker(¢) = {u € U(A) | uau* = a, Va € A}. The
relation uau* = a implies ua = au for all a € A. We thus see that Ker(¢) = Z. The
map ¢ induces a map from the quotient U(A)/Z to Inn(A). This induced map is
bijective and hence gives the isomorphism Inn(A) = U(A)/Z. O

We would like to study the notion of ‘symmetry’ in spectral triples. The starting
point is to define an equivalence of spectral triples. The symmetry is then revealed
when it turns out that the bosonic and fermionic action functionals of a spectral
triple are identical for equivalent spectral triples. We take our definition of equiva-
lent spectral triples from [27, §6.9], but make a slight modification by incorporating
the algebra isomorphism «.

5.25 Definition. Two spectral triples (Ay, H1, D) and (A, Hp, D;), with the asso-
ciated representations 7t;: A; — B(H,) for j = 1,2, are unitarily equivalent if there
exists a unitary operator U: H1 — H», called the intertwining operator, such that
UD;U* = Dy, and Uy (a)U* = my(a(a)) for any a € Ay, where « is an algebra iso-
morphism A; — Aj. If the two triples are even with grading operators 1 and 75,
one also requires that Uy U* = 7. If the two triples are real with real structures J;
and J,, one also requires that UJ;U* = J,.

Note that for a discussion of the equivalence of spectral triples, it is good to
explicitly mention the representation of the algebra on the Hilbert space, since the
intertwining operator affects this representation. Let us now consider two basic
examples of intertwining operators.
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5.26 Proposition. The following two spectral triples are equivalent to the spectral triple
(A, H,D,,]) with representation 7t: A — B(H):

1. (A, H,UDU*, v, UJU*) with representation 7t o ay, for U = mt(u) with u € U(A);

2. (A, H,UDU*,y,]) with representation 1w o ay for U = m(u)]Jm(u)]* with u €
U(A).

Proor. 1. We only need to check that Um(a)U* = mowa,(a) and UyU* = 7.
The latter relation is evident since the grading operator y commutes with the
algebra. We also see that

Urt(a)U* = m(u)m(a)m(u)* = m(uau™) = mwowy(a).

2. First, we easily see that UU* = uJuJ*(uJu]*)* = uju]*Ju*J*u* = 1 and
similarly U*U = 1, so U is indeed a unitary operator. The relation UyU* = v
holds since 7t(u)J7t(u)]*y = (¢")2yrm(u)Jm(u)]*. Since Jrr(u)]* commutes
with 7(a), we find that

Using |* = €], we check that

J'=ujur = m(u)r(u)J*JJr(u) T e (u)*
= re(u)Jre(u)Jre(u) ] re(u)* = 7(u)]rw(u)m(u)*Jr(u) J*
= m(u)]Jm(u) ] = e]* = J. O

5.5.2  The gauge group

In the first case of Proposition 5.26, the intertwining operator U is given by left
multiplication with an element of the unitary subgroup U(A). In the second case,
the action of the operator U on a vector { € H can be written as U = ucu”,
since we identify Ju]* with the right action of u*. This case is especially interesting
because we see that the intertwining operator has no effect on J. The group gen-
erated by all operators of the form U = uJuJ* characterizes all equivalent spectral
triples (A, H,UDU*,7,]), in which only the Dirac operator is affected by the uni-
tary transformation. This group shall be interpreted as the gauge group, and this
interpretation will later be justified by Theorem 6.22. Now, let us first derive this
gauge group from the spectral triple.

5.27 Definition. The gauge group G(A) of a real spectral triple (A, H, D, ]) is defined
by
GA) :={U=uJu]* |lueU(A)}.
5.28 Proposition. There is a short exact sequence of groups
1—-H—=>UA) —GA) —1, (5.27)
where H = U(A) N /Nl], and .Z] is defined in Definition 5.12. In other words, the gauge
group G(A) is isomorphic to the quotient U(A)/H.

ProoF. The map ¢: U(A) — G(A) is given by u — uJuJ*, and is by definition
surjective. ¢ is a group homomorphism, since the commutation relation [a, Jb]*] =
0 implies that ¢(b)¢p(a) = bjbJ*aJa]* = baJba]* = ¢(ba). This map has kernel
H := Ker(¢) = {u € U(A) | uJu]* = 1}. The relation uJuJ* = 1 is equivalent
to u] = Ju*, and we note that this is the defining relation of the commutative
subalgebra .Z] of Definition 5.12. Hence we have H = U(A) N ./T]. O
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From Proposition 5.13 we know that A 7 is a subalgebra of the center of .A. Hence
the group H of the previous proposition is contained in the subgroup Z of U(A).
Propositions 5.24 and 5.28 then imply that in general, the gauge group G(.A) is
larger than the group of inner automorphisms Inn(.A).

5.29 Corollary. If H = U(A) N A; is equal to Z, we have in fact Inn(A) = G(A).
5.5.3 Gauge transformations

In Proposition 5.26 we have seen that an element U € G(A) transforms the Dirac
operator as D — UDU*. Let us now consider the effect of this transformation on
the fluctuated Dirac operator D4 = D + A + €/JAJ*. In the following proposition
we will show that the transformed operator UD4U* can also be written as a fluc-
tuated Dirac operator D4, for a new fluctuation A’. This only works because we
have restricted U(A) to the gauge group G(A), to make sure that the conjugation
operator | remains unchanged. The resulting transformation on the inner fluctu-
ation A — A’ shall be interpreted in physics as the gauge transformation of the
gauge field.

5.30 Proposition. Under a transformation given by U = uju]* € G(A), the inner
fluctuation A transforms as

A — uAu* +u[D,u*] € Ok, (5.28)

Proor. In Proposition 5.26 (sub 2) we have shown that the operator UDU* yields
a Dirac operator equivalent to D. We apply this to the fluctuated Dirac operator
Dy = D+ A+ ¢€'JAJ*. Using the commutation rules [a,b°] =0, [[D,a],b°] = 0 and
JD = €’'D]J, we calculate that

UDU* = uJu]*DJu*J*u* = €'uJuDu*J*u* = €'u](D + u[D, u*])J*u*
= uDu* + €' JT*uJu[D,u*|J*u* = D + u[D,u*] + €' Ju[D, u*]J*.

Using the commutation relation [4, JuJ*] = 0 from Lemma 5.17, we see that
UAU* = uJu]*AJu*[*u* = uAu*
and
U JAT*U* = €uJu]* JA]* Ju*J*u* = €' uJuAu*J*u*JT*
=uJJ* u* JuAu*J* = €' JuAu*J*.
Combining these three relations, we find that

UDsU* =Dy, for A := uAu* +u[D,u"]. O
5.5.4 Invariance of the action functional

5.31 Proposition. The spectral action Sp is invariant under unitary transformations of

G(A).

Proor. The transformation of the fluctuated Dirac operator is given by Dy —
UDU* for U € G(A), so the spectral action transforms as

Dy UDU*
w(#(3) » = (/(75).
The trace depends only on the discrete spectrum of the fluctuated Dirac operator
Dy4. The unitary transformation has no effect on this spectrum. Namely, if we let
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P, be the eigenvectors of D4 with eigenvalues A,, then the vectors ¢, := Uy, are
the eigenvectors of D/, := UD,U* with the same eigenvalues A:

Dy, = UDAU Uy, = UDgpy = Uyt = AuUtpy = Anip),.

For the spectral action, we thus obtain

1(1(2) L) -1 (M%), .

5.32 Proposition. The fermionic action Sg is invariant under unitary transformations of

G(A).

Proor. The transformation of the fluctuated Dirac operator is given by Dy —
UD,U* for U € G(A), whereas the conjugation operator remains unchanged since
Uju* = J (cf. Proposition 5.26, sub 2). From the unitarity of U we then easily see
that

(JE D) —(JUE UD,UUE) = (UJE,UD4E) = (UJE,UDAE) = (JE, D). O



ALMOST COMMUTATIVE GEOMETRIES

In this chapter we shall consider the product of the canonical spectral triple with
an arbitrary real even finite spectral triple. Such a product is called an almost
commutative geometry, a term which we borrow from [20-24]. For simplicity, we
restrict ourselves to the case of a 4-dimensional spin manifold M, for which the
canonical spectral triple is given by the data (cf. Definition 5.6)

(COO(M)’LZ(M'S)/ D/’Y5/]M)/ (61)

where we now denote y5 = 71727374-

We will start by deriving the general form of the inner fluctuations of an almost
commutative geometry. Next, we will show how one can recover the notion of
a gauge theory from the spectral triple of an almost commutative geometry. Fur-
thermore, we will calculate the heat expansion of the spectral action for an almost
commutative geometry. In the last section, we will show that the spectral action is
conformally invariant.

6.1 ALMOST COMMUTATIVE GEOMETRIES

6.1 Definition. An almost commutative geometry is given by the product of the canon-
ical spectral triple of a 4-dimensional spin manifold and a finite spectral triple, and
has the form

(A, H,D) = <C°°(M, Ap), LA(M,S) @ He, P @1+ 75 ® DF) ) (6.2)

together with a grading ¢ = 5 ® 9r and an antilinear isomorphism | = [y ® Jr.
By defining the trivial vector bundle E := M x Hp, we can also write the Hilbert
space as H = L*(M,S ® E).

6.2 Proposition. An almost commutative geometry, for which the finite spectral triple has
even KO-dimension n, defines a spectral triple of KO-dimension 4 +n mod 8.

Proor. The canonical spectral triple is of KO-dimension 4, so we have the relations
J> = —eand Jy = ¢’v]. Since J(P ®1) = (P ®1)], we are required to demand that
also J(s5 ® Dp) = (5 ® Dg)], which yields ¢’ = 1. This requirement is satisfied by
every even finite spectral triple. The KO-dimension 4 +n mod 8 is in agreement
with the table from Definition 5.5. O

6.3 Proposition. The inner fluctuations of an even almost commutative geometry take the
form

for selfadjoint operators A, € i A* and ¢ € T (End(E)).

Proor. The Dirac operator D = Ip ® 1+ 5 @ Dr consists of two terms, and hence
we can also split A = a[D, b] in two terms. The first term is given by

alP@Lb] =iy! ®adyb =" @ Ay,
where A, := iad,b € i A must be selfadjoint. The second term yields
alys ® Dp,b] = 5 @ a[Dp, b] =: 75 @ ¢,

for selfadjoint ¢ := a[Dp, b]. O
1 Note that i4 = A for complex algebras only.
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6.4 Proposition. The fluctuated Dirac operator of an even almost commutative geometry
takes the form

Dp=PR1+94" @B+ 750P=iy"V}, + 7152 P, (6.4)

where By, := Ay, — JpAuJp " and ® := Dp + ¢ + Jrp]; ' are in T (End(E)), and VE isa
connection on the bundle S ® E given by

Vi =Vi®1-il®B, (6.5)

Proor. The fluctuated Dirac operator is given by D4y = D + A + JA]~!, where
from Proposition 6.3 we know that A = y# ® A, + 5 ® ¢. We then calculate

PRA+ V@A P =" ® (A — JrAFY) = 7" @By,

where we have defined B, € I'(End(E)). Using the definition of VE we have ob-
tained the first term iy# Vf;. For the second term 5 ® ®, we see from the definition
of ® € T (End(E)) that

Y5@Dr+ 7509+ (15 @) 1 =15 P. O

6.5 Lemma. If the finite spectral triple is even, the field ¢ satisfies pyp = —yp¢ and the
field ® satisfies ®yp = —yr® and OJp = Jpd.

Proor. These relations follow directly from the definitions of ¢ and ® and the
commutation relations for Dp. O]

6.6 Lemma. The trace over Hr of aDr vanishes identically for any a € Af.

Proor. We use the cyclic property of the trace and the fact that the grading com-
mutes with the algebra and anticommutes with the Dirac operator, to find

Tr(aDf) = Tr(aDpye®) = Tr(yraDpyr) = Tr( — aDpyp?) = —Tr(aDf). O

6.7 Proposition. The traces of the fields By, ¢ and ® over the finite Hilbert space Hp
vanish identically.

Proor. We use the cyclic property of the trace to find
Tey (Bu) = Ten, (Ag — JeAulg") = Ten, (A — Al ) =0
For the field ¢ we find, using the cyclic property of the trace, that
Try, () = Try, (a[Dr,b]) = Try, ([b,a]Dr).

Applying Lemma 6.6 shows that this trace also vanishes. It then automatically
follows that ® = Dr + ¢ + Jr¢]p ! is also traceless. O

6.8 Definition. Let us evaluate the relations between the connection, its curvature
and their adjoint actions. We define the operator D), as the adjoint action of the
connection VE, ie. D, =ad (VE ). In other words, we have

D,® = [V}, ®] = 9,® — i[B,, . (6.6)
We shall define the curvature F,, of the gauge field B, by

F]/”/ = a‘uBV - ayBl,l - Z[BH’ By]. (6.7)
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6.9 Lemma. The curvature of the connection VE defined in Eq. (6.5) is given by
Of, = [VL Vi =05, @1 —il® Fy. (6.8)
We also have the relation®
Dy, D] = —iad (Fu). (6.9)
Proor. From Definition 2.38, we calculate
O =V, Vy = ViV,
= (Vi®1-il®B,)(V, ®1—il®B,)

— (Vi ®1-i1®B,)(Vi®1-il®B),)
=05, ®1-il®d,B,+il®d,B, —1®[B,, B,

and we then insert Eq. (6.7). This yields the desired formula for Qﬁv. The relation

[Dy, Dy] = —iad (F,y) can be verified explicitly, but also follows directly from the
definition of D, and the Jacobi identity:

[Dy, D)@ = ad (VE)ad (VE)® — ad (VE)ad (VE) @
= [VE [VE, @] - [VE, [VE, @]

— [[VE, VE] @]] = [OF,, ®] = ad (OF,)o.

Since ng commutes with @, we obtain [D,, D,| = —iad (F.). O

6.2 GAUGE SYMMETRY OF ALMOST COMMUTATIVE GEOMETRIES

In this section we will show how the notion of gauge theory naturally arises in an
almost commutative geometry. A valuable source of inspiration has been the work
of Boeijink [3, 4], which generalizes the Einstein-Yang-Mills system to topologically
non-trivial gauge configurations. In this section we follow a similar approach by
describing the gauge theory of an arbitrary almost commutative geometry. How-
ever, in our case we shall only deal with topologically trivial gauge theories. The
main result of this section is Theorem 6.22, which shows that the data in the spec-
tral triple of an almost commutative geometry allow us to completely reconstruct a
gauge theory on the manifold M.

6.10 Lemma. For an almost commutative geometry, the subalgebras Ay and .Z] are given
by

A] =C* (M, ('AF)]F)’ .Z] =C* (M, (JZ(F)]F). (6.10)

Proor. The definitions of (Af)j, and (Af);, are exactly those of Definition 5.12,
but now for the finite case. Since | = [y ® Jr, and the effect of Jj; on a function
on M is simply complex conjugation, we obtain that the requirements a] = Ja or
a] = Ja* must be satisfied pointwise, i.e. a(x)Jr = Jpa(x) or a(x)Jp = Jra(x)*,
respectively, for a(x) € Afr. O

6.11 Proposition. In the case of an almost commutative geometry, the unitary group is
given by U(A) = C®(M, U(Af)), with the corresponding Lie algebra given by u(A) =
C®(M,u(Af)), where u(Ap) = {X € Ar | X* = —X}. Furthermore, the Lie algebra of
the unimodular group SU(AF) is given by su(Ap) = {X € Ap | X* = =X, Tr(X) =
0}.

2 Note that this relation simply reflects the fact that ad is a Lie algebra homomorphism.
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ProoF. The conjugation on A = C®(M, Ar) is given by pointwise conjugation on
Ap. The requirement uu* = u*u = 1 must hold for each x € M, which gives
u(x)u(x)* = u(x)*u(x) = 1. Hence, u € U(A) < u(x) € U(Af).

An element u of the unitary group U(Af) can be written as u = exp(X) for
some element X of the Lie algebra u(Af). The condition uu* = 1 then becomes
exp(X) exp(X*) = 1, which yields X* = —X. Hence we find that u(Ar) = {X €

Ap | X* = —X}. For X, Y € u(Af), we see that [X,Y]* = [Y*, X*] = [-Y,-X] =
—[X,Y], so u(Ag) is closed under the commutator, and hence forms a real Lie
algebra.

For u = exp(X) € SU(AF), the condition det(u) = 1 becomes 1 = det(exp(X)) =
exp(Tr(X)), which yields Tr(X) = 0. Since the trace is cyclic, the trace of a com-
mutator always vanishes, and hence su(Ap) = {X € Ap | X* = =X, Tr(X) = 0} is
closed under the commutator and forms a real Lie algebra. O

6.12 Definition. We define two subsets of Ar by

Hp:=U(Ar)N (./‘Tp)h: C U(Af) C Ap, (6.11)
br:=u(Ap)N (-/Z{F)]p C u(Af) C Ap. (6.12)

Note that the group Hr is the finite counterpart of the group H from Proposi-
tion 5.28. Let us evaluate the structure of this group in more detail.

6.13 Lemma. 1. Hf forms a normal Lie subgroup of U(Af);
2. b forms an ideal real Lie subalgebra of u(Af);
3. b is the Lie algebra of the Lie group H;
4. We can rewrite by = u(Ar) Ni(Af)j,.

Proor. 1. Two elements u,v € Hp commute, so we have for their product
(uv)? = v%u® = vu = uv and uov(uv)* = uvv*u* = 1. Hence Hr forms a
subgroup, and by Definition 2.10, it is in fact a Lie subgroup. Since Hf is
contained in the center of Ar by Proposition 5.13, the condition uvu* = v
for v € Hr and u € U(AF) is evidently satisfied, and hence Hr is a normal
subgroup.

2. By construction, hr is a real subspace of u(Ap). It inherits the product struc-
ture from Ar, but it is not closed under this product, so it is not a subalgebra.
However, the product on hr is commutative, so all commutators vanish, and
hence hr does form a real Lie subalgebra. Take X € u(Ar) and Y € b, then
their commutator vanishes because (AF) J; is a subalgebra of the center of A
by Proposition 5.13. Hence [u(Af), bg] = {0} C b, so b forms an ideal.

3. We shall write u = exp(X) € Hp. From Proposition 6.11, we find that the
Lie algebra Lie(Hr) of Hr is contained in u(Af). Since also u € (Af)j,, the
condition u] = Ju* implies exp(X)] = Jexp(X*), which yields X] = JX*,
and hence X € (Ar) J;- Therefore we can conclude that Lie(Hr) = br.

4. For X € u(Af), we have X* = —X, so the condition X] = JX* implies
XJ = —JX. We then see that iX] = JiX, which means that iX € (Af)j, or
X e i(.Ap)]F. O

6.14 Proposition. The gauge group G(.A) of an almost commutative geometry is given by
C*®(M,G(Ag)), where G(Af) = U(Af)/Hg is the gauge group of the finite triple.

Proor. By Lemma 6.13, we know that Hr is a normal subgroup of U(Af), so
their quotient G(Ar) is well-defined. We have seen in Proposition 5.28 that H =
UcA)n /T], which by Lemma 6.10 and Proposition 6.11 equals C*(M, Hr). We thus
obtain that G(A) = U(A)/H = C®(M,U(AF))/C®°(M,Hr) = C*(M,G(Ap)). O
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6.15 Proposition. The Lie algebra of the quotient G(Ar) = U(Af)/Hr is given by the
quotient gr = u(Ag)/bE.

ProoF. By Lemma 6.13, both quotients are well-defined. The quotient U(.Afr)/Hr is
given by the equivalence classes [u] for u € U(.Af), where [uh] = [u] for all h € Hf
(cf. Definition 2.12). We can write u = eX for X € u(Af) and h = ¢¥ for Y € .

Thus we obtain an equivalence class of X € u(Af) by elX] = [u] = [uh] = eX+]
for all Y € hr. We then recognize from Definition 2.14 that the equivalence relation
[X + Y] = [X] indeed defines the quotient u(Afr)/hp. O

6.16 Proposition. The field B, found in Proposition 6.4 is given by the adjoint action of a
gauge field A, for the gauge group G(Ar) with Lie algebra gr.

Proor. Since ]pAVII_Tl = ]AH]’l, we can also write B, = ad (Ay), where ad has
been defined in Eq. (5.18). The demand that A, is selfadjoint is equivalent to
(iAy)* = —iA,. Since Ay is of the form iad,b for a,b € A (see Proposition 6.3),
we see that iA, is an element of the algebra A (also if A is only a real algebra).
Thus by Proposition 6.11, we have Ay (x) € iu(Af).

The only way in which A, affects the results is through the action of A, —
]FijF_l. If we take A; = Ay —ay for some a, € br = (Af)j, Niu(Af) (which
commutes with Jr), we see that A}, — ]].“A;,]F_l =A, - ]pAy]F_l. Therefore we can,
without any loss of generality, assume that A, (x) is an element of the quotient

igr = i(u(AF)/hp)>. By Proposition 6.15, gr is the Lie algebra of the gauge group
G(Ap). .

6.17 Lemma. If Ar is a complex algebra endowed with a complex algebra representation
t: Ap — B(Hp), the group U(1) is a normal subgroup of Hr. If, on the other hand, 7t is
a real algebra representation, we only obtain that {1, —1} is a normal subgroup of H.

PrOOF. Ap is unital, and we have (1) = 1 € B(Hf). For A € C we then have
m(A) = Al Since J is antilinear, we see that C € (Af) Jz- Restricting to unitary
elements of Ar implies that A € U(1). Hence we conclude that U(1) is a subgroup
of Hr. Because Hf is commutative, U(1) is then automatically a normal subgroup
of H F-

For a real representation 7, the situation changes, because the formula (1) = A1
only needs to hold for A € R, and we then see that R € (Af) Jp- Restricting to

unitary (i.e. in this case orthogonal) elements then gives A = £1. O

6.18 Proposition. If Ar is a complex algebra endowed with a complex algebra representa-
tion 7t: Ap — B(HF), the gauge group is isomorphic to

G(Afp) =2 SU(Af)/SHE, (6.13)
where we have defined SHr = {g € Hr | detg =1}.

PrOOF. An element of the quotient G(.Ar) = U(.Ar)/HF is given by the equivalence
class [u] of some element u € U(.Ap), subject to the equivalence relation [u] = [uh]
for all h € Hp. Similarly, the quotient SU(.Afr)/SHF consists of the classes [v] for
v € SU(AF) with the equivalence relation [v] = [vg] for all ¢ € SHr. We first show
that this quotient is well-defined, i.e. that SHf is a normal subgroup of SU(Af).
We thus need to check that vgo~! € SHp for all v € SU(Af) and g € SHr. We
already know that vgv~! € Hf, because Hr is a normal subgroup of U(Af) (cf.
Lemma 6.13). We then also see that det(vgo~!) = detg = 1, so vgv~! € SHf, and
the quotient SU(.AF)/SHF is indeed well-defined.

There exists a A, € U(1) such that A, = detu, where N is the dimension of
the finite Hilbert space Hr. Since U(1) is a subgroup of U(Afr) by Lemma 6.17,
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we then see that A, 'u € SU(Af). We can then define the group homomor-
phism ¢: G(AF) — SU(Af)/SHF by ¢([u]) = [Ay 'u]. We need to check that
¢ is well-defined, i.e. that ¢([u]) is independent of the choice of the representative
u € U(Ag), as well as independent of the choice of A,. Suppose we also have A,
such that A{[N = detu. We then must have A, 1A/, € uy, where py is the multi-
plicative group of the N-th roots of unity. Since U(1) is a subgroup of Hr, we see
that py is a subgroup of SHr, so [A, 1] = [A/,”'u] and the image of ¢ is indeed
independent of the choice of A,. Next, for any & € Hf, we also check that

o([u]) = (A~ tu] = [Au™ udy, " h) = [(Audy) ™ uh] = @([uh]),

where we have used that ¢ = A h € SHp (because, by Lemma 6.17, U(1) is a
subgroup of Hr) and that (A,A,)N = detuh.

Since SU(Af) C U(Af), the homomorphism ¢ is clearly surjective. Now sup-
pose ¢([u1]) = @([uz]) for some uy,uy € U(Af). This means that A, ‘u; =

)\uz_luzg for some ¢ € SHp. We then obtain that u; = uph for an element
h = AyAu, g € Hp, so [u1] = [up] and ¢ is also injective. Hence ¢ is a group
isomorphism. O

6.19 Remark. The significance of Proposition 6.18 is that, in the case of a com-
plex algebra with a complex representation, an equivalence class of the quotient
G(Af) = U(Afr)/Hr can always be represented (though not uniquely) by an ele-
ment of SU(Ar). In that sense, all elements of G(Af) naturally satisfy the unimod-
ularity condition. In the case of an algebra with a real representation, this is not
true. For this reason one needs to impose the unimodularity condition on the inner
fluctuations by hand in the derivation of the standard model from noncommutative
geometry (see Remark 9.4).

6.20 Proposition. Under transformations of the group G(.A) of Proposition 5.28, the fields
Ay and ¢ of Proposition 6.3 transform as

Ay — uAyu* +iudy,u’,
¢ — upu™ + u[Dp, u”]. (6.14)

ProoF. From Proposition 5.30 we know that an element U = uJuJ* € G(.A) trans-
forms an inner fluctuation as A — uAu* + u[D,ux]. Writing out A = v# ® A, +
75 ® ¢ (by Proposition 6.3) and D = i’y”Vf, ® 1+ 95 ® Dr, and by using that

[Vfl, u*] = 0,u*, we thus obtain the transformation of A, and ¢. O

6.21 Remark. In Proposition 4.12 we have given the transformation of a gauge field
in gauge theory. Upon rewriting the hermitian field A, as the anti-hermitian field
iAy € gF, the above transformation property of the field A, corresponds precisely
to the gauge transformation (4.8) of the gauge field iA;, as desired.

However, the transformation property of the field ¢ is more surprising. In the
usual setup in physics, a Higgs field transforms linearly under the gauge group.
The transformation for ¢ derived above on the other hand is non-linear. From the
framework of noncommutative geometry this is no surprise, since both bosonic
fields A, and ¢ are obtained from the inner fluctuations of the Dirac operator,
and are thereby expected to transform in a similar manner. It might be though
that for particular choices of the finite spectral triple, the transformation property
of ¢ reduces to a linear transformation. An example of this will be discussed in
Chapter 8, where we derive the electroweak sector of the Standard Model as an
almost commutative geometry.

6.22 Theorem. A real even almost commutative geometry (A, H,D,,]) describes a
gauge theory with gauge group G(A) = C*(M,G(Ar)).
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Proor. In Proposition 6.16 we have obtained that iA,(x) € gr = u(Af)/br. The
total algebra is given by A = C®(M, Ar), and this is by construction the space of
smooth sections of the trivial bundle M x Af. Therefore the gauge field A, de-
fines a global smooth gp-valued 1-form A = iA,dx". Consider the trivial principal
bundle P = M x G(Ap). By Definition 2.32, A is a connection form on P.

By Proposition 4.14, we know that the gauge group of P = M x G(Ar) is given
by C®(M, G(Af)), and by Proposition 6.14 this group is equal to G(A). This means
that the gauge group of the principal bundle P, as given in Definition 4.10, is the
same as the gauge group of the spectral triple, as given in Proposition 5.28. We
have seen in Section 5.5.4 that the total Lagrangian we obtain from the bosonic and
fermionic action functionals is invariant under this gauge group.

Since the representation of Ar on Hp induces a representation of G(Af) on Hp,
we see from Example 2.24 that M x Hp is an associated vector bundle of the princi-
pal bundle P = M x G(Af). We have thus seen that, from the spectral triple of an
almost commutative geometry, we can recover all the ingredients of a gauge theory,
as given in Definition 4.15. O

6.23 Remark. In the above theorem, we have used the gauge field A, to construct
a connection on a (trivial) principal G(Af)-bundle P = M x G, for which E =
M x Hp is an associated vector bundle. One should note however that our Hilbert
space H = L2(M,S) ® Hr = L*(M,S ® E) consists of the sections of the total
bundle S ® E, and this total bundle is not an associated vector bundle of P.

63 THE HEAT EXPANSION OF THE SPECTRAL ACTION

We wish to obtain an explicit formula for the spectral action of an almost commuta-
tive geometry. This explicit formula arises by considering the heat expansion. We
will start by calculating a generalized Lichnerowicz formula for the square of the
fluctuated Dirac operator. Next we will show how we can use this formula to obtain
the heat expansion from the spectral action.

6.3.1 A generalized Lichnerowicz formula

6.24 Lemma. The Laplacian of the connection V' on the module T (M, S) ® HF defined
in Eq. (6.5) is given by

AF = A3 @1+2i(1@B")(V; ®1)+ig" (1©9,B,) + 1 B,B' —igT’,, @ B,.
(6.15)

Proor. We use the local formula for the Laplacian, given by Lemma 2.46, to find
AF = —gi (VEVE T, VF)
=AS®1—g" (f i(V5®1)(1®B,) —i(1® B,) (VS ®1)
~ 18 BB, +iT",, © By )

= A°®@1+2i(1®B")(V;, ®1) +ig" (1®d,B,)
+1® BB —igh'T’,, @ B,. O

6.25 Proposition. The square of the fluctutated Dirac operator of an almost commutative
geometry is a generalized Laplacian of the form (cf. Definition 2.69)

D42 =AF - Q. (6.16)
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The endomorphism Q is given by
= ls@1-10@® — Lighy’ @ Fuy — infys © Dy 6
Q= —s@1-10d" - Jir"y" ® Fuw — iv"y5 © Dy, (6.17)
where Dy, and Fyy are defined in Definition 6.8.
Proor. Rewriting the formula for D 4, we have
Dp% = (D @1+ 9" @By + 750 ®)°
=DP*®1+9"7" @ BB, + 10 ®* + (D" ®1)(1® By)

+1@B)(Y"Po1)+ (P 1)(150P) + (150 P) (P 1)
+ (7" @Bu) (715 @ @) + (715 @ @) (7" @ By).

For the first term we use the Lichnerowicz formula of Proposition 3.50. We rewrite
the second term into

1
7" ® B,B, = Eyw/ @ (BuBy + ByBy + [By, By))
1
=1® ByBH + E'Y#'YV ® [By/ Bv]

where we have used the Clifford relation to obtain the second equality. For the
fourth and fifth terms we use the local formula I = iV V3 of Lemma 3.49 to obtain

(DY @) (1®B,) + (1®By)(v"P 1)
= (i7" Vi7" @1)(1® By) + (1® By) (y*i7"' V5 @ 1).

Using the identity [V3,c(a)] = ¢(Vya) of Eq. (3.23) we find [V5 @1, (v* @ 1)(1®
B,)] = ¢(Vy(8" ® By)). We thus obtain

(DY @1)(1®By) + (1@ By)(Y*P ®1)
= i(v' @1)c(Vy(0¥ @ By)) +i(v"y" @1)(1® By) (V5 ®1)
+i(1®By)(v"1'V; @ 1)
=i(7" ®1)c(6" ® (0vBy) — I, ® B,) +2i(1® BY)(V; @ 1)
= i(y'y* ®1) (11 © By — T ® BP> +2i(1® BY) (VS ®1)
=i(7"7" ®1)(1®dyB,) —ig"'T*,, ® B, +2i(1® B')(V; @ 1).
The sixth and seventh terms are rewritten into
P (150P)+ (1509)(Pel)=—(1301)[PR11x |
=—(reD)(ir® a}tcb) =irtys ® ayq)o
The eighth and ninth terms are rewritten as
(Y @ Bu) (15 @ @) + (715 @ @) (v" @ By) = 775 @ [By, PJ.

Summing all these terms then yields the formula

1 1
Dp* = (A% + 78) @1+ (1® B,B") + 399" © By, By] + 15 @7

+i(y' " @ 1)(1®d,By) — g’y © By +2i(1® BY)(V @ 1)
+ iyt y5 ® 0, + 7" y5 @ [By, D).
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Inserting the formula for AF obtained in Lemma 6.24 we obtain

D% = AF + %s @1+ %7”7“ ® [By, By] +1® @ +i(7"y" @ 1)(1® 9,By)
—ig" (1 ® 0,By) + iy y5 ® 9, P + (795 @ 1) [1 ® By, 1 @ ®].
Using Eq. (6.7), we shall rewrite
(VW' e1)(1®a,By) — " (1®0,By)

= (P @A ®0By) — 5 (1" +71'7") @ (9,By)

1
2
1y 1y u
1 1.
= E’Y”'YV & P]ﬂ/ + EZWH'YV & [B;u Bl/]

Using Eq. (6.6), we thus finally obtain
DA% =AF 4+ Y51 41002 + Lighy @ By + iy © D,
AT = +ES® +1® +§zfy'y ® Fyy + 1y"y5 @ Dy P,

from which we can read off the formula for Q. O

6.3.2 The heat expansion

We have seen in Proposition 6.25 that the square of the fluctuated Dirac operator
of an almost commutative geometry is a generalized Laplacian. Applying Theo-
rem 2.71 on D42 then yields the heat expansion:

Tr (e*fDAz) ~ Y H T 0 (Da2), (6.18)

where the Seeley-DeWitt coefficients are given by Theorem 2.72. In the following
proposition, we use this heat expansion for D42 to obtain an expansion of the
spectral action.

6.26 Proposition. For an almost commutative geometry, the spectral action given by
Eq. (5.21) can be expanded in powers of A in the form

D _ 1 _
T (£(R)) ~ PO +2 8 fi b DA s +OAT)
k even
(6.19)

where f; = Jo" f(v)o/= dv are the momenta of the function f for j > 0.

Prook. This proof is partly based on [13, Theorem 1.145]. Consider a function g(u)
and its Laplace transform

g(v) = /(:O e *%h(s)ds.

We can then formally write
g(tD4?) = /Ooo e~tPA% () ds.
We now take the trace and use the heat expansion of D42 to obtain
Tr(g(tD4?)) = ./OOO Tr(e_StDAz)h(s)ds

~ /oo Z(st)k%lak(DAz)h(s)ds

0 k>0

:Zt%ﬂlk(mz)/ "7 () ds.
0

k>0
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The parameter ¢ is considered to be a small expansion parameter. From here on we
will therefore drop the terms with k > 4. The term with k = 4 equals

0s(D42) [ h(s)ds = aa(DA2)g(0).

We can rewrite the terms with k < 4 using the definition of the I'-function as the
analytic continuation of

I'(z) = /(;oo e "dr (6.20)

for z € C, and by inserting r = sv, we see that (for k < 4)

4—k Y e 4k _1 _gp oAk [ 4k g
F<T>f/0(sv)2 e d(sv)—SZ/Ov2 e *do.

From this we obtain an expression for s "= , which we insert into the equation for

Tr(g(tD4?)), and then we perform the integration over s to obtain

Tr(g(tDa?)) ~ as(Da?)f(0)

Y PP a(Da?) [0 g0+ 0(a ).
0<k<4 r(%5%) Jo

Now we choose the function g such that g(u?) = f(u). We rewrite the integration
over v by substituting v = u? and obtain

/Ooo v%*lg(v)dv = /oo ut " 2o (u?)d(u?) = 2/0OQ ut 1 (w)du,

0

which by definition equals 2f;_j. Furthermore, we write t = A2, and we have

1(1(22)) = (sr 010)

~ay(DA?)f(0) +2 Y fa kA Fap(Da®) 5 +O(ATY).
0<k<4 r(*%)
Using a;(D4?%) = 0 for odd k, we conclude
Da 2 4-k 2y _ 1 -1
T (f(2) ) ~aDAfO+2 ¥ fixna(Ds?) —g5 +0(A7Y). O
0<k<4 r(T)

k even
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In this section, we will explicitly calculate the heat expansion for the canonical triple
and for a general almost commutative geometry.

6.4.1 Spectral gravity of the canonical triple

By Proposition 6.26 we have

T (7(R)) ~ 260 + 2020a(0) + SO () + O, 620

Recall the Lichnerowicz formula from Proposition 3.50, which says D* = AS + %s,
where AS is the Laplacian of the spin connection V°, and s is the scalar curvature of
the Levi-Civita connection. Using this formula, we can calculate the Seeley-DeWitt
coefficients from Theorem 2.72.
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6.27 Proposition. For the canonical triple (C*® (M), L?(M, S), ID), the spectral action is
given by:

D 1 4 -1
Tr (f(A)> ~ H(/MEM(gW) gld*x +0(A™Y), (6.22)
where the Lagrangian is defined by
1 1 1 .,
m(g) = 2fan* — = fon?s + £(0) (55 — 5 OCWUCW%L R R)- (623)

Proor. We have m = dim M = 4, and Tr(Id) = dim S = 2"/2 = 4. Inserting this

into Eq. (2.74) gives
2\ i/ 4
)= oo [/ ls.

From the Lichnerowicz formula we see that F = — %s 1d, so
2y 1 4
ar (D7) = —W/Ms |g|d*x.
Using F = — %s Id we calculate

5s21d + 60sF + 180F2% = Zszld.

Inserting this into ay(1?*) gives

ay(D?) = / Tr(3As1d + Zs21c1 2R, RMId

167[2 360

+ 2Ryp0 RM7Id + 30005, Q") 1 /] g|d*x.
The curvature Q° of the spin connection is defined as in Definition 2.38, its compo-
nents are QISW = QS(BV,BV). As in Eq. (3.26), we have wa = %prg’yp'y”. We use
this and Eq. (A.4) to calculate the last term of a4 (7%):

1
Tr(Q Q%) = T Rupoe R Te (1977 %)
1
— ZRVVP‘TRHV/\K (gptrg)m _ gp/\gmc +gp1<gcr/\)
1
=-3 Ry R, (6.24)

where on the second line because of the antisymmetry of R, in p and o, the first
term vanishes and the other two terms contribute equally. We thus obtain

1
2y 2 4
w(D?) = T /M (1245 + 552 — 8Ryy RM — 7R,upo RMP7) /| gld4x.  (6.25)
Using Eq. (B.43) and Eq. (2.69) we calculate:
1 11
- Hvpo 1 ko
20 oo CTT F 3gg R R
1 1 1, 11 44 11
= 0 Rwe R 1 Ruo R = 55% + 35 Rupo R = S5 RuoRY + 5557
1
= 525 (— TRurpo RMP7 — 8RyaR' -+ 55%) (6.26)

Therefore we can rewrite Eq. (6.25) and obtain

2 1 / 1 pvpe 11 * % 4
() = 12 (30A ZOCW"C 360RR) |8ld"x.

Inserting the obtained formulas for ag(I9?), a2 (I*) and a4(1#*) into Eq. (6.21) proves
the proposition. O
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6.28 Remark. In Proposition 4.22 we have evaluated the general form of the grav-
itational Lagrangian. One should note here that the term s? is not present in the
spectral action of the canonical triple. The only higher-order gravitational term that
arises is the conformal gravity term Cj,poCH"??. This feature of the spectral action
will later allow us in Section 6.5 to derive the conformal symmetry of the spectral
action.

Note that alternatively, using only Eq. (2.69), we could also have written

1 1

2
(0% = e 239

' 7
2 4
/M (85 +82 = 3Ry RM — ZR'RY)/Igldx.
If the manifold M is compact without boundary, we can discard the term with As
by Corollary 2.56. Furthermore, by Corollary 2.67 the term with R*R* integrates to
Euler’s constant, which we will also disregard. From here on, we will consider the
Lagrangian

1 1
Lm(gu) = 2faN* — gszZS - %f(o)cyupacwpa (6.27)
or
Lm( )=2fA4—1fAzs+i (0)(52—3R RW) (6.28)
M g]ﬂ/ 4 6 2 120 uv . .

6.4.2  Spectral gravity of almost commutative geometries

6.29 Proposition. The spectral action of the fluctuated Dirac operator of an almost com-
mutative geometry is given by

Tr (f(%)) ~ 41? /Mﬁ(gw, B, ®) gld*x + O(A), (6.29)

for
L(guv, By, @) := NLM(guv) + LB(By) + L (guvs By, P). (6.30)

Here L(guv) is defined in Proposition 6.27, and N is the dimension of the finite Hilbert
space Hr. Lp gives the kinetic term of the gauge field and equals

C5(By) = % F(O)Te(Fu F™). (631)

Ly gives the Higgs potential including its interactions plus a boundary term given by

Lo, By @) = ~2foA2Te(@2) £ 2 FO)Te(®%) + £ f(0)A(TH(@7))

1 1
+ 15 £ (0)sTe(@2) + S f(0)Tr ((Du®@) (D' @) (6:32)
Proor. The proof is very similar to Proposition 6.27, but we now use the formula
for D42 given by Proposition 6.25. The trace over the Hilbert space H yields an
overall factor N := Tr(1y, ), so we have

ag(D4%) = Nag(I?).

The square of the Dirac operator now contains three extra terms. The trace of y"s
vanishes (cf. Eq. (A.6)). Since Tr(y"9") = 4¢"" and F,, is anti-symmetric, the trace
of y"9"Fy,y also vanishes. Thus we find that

1
1(Da%) = Noa(D?) = 1 [ Tr(@?)y/[glt.
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Furthermore we obtain several new terms from the formula for as(D4?). First we
calculate

1 1 )
oo T (60sF) = — s (Ns + ATr (@ )) .

The next contribution arises from the trace over F2, which (ignoring traceless terms)
equals

1 1
F?2 = Esz ®1+10d*— 17 @ B b

1
+ 977" @ (Du®)(Dy®) + 75® ®? + traceless terms.

We use the trace identities of Appendix A to obtain

%Tr(lsolﬂ) = gSZ + 2Tr(P*) + Tr(Fuw F*) + 2Tr ((Dy @) (DF®)) + sTr(D?).

Another contribution arises from —AF. Again we can simply ignore the traceless
terms and obtain

1 1 )
o5 Tr(—60AF) = = (Ns + ATr (P )) .

The final contribution comes from the term QEVQE ¥ V, where the curvature QF is
given by Lemma 6.9. We have

0f, 0F" = a3 05" @1 -1® F, P —2iQ5, @ F*.

Using Eq. (3.26), we find

1 1
() = 7 RorwTr(1777) = JRooy?” =0

by the anti-symmetry of Ryryv, so the trace over the cross-terms in QﬁVQE M van-
ishes. From Eq. (6.24) we then obtain

1 1/ N
%Tr(?)OQﬁVQEW) =15 (—ZRWWRVVP‘T - 4Tr(FwFVV)> .

Gathering all terms, we obtain

11
as(x,Dp%) = ( — 48NAs + 20Ns* — 8NRyyR* + 8NRyypo RP7

(471)2 360
2 N 2 4 v
— 605 (Ns +4Tr(@?) ) + 360 S+ 2T (@) + Te(Bu P

+ 2Tr((D, @) (DV®)) +sTr(<I>2))

+ 60A (Ns + 4Tr(<I>2)) — 30 (I;]RWPURP“’P‘T +4Tr(F,, PP“’)) )

1 1
= a7 360 <1ZNAS +5Ns? — 8NRyy R* — 7NR ;e RMP7

+ 1205 Tr(D?) + 360 <2Tr(<1>4) +2Tr (D, @) (D“d))))

+2400 (Tr(®?) ) + 240Tr(FWFW)> .
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By comparing the first line of the second equality to Eq. (6.25), we see that we can
write

1 1 1
ay(x, Dp%) = Nag(x, D*) + i (usTr(CDZ) + ETr(CI>4)

+ %Tr((DVCD)(DWI))) + %A (Tr(q>2)) + 2Tr(FWPW)>.

Inserting these Seeley-DeWitt coefficients into Eq. (6.21) proves the proposition. [

6.30 Remark. In the previous proposition, we have obtained the Higgs potential

Lpot(P) := —2fA*Tr(P?) + % F(O)Tr(d*) + % £(0)sTr(®?), (6.33)

which includes a coupling of the Higgs field to the scalar curvature s. Let the
field V be such that Lyot(V) obtains its minimum on all points of M. We shall
call V the vacuum expectation value of ®. Note that in general there is no unique
choice for V. We can now apply the Higgs mechanism by defining the new phys-
ical Higgs field H := ® — V. In Chapter 8 we discuss this Higgs mechanism in
the Glashow-Weinberg-Salam model. We will show that the gauge symmetry is
spontaneously broken, so that we can obtain mass terms for the gauge bosons. Be-
cause of the coupling of the Higgs field to the scalar curvature, we will adjust the
Higgs mechanism to also incorporate a conformal transformation. This will lead to
a spontaneous breaking of the conformal symmetry as well.

65 CONFORMAL INVARIANCE OF THE SPECTRAL ACTION

In [6], the scale invariance of the spectral action is discussed. In this section, we
shall explicitly calculate the conformal transformation of the asymptotic expansion
of the spectral action for a general almost commutative geometry, and show that it
is invariant up to a kinetic term of a dilaton field.

Under a conformal transformation, we will let the fields B, and ® of Proposi-
tion 6.4 transform as

Ey = By, (6.34a)
d=0""1o. (6.34D)

The spectral action depends on the choice of the cut-off scale A, and it is no surprise
that a conformal transformation also affects this cut-off scale. We let the new scale
be given by

A=0O7TA. (6.35)

6.31 Proposition. A conformal transformation of the spectral action of an almost commu-
tative geometry (cf. Proposition 6.29) yields (ignoring boundary terms) the Lagrangian

L(Zuw, By, @, A) = L(gyuv, By, @, A) + NLOT2APVF(Q)V5(Q)1 /I8 (6.36)

Proor. We shall calculate the conformal transformations of the different terms in
the Lagrangian separately. We shall ignore topological and boundary terms and
use Eq. (6.27) for L. We then find that

»CM@W/T\) gl =
1 1
—4 A44 - —2A2704 . uvpo
2f QAT /gl 6f20 A5/ gl Sof(O)C#VP‘TC \/ gl
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where we have used the conformal invariance of the Weyl action (cf. Proposi-
tion 4.21). Inserting the formula for s obtained in Proposition 4.18, we obtain several
extra terms, and we have

EM@VW/N\)\/@ = Lm(8uv, A)\/E
+ o0 (VPV5(In0) + VA (In0)Vy(in0) ) /Ig].

On the second line, the first term is a total divergence and yields a boundary term,
which we will ignore, and the second term can be rewritten as

VA(InQ)V4(InQ) = Q2VA(Q) V().

Hence we obtain (ignoring the boundary term)

LG A 18] = Laa(gr M I8] + LA2Q V(@) V() Ig]-

Since the gauge field B, does not transform, neither does F,,. However, we do
have

i = gregUhE, s = O tgig P E, = O 4F.

From this we find that the kinetic term of the gauge field remains invariant under
conformal transformations:

La(B)/18] = FOT(Fu0 Pt fig] = £5(B,)Ig1

We shall split Ly into two parts, and we shall write £; for the Higgs potential
(ignoring the boundary term) and £; for the kinetic term and the minimal coupling
to the other fields. The Higgs potential £ transforms as

= % ~ —22 252\ 4 1 -4l
£1(®,4)\/ 3] = ~207 220 202)0% [Ig] + 5 FO) T (04004 /Ig]
_ 270 (B2 1 4
= 2L AT (P%) /I8l + 5 F(0)Te(P) /8]
= L1(®,A)y/ gl
For the last part of the Lagrangian we have
~ x o= a1 -
L2(Zw, By, @)1/ 18] = 75 f(0)sTr(Q20%)0% /[
1 ~ o4
+ 5 fOT (B0 @) (B0 @)t g,

The first term is given by

SFORTHO 2004 [lg] = 2 £(0)sTr (@), Ig]
_ % £(0)(VPV5(n Q) + TP (In ) V5(n Q) ) Te(@?), /[g].
We shall rewrite
VAV,(InQ) = VF (Q*lvﬁ(n)) = —02VA(Q)V4(Q) + QI VAV4(Q)
and

VA(InQ)Vg(InQ) = Q2VA(Q)VE(Q),
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and obtain

S FOETHQ20)0% flg] = = F(0)sTr(@?) /]
S FOO VYL@ [g].

Dy, has been defined in Proposition 6.25 by D, ® = [Vﬁ,@]. The transformation
of V£ is determined by the transformation of V as given in Lemma 4.17, and it

only yields new terms which commute with ®. Therefore we can conclude that
D, = Dy, and D¥ = QO 2D*. From this we find that
D,Q7'® = Q7 1(D,®) + (0,07 1)®.
We then find that the second term of £, decomposes as
1 _ -
S OT((D 0 @) (DM @)) 02 flg] =
1 1 _
SF(O)Tr (D @) (D ®))/Ig] + 5 F(0)2(3, Q7 1) Tr (D' @) /||
1 _ _
+ 5 F(0)0%(0,071) (") Te (@) /Ig].
Note that Tr([B#, ®?]) = 0 by the cyclic property of the trace, so that Tr(D+®?) =
Tr (8"@2). Combining both terms of £, we see that
e 1 _
L2(Zuw, By, @)1/ 18] = L2810, By, @)1/ I8 = 5£(0)QT VAV () Te(9%) /3]
1 _ 1 _
— 5 FOQT (@ T (0" D) /|g] + 5 F(0)Q7(0,Q) (" Q)T (@2) 4/ I3]-

By using the fact that Vg f = dgf for functions f € C*°(M), we note that

L (Q*lvﬁ(n)n(qﬂ)) — — 0 29F(0)9,(Q)Tr(P?)
+ Q7 IVPV4(Q)Tr(P%) + QO 105(Q) Tr(0PD?),

and thus we can conclude that

£2(8u B @)1/ 18] = La(gyu B @)/l8] — 2OV (071 95(0)Te(92)) g1

Ignoring this boundary term, we see that L is invariant under conformal transfor-
mations. O

6.32 Remark. Let us write the conformal scaling factor as (3 = ¢7. We can then
write the transformation of the Lagrangian as

LG Bu®, ) = L(gu, Bu ®,A) + NLA @) @) /lgl (637)

So the only effect of the conformal transformation is that we obtain in the La-
grangian the kinetic term (0f7) (9p1) of a dilaton field 1.
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Few things are harder to put up with than the
annoyance of a good example.
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ELECTRODYNAMICS

7.1 THE TWO-POINT SPACE

In this section we will provide an example of a commutative spectral triple which
will be shown to describe a U(1) gauge theory. In [27, Chapter 9], a proof is given
for the claim that the inner fluctuation A 4 JAJ* vanishes for commutative algebras.
The proof is based on the claim that the left and right action can be identified, i.e.
a = a°, for a commutative algebra. Though this claim holds in the case of the
canonical spectral triple, it need not be true for arbitrary commutative algebras.
The spectral triple given below provides a counter-example.

7.1.1 A two-point space

In this section we will discuss one of the simplest possible finite spectral triples,
namely that of the two-point space X = {x,y}. A complex function on this space
is simply determined by two complex numbers. The algebra of functions on X is
then given by C(X) = C2.

7.1 Proposition. The most general form of an even spectral triple for the two-point space,
with a faithful irreducible representation Ap — B(HF), is given by the data

(e, e, Dre) = (€22 (30). (3 %)) 70

ProoF. Since we require the representation to be faithful, the Hilbert space Hr
must be at least 2-dimensional, and the irreducibility implies that Hr is at most
2-dimensional. We thus obtain Hp = C2.

We must have a Z/2-grading yr, and use this to decompose Hr = Hj & Hy
into the two eigenspaces H¥ = {y € Hr | 7ry = £¢}. Hence, we can write

By Proposition 5.8, the self-adjoint Dirac operator must be off-diagonal and the

action of an element a € Afr on ¢ € Hr can be written as ayp = <a0+ ao > <1£+) =

In Section 5.1, we have mentioned that for the canonical triple, the geodesic dis-
tance is equal to the formula

dp(x,y) = sup {|a(x) —a(y)|: a € A ||[D,a]|| <1}. (7.3)

We will use this formula as a generalized notion of distance, so on our finite spectral
triple we can write

dpy (x,y) = sup {|a(x) —a(y)|: a € Af, ||[Df,a]|| < 1}. (74)

Note that we now have only two distinct points x and y in the space X, and we
shall calculate the distance between these points. An element a € C? = C(X) is

given by (a (Ox) p (Oy)) , so the commutator with Dr becomes

o= () (4. (5.) () - -0 (%)

(7:5)
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The norm of this commutator is given by |a(y) — a(x)||t|, so ||[Df,a]|| < 1 implies

la(y) —a(x)| < ﬁ We thus obtain that the distance between the two points x and
y is given by

1

dDF (x'y) = m (7.6)

Next, we want to introduce a real structure on the spectral triple, so we must

give an antilinear isomorphism [r on C? which satisfies Definition 5.5. We must

have Jr?> = € and Jryr = €’vrJr, and we shall consider all possible (even) KO-

dimensions separately. We can use Proposition 5.10 to obtain the general form, and
then impose the commutation rules of Definition 5.5.

KO-DIMENSION 0

We have Jr = (]8_ ].O> C for j+ € U(1). We then calculate that for b =

by 0 we obtain b0 = Jb+ . 0 — | = b, and see that this indeed
0 b_ 0 j-b_j-
commutes with the left action of 2 € C2. Next, we check the order one condi-

tion
B 0 _ 0 tgffﬂth b+ 0
0 = [[Dr,a],b°] = [(tu+—at 0 )'(0 b)}

= ({1+ — a,)(bJr — bf)Dp.

Since this must hold for all a,b € C2, we conclude that we must require
Dr = 0.

KO-DIMENSION 2

We have Jr = (0 J

—j 0) C for j € U(1). We then calculate that for b = (b+ 0 )

0 b_

we obtain WY = (] ba ] ].bo ]> = (bo bO ), and see that this indeed commutes
+ +

with the left action of @ € C2. Next, we check the order one condition

0= [[Dr,a],b] = [(ta+ Sa_? " 5”+t> ' (bo b(iﬂ

= (a+ —a-)(b— — by )DF.
Again we conclude that we must require Dr = 0.

KO-DIMENSION 4

We have Jr = (]5 ]0> C for j+ = —jT € U(1), but this implies that j+ = 0,
so the given spectral triple cannot have a real structure in KO-dimension 4.

KO-DIMENSION 6

We have Jp = (? (])> C for j € U(1). We then calculate that for b = (b(;r bO )

we obtain b° = (] b(; J ].bo ]) = (bo bO ), just as for KO-dimension 2. Hence
+ +

again the commutation rules are only satisfied for Dr = 0.
To conclude, we have now proven the following proposition:

7.2 Proposition. The spectral triple of the two-point space, given by Proposition 7.1, can
only have a real structure if Dp = 0.

7.3 Remark. Note that we have calculated in Eq. (7.6) that the distance between the
points of the two-point space is equal to ﬁ, where ¢ is the complex parameter in

the finite Dirac operator Dr. Then, for a real spectral triple of the two-point space,
we have t = 0, so the distance between the two points becomes infinite.
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7.1.2  The product space

In Chapter 6 we have evaluated almost commutative geometries. We will now
consider the specific case of the product of the canonical spectral triple with the
two-point space, given by the data

(C=(m,€3), 12(M,5) © 2, D & 1,95 @ 77, T © ), 7.7)

where we still need to make a choice for Jr. The algebra of this almost commutative
geometry is given by C®(M,C?) = C®(M) @ C®(M). By the Gelfand-Naimark
theorem 5.1, this algebra corresponds to the space N := M x X = M U M, which
consists of the disjoint union of two identical copies of the space M, and we can
write C*(N) = C®(M) & C®(M). We can also decompose the total Hilbert space
as H = L2(M,S) ® L2(M,S). For a,b € C®(M) and ¢,¢ € L*>(M,S), an element
(a,b) € C*®(N) then simply acts on (¢, ¢) € H as (a,b) (¢, ¢) = (ay, b).

From Remark 7.3 we know that the distance between the two points x,y in X is
infinite. Let p be a point in M, and write (p, x) or (p,y) for the two corresponding
points in N = M x X. A function a € C*°(N) is then determined by two functions
ax,ay € C*(M), given by a,(p) := a(p,x) and a,(p) := a(p,y). Now consider the
distance function on N given by

dpen(m, nz) = sup {la(m) —a(m)]: a € A ([P @1, a]|| <1}. (7.8)

If n; and ny are points in the same copy of M, for instance if n; = (p,x) and
ny = (g, x) for points p,q € M, then their distance is determined by |ax(p) —ax(q)|,
for functions a, € C®(M) for which ||[ID, ax]|| < 1. Thus, in this case we obtain that
we recover the geodesic distance on M, i.e. dpgy(n1,12) = dg(p,q).

However, if n; and n, are points in a different copy of M, for instance if n; =
(p,x) and ny = (g,y), then their distance is determined by |ay(p) — a,(q)| for two
functions ay,a, € C*(M), such that [|[I?,a,]|| < 1 and ||[D,a,]|| < 1. These latter
requirements however yield no restriction on |ay(p) — ay(q)|, so in this case the
distance between 17 and n; is infinite. We thus find that the space N is given by
two disjoint copies of M, that are separated by an infinite distance.

It should be noted that the only way in which the distance between the two copies
of M could have been finite, is when the commutator [Dr, a| would be nonzero. This
same commutator generates the field ¢ of Proposition 6.3, hence the finiteness of
the distance is related to the existence of a Higgs field.

7.1.3 U(1) Gauge Theory

Our objective is to calculate the action functional for this almost commutative spec-
tral triple, and we want this action to be different from the spectral action of the
canonical triple. In Proposition 6.4, we have found the fields B, and ®. Since the
Dirac operator Dr on the two-point space must vanish (cf. Proposition 7.2), the
field ® must also vanish. So the only way to obtain a different spectral action
is if the field B, does not vanish. By Proposition 6.16 we know that we obtain
By = Ay — JrAuJf, where

iAu(x) € gr = u(Ap)/((pr)]F ﬂu(Ap)).

This means that if we want to obtain a non-vanishing gauge field, we must choose
Jr such that u(.Ar) is not contained in (Af);,. Hence we must have KO-dimension

2 or 6.
We take the data
5 o (10 _{(0C
(C /C /OI’YF_ (O _1)r]F_ <C0 ’ (79)
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which define a finite spectral triple of KO-dimension 6. We shall consider the al-
most commutative geometry given by the product of the canonical spectral triple
with the two-point space of the above triple. Since the finite spectral triple has KO-
dimension 6, this almost commutative geometry has KO-dimension 2 (cf. Proposi-
tion 6.2). This means that we can use Definition 5.21 for the fermionic action, which
we will calculate in Section 7.1.4. First, let us derive the gauge group.

7.4 Proposition. The gauge group G(Ap) of the two-point space is given by U(1).

uq 0
0 Uy
uii] = upl; = 1. This means that uy,up € U(1), and we have U(C?) = U(1) &
U(1). Second, the subgroup Hr = U(Af) N (Af)j, is determined by the condition

« _ (0C u 0 0C\  (ux 0. _(u1 O .
that Jru*J; = (C O) (0 Mz) (C 0) = (0 M1> is equal to u = (0 H2>' This

implies that #; = uy, so we obtain the subgroup

Proor. First, for u = ( ) € U(C?) we have uu* = u*u = 1, which implies

He = U0 (e = { (1) 12 € u b = uq),

By Definition 5.27, we then obtain G(Af) := U(Af)/Hp. Let us construct the short
exact sequence

1—Hpf = U(Ar) - U(1) — 1,

by defining the group homomorphism ¢: U(Ap) — U(1) as ¢(u) := uqup. We
immediately see that ¢(u) = 1if and only if 11 = uy, so the kernel of ¢ is indeed the
subgroup Hr. We thus see that the gauge group G(Af) is isomorphic to U(1). O

In Proposition 6.29 we have calculated the spectral action of an almost commu-
tative geometry. Before we can apply this to the two-point space, we need to find

the exact form of the field B,. Since we have (Af);, = { (Z) €Arlac C} =C,

we find that hr = u(Af) N (Af)j, = iR. From Propositions 6.16 and 6.18 we then
see that the gauge field A, (x) € igr = i(u(Arp)/(iR)) = isu(Ar) = R becomes
traceless. We shall write

1/y, O 1
_ (Y _ 1t
A”‘z(o —YH> 2 @
for Y, (x) € R = iu(1). We then find (using Jryr = —7rJF)

By = Ay —JrAuJr =24, =Y, @ 7r. (7.10)

Let us reconsider how we obtained this U(1) gauge field. An arbitrary hermitian
1

X
field of the form A, = iad,b would be given by ( , for two U(1) gauge

0 X3
fields X}A,Xi € C®(M,R). However, the combination A, — JrA,Jp ! ensures that
we can take the quotient of the Lie algebra u(Ar) with hr (cf. Proposition 6.16). This
effectively identifies the U(1) gauge fields on the two copies of M, thus leaving us
only one U(1) gauge field Y),.

From Proposition 6.25, we find that the square of the fluctuated Dirac operator is
now given by

1 1.
DA2 = AF + ZS 1+ El')’V'YV}—yv X YE, (7.11)

where we have defined F,;, := 9, Yy — 9, Y),.
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7.5 Proposition. For the spectral triple

(C=(M,C?), 12 (M, 8) & C* D 21,95 2 v, Ju @ Jr ), (7.12)
the spectral action of the fluctuated Dirac operator is given by
Da 1 4 -1
1 (£(52)) ~ g [, Lo v lslttrroa ), gay
for
L(guv, Yu) = 2Lm(guv) + Ly (Yy). (7.14)

Here L(guv) is defined in Proposition 6.27. Ly gives the kinetic term of the gauge field

and equals
1
Ly(Yy) = 3f(0) Fu T (7.15)

Proor. The trace over the Hilbert space C? yields an overall factor N = 2. The
tield By is given by Eq. (7.10). Since By, = Y, ® yr, we have F,, = Fuy @ ¥p.
This yields Tr(F,, F*') = 2F,, F"'. Inserting this into Proposition 6.29 proves the
statement. O

7.1.4 The fermionic action

Let us take {¢, e} as the set of orthonormal basis vectors of Hp, where e is the basis
element of Hf_f and e of H,. Note that on this basis, we have Jre = ¢, Jre = e,
vyre = e and yre = —e.

The total Hilbert space H is given by L?>(M,S) ® Hp. Since we can also decom-
pose L2(M,S) = L?(M, S)* ® L?(M, S)~ by means of -5, we obtain that the positive
eigenspace H' of v = y5 ® yF is given by

HT =L*(M,S)T @H ®L*(M,S)” @ Hy. (7.16)
An arbitrary vector € H T can then uniquely be written as

=y Qe+ yYre, (7.17)

for two Weyl spinors ¢y € L?(M,S)* and ¢g € L?(M,S)~. One should note here
that this vector ¢ is completely determined by one Dirac spinor ¢ := ¢, + ¢r.

7.6 Proposition. The fermionic action of the spectral triple
(C=(M,€?), 12(M,8) © C2, B & 1,75 7r, Ju @ Jr )

is given by

Se = i{Jmpr, " (V5 +iYu)Pr)- (7.18)
Proor. The spectral triple has KO-dimension 2, so we can use the definition of the
fermionic action S from Definition 5.21. The fluctuated Dirac operator is given by
Proposition 6.4 and equals

Dy=D®1+9"®B,.

An arbitrary ¢ € H* has the form of Eq. (7.17), and then we obtain the following
expressions:

JC = Jmyr ®e+ Jupr e,
(D ®1)¢ =Dy ®e+ Dyr @e,
(7}4 ® Bﬂ)g = r)/yl/JL by er - '7;41/11{ (9 Yyé.
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Since the basis {e, e} of Hr is orthonormal, we can easily calculate the inner product
on Hr. The fermionic action can then be written as

(Im¥L, DPr) + %(]MII’R,D{L;Q

NI~

(JE, DAG) =

NI~

+ 3 U —7"Yu) + 5 e, 1Y)

Using the fact that ) changes the chirality of a Weyl spinor, and that the subspaces
L*(M,S)* and L?(M, S)~ are orthogonal, we can rewrite

2 e, DFR) + 3 (e, L) = 5 Unal D).

Using that Jy; = —Ju and [yl = D]y, we see that the form (Jpx, D) is antisym-
metric:

<]MX! D¢> = <]XAD¢IX> = *UMDE[J’)O = *<D]M1P/X> = *<]M1/J, DX>

However, since ¥ and ¢ are Grassmann variables, the form (Jyx, P¥) is symmetric.
Thus we could also write

3wl DGR) + 5 e D) = Guad, D)

Note that the factor % has now disappeared in the result, and this is the reason why
we have included this factor in the definition of the fermionic action.
Since [y " = ¥ Jum, the form (Jarx, v*) is symmetric:

Jmx, Y'9) = Jur' . x) = —Imy" ¥, x) = (Y Im x) = Tm, Y x),

and hence the form (JyX, ") for Grassmann variables is antisymmetric. This
allows us to rewrite

%UMIZ;D —Y"Y,Pr) + %(]M@R,’Y”Yulﬁd = (JmPL, —v"YuPr). O

7.7 Remark. In the above proposition we have calculated the fermionic action, and
have shown that this gives rise to the coupling of a U(1) gauge field Y}, to fermions.
One should note that in this action we find a coupling involving two Weyl spinors,
which can be combined into only one Dirac spinor.

7.2 ELECTRODYNAMICS

Inspired by the previous section, which shows that one can use the framework of
Noncommutative Geometry to describe a gauge theory of the commutative gauge
group U(1), we shall now attempt to describe the full theory of electrodynamics.
There are two changes we need to make to the U(1) gauge theory of the previous
section. First, we want our fermions to become massive, so we need a finite Dirac
operator that is non-zero. Second, from [9, Ch.7, §5.2], we find the Euclidean action
for a free Dirac field:

s = — [ (770, —m)ya'x, (719)

where the fields i and ¢ must be considered as totally independent variables. Thus,
we require that the fermionic action Sr contains two independent Dirac spinors. Both
these changes can be obtained by doubling our finite Hilbert space.

We start with the same algebra C®(M, C?) that corresponds to the space N =
Mx X =2 MUM. The finite Hilbert space will now be used to describe four
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particles, namely both the left-handed and the right-handed electrons and positrons.
We will choose the orthonormal basis {er,er,er,eg} for Hr = C*. Hence, for two
vectors hp = aep, + beg + ce + deg and hf = a’ep + b'eg + c’ef +d'eg in Hp, we take
the inner product on Hr to be given by

(hp,hg) = aa’ +bb' + ¢’ +dd'. (7.20)

The subscript L denotes left-handed particles, and the subscript R denotes right-
handed particles, and we have yre; = e; and yrer = —eg.

We will choose Jr such that it interchanges particles with their antiparticles, so
Jrer = eg and Jre; = er. We will choose the real structure such that is has KO-
dimension 6, so we have ]Z: =1 and Jryr = —rJr. This last relation implies that
the element ey is left-handed and ej is right-handed. Hence, the grading yr and
the conjugation operator [ are given by

10 00 00CO
0-10 0 000C

TF=100 -10]|" JF=1cooo | (7.21)
00 01 0C00

The grading yr decomposes the Hilbert space Hr into H & Hg, where the bases
of Hy and Hpg are given by {er,er} and {er,er}, respectively. We can also de-
compose the Hilbert space into H, @ Hz, where H, contains the electrons, and Hz
contains the positrons.

The elements a € Ar = C? are now represented on the basis {e;,er, 21, ex} as

1000

(M 0&100
a= <a2> — 00m0 |- (7.22)
000 a

Note that this representation commutes with the grading, as it should. We can also
easily check that [a, bo] =0 for b0 := Jrb* ], since both the left and the right action
are given by diagonal matrices. For now, we will still take Dr = 0, and hence
the order one condition is trivially satisfied. We have now obtained the following
result:

7.8 Proposition. The data (C?,C*,0,E, Jr) given above define a real even finite spectral
triple of KO-dimension 6.

By taking the product with the canonical spectral triple of Definition 5.6, our full
spectral triple (of KO-dimension 2) under consideration is given by

(C*(M,€), 12 (M, 8) ©C", D& 1,75 87, JM @ Jr ) - (7.23)

As in Section 7.1, the algebra decomposes as C®(M, C?) = C*(M) & C®(M), and
we now decompose the Hilbert space as # = (L2(M,S) @ H,) & (L*2(M, S) @ Hz).
The action of the algebra on H, given by Eq. (7.22), is then such that one component
of the algebra acts on L?(M, S) ® H,, and the other component acts on L?(M, S) ®
Hz. Similarly to the previous section, we obtain a U(1) gauge field

Y, 0 0 0
oy, 0 o

B, = 00 Y, 0 for Y, (x) € R. (7.24)
00 0 -V,

To summarize, our space N consists of two copies of M, which are separated by
an infinite distance (cf. Section 7.1.2). On one copy of M, we have the vector bundle
S ® (M x H,), and on the other copy the vector bundle S ® (M x Hz). The gauge
fields on each copy of M are identified, and thus provide an interaction between
the electrons e and positrons e.
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7.2.1  Non-zero Dirac operator

Let us now consider the possibilities for adding a non-zero Dirac operator to this

spectral triple. Since Dryr = —pDp, the Dirac operator obtains the form
0didy O
| d1004d;
0 dydy O

Next, we impose the commutation relation DrJr = JrDr, which yields

dC 0 0 d4,C Cd, 0 0 Cdy
0 d3CdiC 0 | | 0 Cd3Cdy O
0 dCdrC 0 | | 0 cdycdr 0 | (7:26)
dsC 0 0 dsC Cdy, 0 0 Cds

This imposes the relation d; = dy. The last thing to check is the order one condition.
First we calculate

0 d]lll - a1d1 dzﬂz — a1d2 0
o Hlal — alﬁl 0 0 d3612 — a1d3
[DF’ 61] - Hzal — azaz 0 0 Elaz — ﬂzal
0 33111 — 11233 dllilz — a2d1 0
00—d, 0
B 00 0 —ds
- (111 - aZ) HZ 0 0 0 . (727)
0ds 0 O

00—-d O b 0 00
00 0 —d 0b, 00
. 0 B \ 3 2
0 = [[Dg,a],b°] = (a1 — a2) L0 0 0 |"|oopb o0
0d; 0 0 000Db
00dyO
B 00 0ds
= (a1 — ap) (b2 — by) 2,00 0 (7.28)
0d300

Since this must hold for all 2, b € C2, we must require that dp = d3 = 0. To conclude,
the Dirac operator only depends on one complex parameter and is given by

0400
4000

Dr = 0007 |- (729)
0040

Recall from Proposition 6.4 the definition of the field ®:
®(x) := Dp +a(x)[Dg, b(x)] + Jpa(x)[Dg, b(x)]]F, (7.30)

for a,b € C*(M, Af). As we have seen above, the commutator [Df, b] = 0, so we
only have a constant field ®(x) = Dr. We also note that [B,, Dr] = 0, so we see
that D, ® = 0.

As mentioned before, our space N consists of two copies of M, and the distance
between these two copies is infinite. Now, we have introduced a non-zero Dirac
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operator, but it commutes with the algebra, i.e. [Df,a] = 0 for all a € A, so there
is still no Higgs field. Therefore, the distance between the two copies of M is still
infinite.

We now add the Dirac operator Dr to the spectral triple by considering the new
Dirac operator D := D ® 1+ 5 ® Dr.

7.9 Proposition. The spectral action of the spectral triple

(Cw(M,‘Ez)r L2 (M,S) ®CHL D @1+ 5@ Dr, 15 @ 7r, JM ® IP)

is given by
T ((52)) ~ g [, £l vt 00,
for
L(guv: Yu) 1= 4L0(gpv) + Ly (Yu) + L1 (8, d).- (7.32)

Here L(guv) is defined in Proposition 6.27. Ly gives the kinetic term of the gauge field
and equals

Ly(Yy) = %f (0) Fpup FHV. (7-33)

The Higgs potential (ignoring the boundary term) only gives two constant terms which add
to the cosmological constant, plus an extra contribution to the Einstein-Hilbert action:

Logyn) 1= —8F202 P +2£(0)|dl* + 3 f(O)sldP 739

Proor. The proof is similar to Proposition 7.5, only now the trace over Hr = C*
yields a factor 4. In addition, the finite Dirac operator only yields extra contribu-
tions to the cosmological constant and the Einstein-Hilbert action. O

7.2.2  The fermionic action

We have written the set of basis vectors of Hr as {e,er,er,er}, and the subspaces
H{ and Hy are spanned by {e;,eg} and {eg,er}, respectively. The total Hilbert
space H is given by L?(M,S) ® Hf. Since we can also decompose L?(M,S) =
L2(M,S)* @ L?*(M,S)~ by means of s, we obtain

HT =L*(M,S)" @ Hif ® L*(M,S)” @ Hy. (7.35)

A spinor ¢ € L2(M,S) can be decomposed as ¢ = ¢, + r. Each subspace Hff
is now spanned by two basis vectors. A generic element of the tensor product of
two spaces consists of sums of tensor products, so an arbitrary vector ¢ € HT can
uniquely be written as

C=xLQeL+XrR®er+YPr@er + P Qeg, (7.36)

for Weyl spinors x1, ¢y € L>(M,S)* and xr, g € L*(M,S)~. Note that this vector
¢ € H' is now completely determined by two Dirac spinors x := xr + xg and

Pi=YL+¢Pr.
7.10 Proposition. The fermionic action of the spectral triple
(C=(M,C2), 12(M,8) ® C*, D &1+ 75 @ Dr, 15 @ 7r, ] @ Jr
is given by
Se = i(JMX, VM(V;S; + 1Y) ) + (JmXL dPr) — (ImXr, dPr)- (7.37)
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Proor. The proof is similar to Proposition 7.6. The fluctuated Dirac operator is
now given by

Dsy=D®1+9"®By+ 95 ® Dr.

An arbitrary ¢ € H" has the form of Eq. (7.36), and then we obtain the following
expressions:

J¢ = JmXL ®CL + JMAR @ €R + JMPR ® e + JMPL @ er,
(DR1)E =D)L Rer + DPxrRer + Dypr e + Dy @eg,
(7 @ Bu)G = 7" XL ® Yuer + 9" xr @ Yyer — v r ® VoL — /'L ® Vyier,
(75 ® DE)E = 75x1 @ deg + Ys5xr © dep, + Y5ir ® deg + Y59y, ® der.

We decompose the fermionic action into the three terms

SUEDAD) = 2 U8 (@O 1E + SUE (1 © BB + 3 UE (15 © D)),

and then continue to calculate each term separately. The first term is given by

(JmXL, PYR) + %<IM§(VR/ DyL)

N —

(&, (Po1)E) =

N —

+ %UMI.ER, DxL) + %<]M¢L,D??R>~

Using the fact that ) changes the chirality of a Weyl spinor, and that the subspaces
L?(M,S)* and L2(M, S)~ are orthogonal, we can rewrite this term as

U8 @ODE = 2(uk, DP) + 5 U, PR

Using the symmetry of the form (Jy1X, P9), we obtain

SUE (D2 1)E) = (uE, DF).

Note that the factor % has again disappeared in the result. The second term is given

by

. ~ 1 . ~ 1 - ~
(JS, (¥" @ Bu)g) = —EUMXL/’YFYV#)R) - EUMXR/ Y'Y r)

N —

1 ~ _ 1 ~ -
+ EUMIPR/ YYuxr) + EUMIPL/ Y*YuXR)-
In a similar manner as above, we obtain
1, ~ ~ ~ ~
§<I€’ (lyﬂ ® B,‘u)€> = _<]MXI 'YVYMIP%

where we have now used that the form (JyX, 7*Y,¥) is antisymmetric. The third
term is given by

(JE (75 ® Df)&) = %UMXDH'YSI;Em + %UM??R, dysPr)

N =

1 ~ - 1 ~ =
+ §<]M4’er')’5XR> + §<]M1PL, dysXL)-

The bilinear form (JyX,v5%) is again symmetric, but we now have the extra com-
plication that two terms contain the parameter d, while the other two terms contain
d. Therefore we are left with two distinct terms:

%U‘S’ (75 ® Dp)&) = (JmXr, dPL) — (JmXr, dPR). O
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7.11 Remark. It is interesting to note that the fermions acquire mass terms with-
out being coupled to a Higgs field. However, it seems we obtain a complex mass
parameter d, where we would desire a real parameter m. By simply requiring that
our result should be similar to Eq. (7.19), we will choose d := im, so that

(JmXr dyr) — (JmXr, dPr) = —i{JmX, my). (7.38)

The results obtained in this section can now be summarized into the following
theorem.

7.12 Theorem. The full Lagrangian of the almost commutative geometry given by the data
(C*(M,€2),13(M,$) 9 CL D 81+ 15 @ Dr, 5@ 7e M@ Jr)  (739)

as defined in this section, can be written as the sum of a purely gravitational Lagrangian,

1 1
'Cgmv(g}n/) = ?*CM (gyv) + RﬁH(g]/lU)/ (740)

and a Lagrangian for electrodynamics,

Leo = i(Juk, (V5 + %) = m)F) + 2 fOFF". (740

Proor. The spectral action Sp and the fermionic action Sy are given by Proposi-
tions 7.9 and 7.10. We shall now absorb all numerical constants into the Lagrangians
as well. This immediately yields L,.,. To obtain Lgp, we need to rewrite the
fermionic action Sr as the integral over a Lagrangian. The inner product ( , ) on
the Hilbert space L%(S) is given by Definition 2.41, where the hermitian pairing
is given by the pointwise inner product on the fibres. Thus, we write the inner

product as
@) = [ (@v)y/lslax

We can then rewrite the fermionic action into

Sp = / (IMX,(W(V +iYy,) — )\/7114 O

7.13 Remark. To conclude this chapter, let us make a final remark on the fermionic
degrees of freedom. As mentioned in Remark 5.22, the number of degrees of free-
dom of the fermion fields in the fermionic action is related to the restrictions that
are incorporated into the definition of the fermionic action. These restrictions make
sure that in this case we obtain two independent Dirac spinors in the fermionic
action.

In quantum field theory, one would consider the functional integral of e° over
the fields. Let us now denote 2 for the bilinear form on H* and B for the bilinear
form on L?(M, S), given by

A(¢, ) = (J¢, Dagl), for g, g € HT, (7-42)
B(x, ) == i<]M?C/ (Y (Vi +iYy) — m)¢>, for x, € L*(M,S).  (7.43)

We have shown in Proposition 7.10 that for § = x; ®ep + xr ® er + Yr @ e + P ®
eg, where we can define two Dirac spinors by x := xr + xr and ¢ := ¢ + g, we
obtain

LA(E, ) = B(x, ). (7.44)

Using the Grassmann integrals that were calculated in Lemmas 2.58 and 2.60, we
then obtain for the bilinear forms 2 and B the equality

P) = [ ePEOD(E] = [e2EDD[,F] = det(). (745)
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THE GLASHOW-WEINBERG-SALAM MODEL

For a suitable choice of the finite spectral triple, the corresponding almost commu-
tative geometry gives rise to the full Standard Model [8, 13]. In this chapter we will
reproduce the Glashow-Weinberg-Salam Model, which describes the electroweak
interactions for one generation of the leptonic sector of the Standard Model. An
important feature of the Standard Model already occurs in this electroweak theory,
namely the Higgs mechanism. The main purpose of this chapter is to show how
this Higgs mechanism arises from the almost commutative geometry.

Although it is perfectly possible to derive the fermionic action for this model,
by exactly the same approach as for Electro Dynamics in Chapter 7, we will re-
frain from doing so. The Higgs mechanism is given solely in the bosonic part of
the Lagrangian, and for now we will therefore only focus on the spectral action.
In Chapter 9 we will discuss the full Standard Model, and we shall derive the
fermionic action there.

8.1 THE FINITE TRIPLE

We shall consider one generation of electrons, neutrinos and their antiparticles. We
write H; = C* for the space of leptons, given by the basis (vg, eg, v1, €1 ). The space
of antileptons H; = C* then has the basis (Vg,2g, 7L, 2L). The total finite Hilbert
space is given by Hr = H; ® Hj;.

For the algebra, we shall take Ar = C & H, where H is the real algebra of
quaternions. We can write g € H as g = a + 8j for a, 3 € C. Using this, we can
embed H C M;(C) by setting q = (_uc’B i) Note that this embedding is real-
linear, but not complex-linear, and consequently the representation given below is
also only real-linear.

The representation 7t: Ar — B(HF) is given on H; for a = (A,q) € Ar by

m(a) = (8.1)

co o >
o o >lo

RO O

0
0
txf

—p

We shall write g, = (g 9\) for the embedding of C in H. We can then write

mi(a) = <q)‘ O> on H,. On the space of antileptons we set 71(a)l = Al for [ € H;.

04
The grading 7r is chosen such that yrlg = —Ig, velL = I, YelR = Ig and
vrlp = —I1. The antilinear operator |r is chosen such that Jrl = [ and Jrl = I. This

means that Jr = (g g) on the decomposition H = H; & H;, where C as before

stands for complex conjugation.

We are left only with deriving the most general form of the Dirac operator Dr
that is consistent with the above definitions. Dr must be selfadjoint, which implies
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that we can write Dp = (78, £’> on the decomposition H = H; & H;, for selfadjoint

S, S’. Since the spectral triple is even, we need that Dr commutes with Jp:

C(TT - T) C(E: ) ) 8.2)

0= [Dr, Jr] = (C(S’S) C(T-T%)

*
This imposes the relations S’ = S and T = T7, and we find that D = (?, % ) for
some selfadjoint S and symmetric T. We also require that Dr anticommutes with
7r, which yields

s 5)) (s (BT
0= Dryr+7rDr = +

() s65)) )T (o)
(8.3)

. . 10 10 10 C
This further imposes S (0 _1) = — (O _1) S and {T, (0 _1)] = 0, which im-

(oY (TR 0O

where Tg and Ty are required to be symmetric. We will consider the restriction
T = (%R 8) and Ty = 0, i.e. Tvyg = YgVg, and TI = 0 for all other leptons
I # vg. As will be shown below, this restriction makes sure that the order one
condition (5.6) is satisfied. The mass matrix Y can be written as a diagonal matrix
by simply requiring that the basis elements of Hr are mass eigenstates. Hence we
(Y, 0
take Yy = ( 0,
following result.

plies that we can write

>, for two complex parameters Y, and Y,. We now arrive at the

8.1 Proposition. The data (A, Hr, Dr, v, Jr) given above define a real even spectral
triple of KO-dimension 6.

Proor. One immediately sees that yr commutes with the algebra Ar. We have
already shown that DpJr = JrDp and [Dg,yg] = 0. We also have J2 = 1 and
Jeve = —vrJe. From the table in Definition 5.5 we then see that we have KO-
dimension 6. It remains to check the order one condition [[Dp,a],b] = 0. The
action of the algebra on H; is by scalar multiplication, so we find that [S,a] = 0 on
H;. On H,, the right action a% = Ja*J* = A is also just scalar multiplication, so we

obtain that H(g g) ,a} ,bo} = 0. Since avg = Avg and also avg = Avg, the action

of a commutes with T, and the order one condition is indeed satisfied. O

8.2 THE GAUGE THEORY

We shall now consider the product of the canonical spectral triple, describing a
4-dimensional spin manifold M, with the finite triple described in the previous
section. We will frequently make use of the Pauli matrices ¢, which are given by

S B ) R (A N



8.2 THE GAUGE THEORY

8.2 Lemma. The subalgebra (Af) Jp of the algebra Ap = C @© H, with the representation

on B(Hp) as above, is given by (Ar)j, = R. The Lie algebra b of Definition 6.12 is then
given by the trivial subset hp = {0}.

Proo¥. The subalgebra (Af) jp defined in Definition 5.12 is determined by the
relation aJr = Jpa*. An element a = (A,q) € C @ H satisfies this relation if
A=A=a=wand B =0,s0if a = (x,x) for x € R. The elements u € u(Af) are
given by u = (A,q) for A € iR and for ig a linear combination of the Pauli matri-
ces of Eq. (8.5). In particular this means that A = —A. Hence in the cross-section
hpzu(Ap)ﬁ(pr)]Fwefindzx:R:/\:X:—A:O. O

8.3 Proposition. The gauge group G(Ar) is given by (U(1) x SU(2)) /{1, —1}.

ProoF. The unitary elements of the algebra form the group U(Arp) = U(1) x U(H).
The quaternions are spanned by the identity matrix 1 and the anti-hermitian matri-
ces i0j, where 0 (j = 1,2,3) are the Pauli matrices. A quaternion g = qoll + iqy07 +
iqa0s + iq303 is unitary if and only if |g|> = go® + 912 + 922 + g32 = 1. By using the
embedding of H in M,(C), we find |q|?> = det(q) = 1, and this yields the isomor-
phism U(H) = SU(2) (for more details, see, for instance, [15, §1.2.B]). Note that if
g is unitary, then so is —q.

From Lemma 8.2 we know that (]lp)]F = R. The group Hr = U(Ar) N (le)]F is
then given by Hr = {1, —1}. We thus obtain that the gauge group G(AF) is given
by the quotient (U(1) x SU(2))/{1,—1}. O

8.4 Remark. As given in Proposition 6.18, the unimodularity condition is satisfied
naturally only for complex algebras. In this case however we only have a real-
linear representation of the algebra, so the unimodularity condition is not satisfied.
Indeed, in Lemma 8.2 we found that the Lie subalgebra hr is trivial, and hence
the gauge field A, takes values in the Lie algebra gr = u(Ar)/br = u(Ar) =
u(1) @ su(2), which is obviously not unimodular, because of the presence of the u(1)
part. Note that in this particular case we also would not want the unimodularity
condition to be satisfied, because that would mean that our electromagnetic U(1)
gauge field would vanish.

Note that, although we obtain the gauge group (U(1) x SU(2))/{1, -1}, this is
very similar to U(1) x SU(2), since both groups have the same Lie algebra u(1) &
su(2).

8.5 Proposition. The fields A, and ¢ are given on H; by

Ay O
Ay=1| 0 —Ay, , for Ay €R, Q€ isu(2);
Qu

0 Y* Yo —Yof
¢ = <Y g ) forY = (ng qu;?), ¢1, ¢ € C. (8.6)

On H; we have Ay, = Ay and ¢ = 0.

Proor. We take two elements a = (A,q) and b = (A, ¢’) of the algebra. The inner

fluctuations A, = iad,b are obtained from Eq. (8.1) to be A, := iAd A" on vg,
)

Ay = iAduA on eg, and Qy = igduq’ on (v}, er). Demanding the selfadjointness of

Ay = Ay implies Ay, € R, and also automatically yields A; = —Ay. Furthermore,

Qu = Q;‘l implies that Qy, is a real-linear combination of the Pauli matrices, which

span isu(2).

93
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Next, we calculate the field ¢ = a[Dg, b]. In the proof of Proposition 8.1 we have
already noted that the only part of Df that does not commute with the algebra is
given by S. Therefore, we start by calculating the commutator on H; given by

00Y, 0 AM0O 0 0
50 = 0007, oA 0 0
’ Y, 000 ["]0oo0 & p
0Y, 00 00-pa
0 0 Y —-A) Yo
7 0 0 “Y.B  Y.®@ -2
W —d) —Y.p 0 0
Y.,B  Y.(A -%) 0 0

By multiplying this with the element a, we obtain
0 0 Yup; Yidh
o—| 0 O Yoy Yoy |
Yopr —Yep, 0 0

where we define?!

¢1=a(N —a')+ BB, g2 =P —B(N — ),
1 = A=A, $2 = AB
By demanding self-adjointness ¢ = ¢*, we obtain ¢] = ¢; and ¢, = ¢,. Hence we
find that the field ¢ is completely determined by the complex doublet (¢1, ¢»).
In general, an inner fluctuation is given by a sum of terms, of the form A =

Y.ja;[D, bj]. For such a general inner fluctuation, we simply need te redefine A :=
Y i)\jay/\;- and Q :== ) iqjayq;, as well as

91 =L 0;(A] —af) + BB, 92 =L mB; — (A} — af),
] ]

o1 = L Aj(af = A, $2 = )_AiB;. O
) )

8.6 Corollary. The gauge field B, = A, — JpA,]r is given by

0 0 0 0
N —lo2a . .
BV‘HI 0 —2A, Bl ’ B (87)

Note that from the coefficients in front of A in the above formulas, we recognize
the correct hypercharges of the corresponding particles.

8.7 Proposition. The transformation property of Proposition 6.20 now becomes

Ay — Ny —iA0yA,
Qu — qQuq™ —i(9,9)q", (8.8)

() =70 (§) +3a-n(c).

This notation looks very similar to the notation of ¢1, ¢2, go’], goé that is used in [13, Ch. 1, §15.2], but we
have taken ¢1 = ¢} and ¢» = —@,. The reason for this change in notation is that we obtain a prettier
formula for the gauge transformation in Proposition 8.7.

=



8.2 THE GAUGE THEORY

Proor. We simply insert the formulas for the fields obtained in Proposition 8.5 into
the transformations given by Proposition 6.20. We shall write u = (A,q) € U(1) x

SU(2). On H; we see that A, commutes with A. On (v, er) we see that (1?)“ (/)\ )
A

also commutes with g,. Hence the only effect of the term uA,u* is to replace Q
by qQq*. Secondly, we see that the term iud,u* is given by iAd,A = —ild,A on
(vr,er) and on H;, and by igd,q* = —i(d,q)q* on (vr,er). We thus obtain the
desired transformation for A, and Q.

For the transformation of ¢, we separately calculate u¢u* and u[Dp,u*]. Since
¢ = 0 on H;, we can restrict our calculation of u¢pu* to H; and find

. {320\ (0Y* (gL 0\ [ 0 g,Y'q*
M(Pu_(oq)(YO)(Oq* C\qYqgy 0 )7

which is still selfadjoint. We then calculate that

o= (50) (2877 6
A —Ba) \Yupr Yoo, 0A
_ (/\Yv(“ﬁbl + Bp2) AYe(By “sz)) .
AYy(—=B1 +agn) AYe(@gpy + py)
sT*
TS
T only acts on vg and therefore commutes with the algebra. On the restriction to

Hj, the operator S commutes with the algebra. Hence again we can restrict our
calculation to H;. The term u[S, u*] splits into uSu* — S, and (similarly to u¢u*) we

find
Su* = L M0
! (qu% 0

vt — (@ B (Yo 0 (A0) _ ( Wia AY.p
o ={_ga)\ov.)\or) " \-AvBava)"
Combining the two contributions to the transformation, we find that the transfor-
mation u¢u* + u[S, u*] yields

_ (v —Ye¢z) ;[ Yt Yo,
Y (Yv(PZ Yoo, - (Yv()bé Yeall )
_ <AYV(‘X‘P1 + Bp2) AYe(Bpy _"‘¢2)> i <)‘YV(“ —1) AYp ) _

AYy (—Br + a2) AYe(@py + Bo,) —AYy B AYe(—1)

where we have defined ¢} := A(a¢y + B + ) — 1 and ¢} := A(—B¢1 + TP — B).
Rewriting this in terms of g then proves the proposition. O

Now let us calculate the second term u[Dp, u*| for Dp = < > The operator

and

8.8 Remark. In Proposition 6.20, we have seen that in general the transformation
of the field ¢ is not a linear transformation. In the present model, Proposition 8.7
shows that it can be reduced to an affine transformation of the doublet ¢, ¢,. This
can be rewritten in the linear form

¢ +1 - (¢1+1
(") =1 (") ®9

One should note here that, whereas the complex doublet (¢1,¢,) corresponds to
the field ¢, the doublet (1,0) corresponds to the operator S, which is a part of Dp.
We thus see that the combination S 4 ¢ has a linear transformation under the gauge

group.
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96 THE GLASHOW-WEINBERG-SALAM MODEL

83 THE SPECTRAL ACTION

In this section we will calculate the bosonic part of the Lagrangian of the Glashow-
Weinberg-Salam Model. We obtain this Lagrangian by inserting the fields B, and
@ into the result of Proposition 6.29. We first start with a few lemmas, in which
we capture the rather tedious calculations that are needed to obtain the traces of
F, F*, 2, &* and (D, ®)(D*®). Using these results, we can then easily find the
expansion of the spectral action.

8.9 Lemma. The trace of the square of the curvature of B, is given by
Tr(Fyuy FF) = 124, AP + 2Tr(Qu Q™). (8.10)
ProoF. Let us define the curvatures of the U(1) and SU(2) gauge fields by

Ay = 9y Ny — dy\y,
Quv = ava - any - i[er Q). (8.11)

Using Corollary 8.6, we then find that the curvature F,, of B, can be written as

0 O
2 = | 028w ,
: va - Ayv]lz

0 0
=028 e
J Ayv:uZ - (Q)]Av

The curvature squared thus becomes

0 0
F,NPW)H = (o A AP ) ,
: Q;WQHV + AW,AVVIIZ - ZA;WQHV
0 0
FWFP”’)% = (o AN A B ) .
! (Q)VV(Q)]W + A}H/Aw/]lz - 2A}IV(Q>HV

Since Qyy is traceless, the cross-term —2A,, Q" will drop out after taking the trace.
Note that since Q, is selfadjoint we have QH = Q;. We then see that Q,, is also
selfadjoint, since

(Qu) = 3,Qy = 9 Qy +i[Q Qu] = 3,Qy — 3y Qy +i[Qy, Q7]
= (3Qu = 2 Qu — 11Qu Q)" = (Qu)"
This implies that
T((Qu) (Q™)) = Tr((Qu)(Q™)") = Tr((Q" Q) ") = Tr(QuQ™).
We thus obtain that
Tr(Fu F1) = 12A, AP + 2Tr(Q, Q). O
8.10 Lemma. The traces of ®* and ®* are given by

Tr(®?) = 4a|H[* + 2, (8.12)
Tr(®*) = 4b|H|* + 8¢|H|* + 24, (8.13)



8.3 THE SPECTRAL ACTION

where H denotes the complex doublet (¢1 + 1, ¢2) and (following [13, Ch. 1, §15.3])

a=|Yy|* +[Yel’,

b=|Y|* +[Ye|*,

c= |Yrf, (8.14)
d = |Yg|*,

e =YgV, [*

ProoF. The field @ is given by

_ $0 $0\ . (S+¢ T
q’”*(@O)*”(OO)’F( T <s+<p>)'

Its square equals

o2 [ TP HTT (S+PT +T(S+¢)
T\T(S+9)+BHPT Gy +TT )

The square of the off-diagonal part yields T*T = TT* = |Yg|? on v and Vg, and

zero on I # vg,Vg. The component S + ¢ is given by (Y—SY Y —(|)—Y0). We
0

calculate

Xim (Y4Y0) (Y +Yo) = (a2 (0 O
‘—( +0)( +O)—| ‘ 0 |Y|2'
e

where we have defined the complex doublet H := (¢ + 1, ¢). Similarly, we define
X" := (Y +Yo)(Y + Yp)* and note that Tr(X) = Tr(X’) by the cyclic property of the
trace. Since X = X* and Tr(X) = Tr(XT), we also have Tr(X) = Tr(X). We thus
obtain that

Tr(®?) = Tr(X + X'+ X + X ) + 2| Yg|? = 4Tr(X) + 2| Yz 2
=4V + Y [H P + 2| vk %

In order to find the trace of ®*, we calculate

ez _ gy (IYuF 0 2 (IYRIF[VW]? 0 Yr[*0
(X+TT)” = |H| ( NAL +2|H]| 0 o)l U0 o)

We now also obtain a contribution from the off-diagonal part of 2. Any term of the
form (S+ ¢)T*(S+¢)T (or a cyclic permutation thereof) vanishes. We do obtain
contributions from Tr((S + ¢)T*T(S + ¢)) and three other similar terms, which
each yield the contribution |H|?|Yg|?|Y,|?>. We thus obtain

Te(®*) = Tr((X + T°T)* + (X')? + (X + TT*)? + (X)) + 4|HP Yz |Y,
= Tr(4X? +4XT*T +2(T*T)?) + 4|H*|Yr|*| Y, |?
= 4[H*(|Yo[* + [Ye[*) + 8|H[*| Y[} Yo |* + 2| YR [|*. 0

8.11 Lemma. The trace of (D, ®)(DH®) is given by
Tr((D,®)(D'®)) = 4a| D, HJ?, (8.15)

where H denotes the complex doublet (¢1 + 1, ¢2), and the covariant derivative 5;4 on H
is defined as

DyH = 9,H — iQ}0"H + i\, H. (8.16)
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Proor. We need to calculate the commutator [B,, ®]. We note that B, commutes
*

with <g 7(; > . It is thus sufficient to calculate the commutator [By, S + ¢| on H;. We

shall write Q, = Q}L(Tl + Q;zlaz + Qicfo’ as a superposition of the Pauli matrices of

Eq. (8.5) for real coefficients QZ. We then obtain by direct calculation

0 0 —Yvx;1 —Yuxo

0 0 —Yex2 Yexi
Yox1 Yexo O 0 ’
Yoxa —Yex1 O 0

By, S+ ¢] =

where we have defined the new doublet x = (x1, x2) by
x1:= (91 +1)(Q) — Aw) +¢2(Qy —iQ7),
X2 = (¢1 +1)(Q +iQ) + d2(— Q5 — Ap)-
We then obtain that

Du(S+¢) = ¢ —i[By, S + ¢]

0 0 Yl(ayﬁ +1ix1) XV(BV$2 +1iX2)

_ 0 9 _Ye(aH(PZ —ix2) Ye(aﬂﬁbl —ix1)
Yv(ayﬁbl - in) *Ye(aquz + 172) 0 0
YV(au4’2 —ix2) YE(a;@l +ix1) 0 0

We want to calculate the trace of the square of D, ®, for this reason we only need
to calculate the terms on the diagonal of (D, ®)(D"®). We thus find

Try, (D (S +9)) (D' (S +9)) ) = 2a([3u91 — ixa 2 + gz — ixal?).

where we have used a = |Y;|? +|Y,|? as in Eq. (8.14). The column vector H is given
by the complex doublet (¢ +1,¢2). We then note that d,¢ — ix is equal to the

covariant derivative f)y H, so that we obtain

Ty, ((Du(S+ ) (D"(S+9)) ) = 24| Dy H.

The trace over H; yields exactly the same contribution, so we need to multiply this
by 2 and thus obtain the desired result. O

8.12 Proposition. The spectral action of the spectral triple
(C°°(M,C ®H), L2 (M,S) ® (C*®&CH, D@1+ v5@ D, 75 @ YF, IM ® ]p)

defined in this chapter is given by
Da 1 4 -1
Tr (f(A)) ~ /ML(gW,Ay,QF,H) gld*x +0(A™Y), (8.17)

for
L(guv, A, Qu, H) 1= 8Lm(guv) + La(Ap, Qu) + Lr(guvs Ay, Qu H).  (8.18)

Here Lyi(guv) is defined in Proposition 6.27. L 4 gives the kinetic terms of the gauge fields
and equals

La(A, Q) = % £(0) (lZA,WA’“’ n 2Tr(QWQV“)> : (8.19)

The Higgs potential (ignoring the boundary term) gives
L1, Ay, Qu H) :=2bf(0)|H|* + ( — 8af2A* + 4ef(0)) |H|?
1 1 ~
—4cfrA* +df(0) + gf(O)as|H|2 + ¢ f(0)es +2a£(0) ID,H|*. (8.20)



8.4 THE COUPLING CONSTANTS

Proor. We will use the general form of the spectral action of an almost commuta-
tive spectral triple as calculated in Proposition 6.29. From Lemma 8.9 we immedi-
ately find the term £,4. Combining the formulas of Tr(®?) and Tr(P*) obtained in
Lemma 8.10 we find the Higgs potential

— 2/ A*Tr(D?) + % F(0)Tr (@) =
2bf(0)|H|* + ( — 8af2A? + 4ef (0))|H|* — 4cfoA% + df (0).

Note that the last two constant terms yield a contribution to the cosmological con-
stant term 16 f4A* that arises from L. The coupling of the Higgs field to the scalar
curvature s is given by

1 2y 1 s 1

- (0)sTr(®°) = gaf(O)s|H| + gcf(O)s.

Here the second term yields a contribution to the Einstein-Hilbert term —% f2\%s
of L. The last term is the kinetic term of the Higgs field including the minimal

coupling to the gauge fields, obtained from Lemma 8.11, which gives

S (O)Te((D, @) (D)) = 2af (0)| D, HI =

8.4 THE COUPLING CONSTANTS

So far we have considered the gauge fields A, and Q, = Qjc". We shall now
introduce coupling constants g; and g, into the model by rescaling these fields as

1 1
Note that we now use the conventional notation By, for the U(1) hypercharge field,
which should not be confused with the gauge field we introduced in Proposition 6.4.
We define the curvatures B, and W), by setting

A = %ngP“/' = %gzwﬁu- (8.22)
Using Eq. (8.11), this yields
By = 9yBy, — dyBy, (8.23)
Wiy = 0, Wy — oy Wy + gzeﬂbCWﬁWIf, (8.24)
where we have used the relation [¢0?, 0] = 2ie®“c* for the Pauli matrices. We then

rewrite the trace of the square of the curvature, given by Lemma 8.9, into
Tr(Fu F") = 3g1° B B + &> Wy, W, (8.25)

where we have used the relation Tr(c%c?) = 26, Note that the covariant derivative
Dy H can now be written as

~ 1. 1.
D,H =9d,H — EngWﬁU“H + ElngyH. (8.26)

8.4.1  Electroweak unification

It would be natural to require that the kinetic terms of the gauge fields, given by the
squares of the curvatures, are properly normalized. That is, we require that both
these squares of the curvatures have the coefficient 1. This imposes the relations

0 1 0 1
f0), 2 and %gzz = I (8.27)

872 =%
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This then means that the coupling constants are related by g,2 = 3¢12. The values
of the coupling constants depend on the energy scale at which they are evaluated,
and their scale-dependence is determined by the renormalization group equations.
Let Ay be the scale at which the equality g»> = 3g¢1% holds. Our model of the
electroweak theory is then naturally defined at this scale Ary, and one could use
the renormalization group equations to ‘run down” our model to lower energies.

85 THE HIGGS MECHANISM

When writing down a gauge theory with massive gauge bosons, one encounters
the difficulty that the mass terms of these gauge bosons are not gauge invariant.
The Higgs field plays a central role in obtaining these mass terms within a gauge
theory. The Higgs mechanism provides a mechanism for spontaneous breaking of the
gauge symmetry. In this section we will show how the Higgs mechanism breaks
the U(1) x SU(2) symmetry and introduces mass terms for the gauge bosons. We
discuss two different cases. First, we will deal with the usual approach as in the
Glashow-Weinberg-Salam model or the Standard Model. Second, we realise that in
our case another contribution to the Higgs potential arises from the gravitational
coupling s|H|2. By taking into account this gravitational coupling, the Higgs mech-
anism breaks both the gauge symmetry and the conformal symmetry.

8.5.1  The usual approach

In Proposition 8.12 we have obtained the Higgs potential
Lpot(H) :=2bf(0)|H|* — (8afA* — 4ef(0)) |H|*. (8.28)
The minimum of this potential is obtained if the field H satisfies

(2af,A% —ef(0))
bf(0) '

We shall assume that 2af, A2 > ef(0) so that |H|? is positive. The fields that satisfy
this relation are called the vacuum states of the Higgs field. We shall choose a
vacuum state (v,0), where v is a real parameter such that v? is given by Eq. (8.29).

We want to simplify the expression for the Higgs potential. First, we note that
the potential only depends on the absolute value |H|. A transformation of the
doublet H by an element u € U(1) x SU(2) is written as H — uH. Since a unitary
transformation preserves the absolute value, we see that Lpot(uH) = Lpot(H) for
any u € U(1) x SU(2). We can use this gauge freedom to transform the Higgs field
into a simpler form.

|H|2 = (8.29)

Z _ab> such that |a|? + |b]?> = 1.
The doublet H can in general be written as (h1, hy), for some h1,hy € C. We then
see that we can write

h1 . lZ—E ‘Hl o h1 - h2
) =G o= = (830

This means that we can always use the gauge freedom to write the doublet H in
terms of one real parameter. Let us define a new real-valued field & by setting
h(x) := |H(x)| — v. We then obtain

H = u(x) (v +(I)1(x)) , u(x) := (Zgzg _Q(S:;)> : (8.31)

Consider elements of U(1) x SU(2) of the form (
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Inserting this transformed Higgs field into the Higgs potential, we obtain an expres-
sion in terms of the real parameter v and the real field (x):
Lpot() = 2b£(0)(v + h)* — (8afaA* — 4ef(0)) (v + h)?
= 2bf(0)(h* + 40> + 60*H* + 40°h + v*)
— (8af2A% — 4ef (0)) (H* + 20h + v?). (8.32)

Using Eq. (8.29), the value of v” is given by

2 (2af,A% —ef(0)) 8:33)
bf(0) ' '
We then see that in Lpot the terms linear in 1 cancel each other. This is of course no
surprise, since the change of variables |H(x)| — v+ h(x) means that at h(x) = 0 we
are in the minimum of the potential, where the first order derivative of the potential
with respect to & must vanish. We thus obtain the simplified expression

Lpot(h) = 2b£(0) (h4 + 40h® + 4022 — 04) . (8.34)

We now observe that the field /(x) has obtained a mass term and has two self-

interactions given by h® and h*. We also have another contribution to the cosmolog-

ical constant given by —o*.

Massive gauge bosons

Next, let us consider what this procedure entails for the remainder of the Higgs
Lagrangian L£y. We first consider the kinetic term of H, including its minimal
coupling to the gauge fields, given by

Lonin (A, Qu, H) := 2af (0)| D, H|*. (8.35)

The transformation of Eq. (8.31) is a gauge transformation, and to make sure that
Lmin is invariant under this transformation, we also need to transform the gauge
fields. The field B, is unaffected by the local SU(2)-transformation u(x). The
transformation of Wy, = Wjj¢” is obtained from Proposition 8.7 and is given by

2 (Quu)u™. (8.36)

1
W, — uW,u* — —
" " 0

One then easily checks that we obtain the transformation 5;4H — uﬁyH, so that

|5HH |? is invariant under such transformations. So we can just insert the doublet
(v+h,0) into Eq. (8.26) and obtain

~ v+h 1. v+h 1. v+h
Dszaﬂ( 0 )zzgzw}‘jaa< 0 >+21g1By( 0 )
. v—|—h 1 1 0 1 2 0
= 9 ( 0 ) 5182 (v—i—h) ~ 5182 (i(v+h)>

1, s(v+h 1, v+h
_21g2Wﬂ< 0 >+21g1By< 0 > (8.37)

We can then calculate its square as
IDyH|* = (D"H)"(Dy.H)
1
= (3"h)(3uh) + ng(v + 12 (WHAW, 4+ WIS + WIS

1 1
+ Zglz(v—i-h)zB?‘Bﬂ — Eglgz(v—i—h)zBVWf}. (8.38)
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Note that the last term yields a mixing of the gauge fields B, and Wﬁ. The elec-
troweak mixing angle 6,, is defined by

82 Sp i=sinfy, = s (8.39)

Vg1t + 822 Vgi? + 2?2

Let us now define new gauge fields by

Cy = cos by =

. 1 1 TAT2 * 1 1 TAT2
ZV = Cwa; — SwB;u Ay = Swwﬁ + CwBy- (8.40)

We will show that the new fields Z, and A, become mass eigenstates. The fields
W; and Wﬁ already were mass eigenstates, but the fields W, and W are chosen
such that they obtain a definite charge. We can write

1 —i
1 _ * 2 _ *
WV_E(WV_‘_WV)’ WH_—\@(WV—WH),
WEZ = SwAy + Cle‘*’ By = chy — Swzw (8.41)

and inserting this into the expression for | D, H|? yields

D, HP = (3"1) (3h) + » 5820+ hPWIW, +1&(U+h) M7, (8.42)

We thus see that the fields W, W;f and Z; acquire a mass term (where Z, has a
larger mass than Wy, W) and that the field A, is massless.

Rescaling the Higgs field

We now perform a rescaling of the Higgs field so that the kinetic term is properly
normalized. We define a new field

=Y Oy (543)

so that the kinetic term becomes
1 ~
/. 51DuH 2 lgla*s. (8.44)

We will again perform the transformation Eq. (8.31) to write H' in terms of v/ and
h'. We shall now rewrite the obtained mass terms and interactions and drop the
primes from here on. The Higgs potential (including its full coefficient) becomes

br? 4 3 212 4
W(k + 4vh’ + 4v°h —U). (8.45)
The Higgs kinetic term, the mass terms of the gauge fields and their couplings to
the Higgs field h are given by

Lpot(h) =

1 =~ 1 1
SIDLHP = S(@h)@uh) + 382 (0 + HPWH W, + ggi(v +h)2ZVZ,. (8.46)

We conclude that the gauge fields have acquired the masses

1 1g2

My = 5082 Mz = 20 (8.47)
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8.5.2  Spontaneous breaking of conformal symmetry

There is one term in the Lagrangian that we have not yet considered, namely the
term s|H|? which couples the Higgs field H to the scalar curvature s. A gauge trans-
formation does not affect the scalar curvature, so the result of the transformation
(8.31) yields

s|H2 = s(v+h)? = s(h* + 20h + o?). (8.48)

The presence of the linear term in / shows that v is not really the minimum of the
full Higgs potential Ly of Proposition 8.12. There are two adjustments we need to
make to Eq. (8.31). First, we need to replace v with v(x) given by

o(x)? = (2af,A% — efé(})(o) f—zaf(O)s(x))l 6.49)

where we have explicitly denoted the x-dependence of s(x), and hence of v(x).
Second, we remove the x-dependence through a conformal transformation

o(x) = Q7 (x)vp. (8.50)

This second transformation provides a spontaneous breaking of the conformal sym-
metry. A good treatment of such a spontaneous breaking in the case of conformal
gravity with a conformally coupled scalar field can be found in [29].

8.13 Remark. Note that, because of the freedom we have in choosing ()(x), we are
free to take vy = 1 (provided that v(x)? > 0) through a global conformal transfor-
mation. However, for clarity we will simply leave v as it is, without specifying its
value.

Furthermore, an interesting situation arises when the scalar curvature s becomes
large. When af(0)s(x) > 2af,A% — ef(0), the total coefficient in front of |H|?
becomes positive, and hence the minimum of the Higgs potential is obtained for
H = 0. In this case, there will be no spontaneous symmetry breaking.

8.14 Remark. Consider the effect of a conformal transformation given by Q(x) on
the Higgs field ®, which transforms as

_(Ste T e (TS +e) QTN @T
q)—( T (S—HP)) — 0 1(X)<I>—< Q10T Ql(X)(S—I—(P)) (8.51)

The rescaling of S + ¢ is given by the rescaling of the doublet H — Q(x) 'H.
However, the conformal transformation also affects the off-diagonal part T (which
gives the Majorana mass for the right-handed neutrinos) and hence it affects the
constants ¢, d and e of Eq. (8.14). So, when performing a conformal transformation,
these constants must be transformed accordingly.

8.15 Theorem. The (gauge and conformal) transformation of the Higgs field, given by

H = 07 (x)u(x) (”0 *Oh(x)) . )= QT \WHE) —w (@52)
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breaks both the gauge symmetry and the conformal symmetry. The resulting spontaneously
broken bosonic action (ignoring topological and boundary terms) is given by

S5= [ <4f4A4_szA2 afo) b,

72 2 42 2a%f(0) 0

cf(0)s f(0)
T a3/ g2 G €

4 1B Twn a0 ooy o)

g W
1
—(QH o 4 3 21,2
+5(9"1) (9h) + 2a2f(0) (h + 40gh® + 40g?h )
L2 H)2WHFW, 1% h)?z4Z, d* 8
+1g2 (vo + 1) y+§ 5 (vo + 1) |g|d*x. (8.53)

Here we have introduced the dilaton field n by setting Q(x) = e7%), as in Remark 6.32.

ProoF. As has been shown in Proposition 6.31, the full Lagrangian £y (when in-
tegrated over M) is conformally invariant. Thus, we can simply replace H by the
doublet (vg + h(x),0) in the formula for Ly given in Proposition 8.12. Using the
rescaling of the Higgs field of Eq. (8.43), the Higgs potential and the Higgs kinetic
term are then rewritten as in Eqgs. (8.45) and (8.46). For the gauge kinetic terms,
we use Eq. (8.25) and impose the relations Eq. (8.27). The gravitational Lagrangian
L of Proposition 8.12 obtains a kinetic term for a dilaton field # by Remark 6.32.
Combining all terms then proves the proposition. O

8.16 Remark. In the Higgs Lagrangian L, as given in Proposition 8.12, there is one
term proportional to s|H|?. One might expect that after the spontaneous symmetry
breaking this would yield a contribution to the Einstein-Hilbert Lagrangian in the
form of svy2. However, this is not the case, since this term combines with the other
terms proportional to vy?, and then their coefficient is also seen to be proportional

to Z)OZ. 2 Zf( )

In this way, we are only left with the constant term — vo*, which

contributes to the cosmological constant.

Furthermore, after the conformal transformation there also remains no coupling
between the Higgs field /1 and the scalar curvature s, since this coupling has been
absorbed into the mass term vy?h%. Hence, the term s|H|?> has completely disap-
peared from the action.



THE STANDARD MODEL

One of the major applications of noncommutative geometry to physics has been the
derivation of the Standard Model of high energy physics from a suitably chosen
almost commutative geometry [8, 13]. In Chapter 8 we have already discussed the
electroweak sector (for one generation) of the Standard Model. In this chapter we
will also incorporate the quark sector with the strong interactions, and show that
we obtain the full Standard Model.

9.1 THE FINITE TRIPLE

In [8], the starting point is a left-right symmetric algebra A;z. One then obtains a
subalgebra Ar C A by requiring that A should admit the Dirac operator Dr to
contain an off-diagonal part. A discussion of how the algebra A, occurs naturally
is given in [7]. For the purpose of this chapter we will not go into these details.
Instead, we simply state the spectral triple that will be used. Keeping in mind the
previous chapters and the fact that we now wish to obtain the Standard Model, the
choices below should not be too mysterious.

We take the finite spectral triple of Section 8.1 as our starting point. In order to
incorporate the strong interactions, we add the 3 x 3 complex matrices M3(C) to
the algebra, and define

Ap:=C@®H o M3(C). (9.1)

We keep the Hilbert spaces #; = C* and H; = C* for the description of the leptons
and antileptons. For the quarks, we define H, = C*® C3, where the basis of
C* is given by {ug,dg,ur,d.} and the three colors of the quarks are given by the
factor C3. Similarly, we also have the antiquarks in Hz. Combined, we obtain the
96-dimensional Hilbert space for three generations of fermions and antifermions:

Hr = (M & H; & HydHy) . (9.2)
An element of the algebra A is given by a = (A, g,m), where the quaternion ¢ can
be written as g = (_DC‘B ‘5) The representation 71: Ar — B(Hp) on the leptons H,

and quarks H, is given just as in Eq. (8.1) by

A0 00 A

0A 00 0

n(“”?—[z = 00 w ‘B ’ 7'[(&1)|Hq = 0 ®13. (93)
0

o o >lo
R™m O O

0
0
«
00-Bw -B
The representation is given by 77(a) = Aly on the antileptons H; and by 7t(a) =
14 ® m on the antiquarks Hz.
The grading and the conjugation operator are also chosen in the same way as in

Section 8.1. The grading -yr is such that all left-handed fermions have eigenvalue
+1, and all right-handed fermions have eigenvalue —1. The conjugation operator
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Jr interchanges a fermion with its antifermion. The Dirac operator D is again of

*
the form (? 2 ) The operator S is now given by
0 0Y,0 0 0Y,0
0 0 0Y, 0 0 0Yy
0Y, 00 0Y; 00

where Y,, Y, Y, and Y are 3 x 3 mass matrices acting on the three generations. The
symmetric operator T only acts on the right-handed (anti)neutrinos, so it is given
by Tvg = YrVR for a 3 x 3 symmetric Majorana mass matrix Yg, and Tf = 0 for all
other fermions f # vg.

9.1 Proposition. The data (A, Hr, Dr, v, Jr) given above define a real even spectral
triple of KO-dimension 6.

Proor. The representation of Ar on Hz, given by 14 ® m, commutes with all other
operators, and hence it has no effect on the commutation relations. The proof is
then the same as in Proposition 8.1. O

9.2 THE GAUGE THEORY

We shall now consider the product of the canonical spectral triple, describing a
4-dimensional spin manifold M, with the finite triple described in the previous
section.

9.2 Lemma. The subalgebra (AF);, of the algebra Ap = C & H @& Mj3(C), with the repre-
sentation on B(Hr) as above, is given by (Ar)}, = R. The Lie algebra b of Definition 6.12
is then given by the trivial subset hr = {0}.

Proor. The proof is similar to Lemma 8.2. For an element a = (A, gm) € Co
H & M3(C), the relation aJf = Jra* now yields A = A = a = wand g = 0, as
well as m = Alls. So, a € (./Z(F)]F if and only if a = (x, x,x) for x € R. Since u(Af)
consists of the anti-hermitian elements of Ar, we again obtain that the cross-section
br = u(Afp) N (Af) J; is given by the trivial subalgebra {0}. O

9.3 Proposition. The gauge group G(Ar) is given by (U(1) x SU(2) x U(3)) /{1, —1}.

PRrOOF. As in Proposition 8.3, we find that U(IH) = SU(2), so the unitary group
U(AF) is given by U(1) x SU(2) x U(3). The subgroup Hr = U(Af) N (-/‘TF)]F is
again given by Hr = {1, —1}. By Proposition 5.28, the gauge group is given by the
quotient of the unitary group with this subgroup. O

9.4 Remark. The gauge group that we have obtained is not the gauge group of the
Standard Model, because (even ignoring the quotient with the finite group {1, —1})
we have a factor U(3) instead of SU(3). As mentioned in Proposition 6.18, the
unimodularity condition is only satisfied for complex algebras. In our case, we
have a real algebra representation 71: Ar — B(Hp), so the unimodularity condition
is not satisfied. As in [13, Ch. 1, §15.5], we shall now demand that the unimodularity
condition is satisfied, so for u = (A,q,m) € U(1) x SU(2) x U(3) we require

det|y, () =1 = (A detm)12 =1 (9-5)
For u € U(1) x SU(2) x U(3), we denote [u] for the equivalence class of u in the
quotient G(.Ar). We shall then consider the gauge group

)12

SG(Ap) = {[u] = [(A,q,m)] € G(Ar) | (Adetm)'? =1} (9.6)
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The effect of the unimodularity condition is that the determinant of m € U(3) is
identified (modulo the finite group 1, of 12th-roots of unity) to A. In other words,
imposing the unimodularity condition provides us, modulo some finite abelian
group, with the gauge group

Gon := U(1) x SU(2) x SU(3). 9.7)

Let us go into a little more detail, following (but slightly modifying) [13, Prop.
1.185], and prove the following proposition.

9.5 Proposition. There is an exact sequence of group homomorphisms

1= pte — Gsm = SG(Ap) & 1y — 1.

Proor. We define the homomorphism p: [(A,g,m)] — A detm, and by definition of
SG(AF) this maps onto y1y. The kernel of p is given by

Ker(p) = {[(A,q,m)] € G(AF) | Adetm =1}.

The homomorphism ¢: U(1) x SU(2) x SU(3) — SG(AF) is given by ¢(A,q,m) =
[(A3,¢,A71m)]. We see that A3 det(A~'m) = detm = 1, so that ¢ maps onto SG(AF),
and we obtain that Im(¢) = Ker(p). The kernel of ¢ is given by all (A,g,m) for
which (A%,g,A"1m) = 41. This implies that A> = £1, and thus g = A1, and m =
A*13. The requirement A3 = 41 implies A € pg, so we obtain that Ker(¢) = ug. O

9.6 Proposition. The gauge field A, is given by

Ay 0 Ay 0
Auly, = 0 —Ay , Aply, = 0 =Ny ®1;,
Qy QH

1
AV|HT = Nylly, AP‘|H7 =-1L® V. + 5/\;4), (9.8)
for a U(1) gauge field Ay, an SU(2) gauge field Q, and an SU(3) gauge field V. The
Higgs field ¢ is given by

0Y* 0 X*
Pl = (y 0 ) b Pl = (X 0 ) @, Pl =0, ¢l =0, (99
where, for ¢1,$o € C, we have

— Yy —Ye‘l’z) — (Yu‘Pl _Yd%)
Y (prz Yoy )’ X=uto i, ) (9:10)

Proor. The proof is similar to Proposition 8.5, and the formulas for Ay, Q, and ¢
follow immediately. The only difference is the occurrence of the field V}, := ima,m’,
acting on Hg, for m,m’ € M;(C). Demanding selfadjointness yields V;, € iu(3),
so V; is a U(3) gauge field instead of an SU(3) gauge field. As mentioned in
Remark 9.4, we need to impose the unimodularity condition to obtain an SU(3)
gauge field. Hence, we require that the trace of the gauge field A, over Hr vanishes,
and we obtain

Tr‘HT (Apla) + Tr|Hﬁ LoV,)=0 = Tr(V;)=—Au

So, we can define a traceless SU(3) gauge field by V), := —V;, — 1A, O
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9.7 Corollary. The gauge field B, = Ay — JpAuJp L is given on the fermions by

0 0
B?“H, = | 0-2A, , (9.11)
Qy - AVHZ

N+ 0
_ 2
Bu‘yq = 0 =530l + Vy .
(Qy + §A;t]12) & ]13 + ]12 &® Vy

From the coefficients in front of A, in the above formulas, we recognize the
correct hypercharges of the leptons and fermions.

(9.12)

9.3 THE SPECTRAL ACTION

We are now ready to determine the bosonic part of the Lagrangian of the Standard
Model from the spectral action. As in Section 8.3, we start with a few lemmas to
capture most of the calculations.

9.8 Lemma. The trace of the square of the curvature of B, is given by

1
Tr(Fu F*Y) = 24 (?OAWAF‘” + Tr(QuQ™) + Tr(VWV’”)) . (9.13)

Proor. The lepton sector yields the same result as in Lemma 8.9, only multiplied
by a factor 3 for the number of generations. For the quark sector, we obtain on H,
the curvature

Fuv =

0 —2Auwls + Vi , (914)

(Quv+ A1) ©13+ 1, ® VW)
where we have now defined the curvature of the SU(3) gauge field by

Vi = 0, Vy — 0,V —i[V}, Vi ]. (9.15)
If we calculate the trace of the square of the curvature Fy,,, the cross-terms again
vanish, so we obtain

16 4 1

We multiply this by a factor 2 to include the trace over the antiquarks, and by a
factor 3 for the number of generations. Adding the result to the trace over the
lepton sector, we finally obtain

Tr(Fu F") = 80A; A" + 24Tr (Qu Q") + 24T (V,, V). O
9.9 Lemma. The traces of &> and ®* are given by
Tr(®?) = 4a|H* + 2c, (9.16)
Tr(®*) = 4b|H|* + 8¢|H|* + 24, (9.17)
where H denotes the complex doublet (¢1 + 1, ¢2) and (following [13, Ch. 1, §15.31)
=Tr(Y,; Yy + Y7 Ye +3Y,;Y, +3Y]Y,),
= Tr((Y;Yo)? + (YFYe)? +3(Y;Yu)? +3(Y)Ys)?),
Tr(YzYR), (9.18)
Tr((YzYR)?),
Tr(YRYRY,Yy).

c
d
e
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Proor. The proof is analoguous to Lemma 8.10, where the coefficients a,b,c,d, e
have now been redefined to incorporate the quark sector, and the trace is taken
over the generation space. O

9.10 Lemma. The trace of (D, ®)(D"®) is given by
Tr((D,®)(D*®)) = 4a| D, H?, (9.19)

where H denotes the complex doublet (¢p1 +1,¢y), and the covariant derivative ﬁy on H
is defined as

DyH = 9,H — iQ}0"H + i/, H. (9.20)

Proor. The proof is as in Lemma 8.11. Since ® commutes with the gauge field V),
this gauge field does not contribute to the covariant derivative D,,. O

9.11 Proposition. The spectral action of the spectral triple
(C=(M, Ap), I2(M,S © Hp), D © 145 © Dr, 75 © 78, Ju © Jr )

defined in this chapter is given by
I f(&) ~ L/‘ L(guv, M Quo Vi, H)/ Igld*x +O(AT) (9.21)
A 47T2 M L RN e 7

for

E(gpn/r Ay, Qy/ Vi, H) := 96£M(gyv) + LA(Ay/ Qy/ Vy) + EH(gpn/; Ay, er H).
(9.22)

Here Ly1(guv) is defined in Proposition 6.27. L 4 gives the kinetic terms of the gauge fields
and equals

10
La(Aw, Qu Vi) = 4£(0) (?AWN”’ +Tr(QuQ™) + Tr(VWV”V)>. (9.23)
The Higgs potential (ignoring the boundary term) gives

L1 (g, My, Qu H) 1= 20f (0) [ HI* + ( — 8afoA” + 4ef (0)) |HI?

—dcfo N2 +df(0) + %]"(0){15|H|2 + %f(O)cs +2af(0)|DyH*.  (9.24)

Proor. We will use the general form of the spectral action of an almost commuta-
tive spectral triple as calculated in Proposition 6.29. The gravitational Lagrangian
L now obtains a factor 96 from the trace over Hr. From Lemma 9.8 we immedi-
ately find the term L£4. For the newly defined coefficients 4,b, c,d, e of Eq. (9.18),
the Higgs potential has exactly the same form as in Proposition 8.12. O

9.3.1 The coupling constants and unification

The SU(3) gauge field V, can be written as V), = V;Ai, for the Gell-Mann matrices

Al and real coefficients Vlﬁ. As in Section 8.4, we will introduce coupling constants
into the model by rescaling the gauge fields as

1 1 1 i
Ay = §g1B”' Q= EgZW“, v, = §g3G;,. (9.25)
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By using the relations Tr(c%¢?) = 26% and Tr(A'A)) = 247, we now find that the
Lagrangian £ 4 of Proposition 9.11 can be written as

1 0) /5
REA(B}!/ Wy, GV) = % (gglzB,uva/ + 822Wvawj + ngGvaw/) - (9:26)

It is natural to require that these kinetic terms are properly normalized, and this
imposes the relations

0 0 5f(0 1

The coupling constants are then related by

5

2 2 2
83" =& = 381 (9.28)
which is precisely the relation between the coupling constants at unification, com-
mon to grand unified theories (GUT). Thus, it is now natural to assume that our
model is defined at the scale Agyr. As discussed in [13, Ch. 1, §17.10], one can then
use the renormalization group equations to obtain a prediction for the Higgs mass.

9.3.2 The Higgs mechanism

In Section 8.5 we have evaluated the Higgs mechanism for the Glashow-Weinberg-
Salam model. We have shown that by performing a gauge transformation as well
as a conformal transformation of the Higgs field, given by Eq. (8.52), we obtain a
spontaneous breaking of both the gauge symmetry and the conformal symmetry.
In the Standard Model, this Higgs mechanism can be applied in exactly the same
way. We will not redo the calculations, but simply state the result below.

First, we shall rescale the Higgs field as in Eq. (8.43), in order to normalize its
kinetic term. The transformation of Eq. (8.52) gives a real parameter vy (which
corresponds to the vacuum expectation value of the Higgs field) and a real field /(x)
(which describes the physical Higgs particle). From the conformal transformation
we obtain a dilaton field 7(x), given by Q(x) = e’. The gauge bosons W, Wy, Z,,
and A, are defined as in Eq. (8.40). In exactly the same way as in Theorem 8.15, we
can now rewrite the spectral action of Proposition 9.11, and obtain the following
result.

9.12 Theorem. The spontaneously broken bosonic action (ignoring topological and bound-
ary terms) is given by

2 2 4 T 2a2f(0)°

cf(0)s 4f,A%  3£(0)
T a2 12 ChupoCH7

gy = /M (48f4A4 _chN df(0) b

1 1 1 - AfA?
+ 4 BB + Wi, W 4 2 G G fn—(aﬁn)(am)

4 2
1 br?
(K 4 3 21,2
+5(9") 9h) + 22 (0) (h + 4oh® + 4vg?h )

I > 2A7H 1 go* 2u 4
+1gz (vg + h)"W WH+§CW—2(UO+h) ZrZy, |4/ Igld x. (9.29)
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By an abuse of notation, let us take a set of independent anticommuting Dirac
. — _ —_ —Ac . .
spinors v}, 7, et,e*, ute, e, dM,d"". We then write a generic Grassmann vector

E € 7—[;'[ as follows:

E= @ +vh i+ 70V} + 7} @ vk
tel @ +ef ey +ehel +2) @eh
e @ ul® + u @ i + WY © Ul + 7 @ u
—A e . oA e

+dif @diC +dif @dif +dR @d) +d; @d, (9-30)
where in each tensor product it should be clear that the first component is a Weyl
spinor, and the second component is a basis element of Hr. Here A = 1,2, 3 labels
the generation of the fermions, and c = r, g, b labels the color index of the quarks.

Let us have a closer look at the gauge fields of the electroweak sector. For the
physical gauge fields of Eq. (8.40) we can write

Qy +iQ; = \1@ng;~ Q —iQ; = \zgzw*'
_QZ — Ay = —swgp Ay + %(1 —2c4%)Zy,
Q + %Ay = gswngu - 6%,(1 —4co®)Zy, (9-31)
-+ %Ay = *%Swng# - 6‘2} (14 2¢0%) Zy.

We have rescaled the Higgs field in Eq. (8.43), so we can write H = 7“17{(0)(% +
1,¢2). We shall parametrize the Higgs field as H = (vg + h + i¢?,iv/2¢~), where ¢°
is real and ¢~ is complex. We write ¢ for the complex conjugate of ¢ . Thus, we
can write

(1 +1,¢0) = (vo+h+ icpo,iﬁc[f). (9:32)

s
af(0)

9.13 Remark. As in Remark 7.11, we will need to impose a further restriction on
the mass matrices in Dp, in order to obtain physical mass terms in the fermionic
action. From here on, we will require that the matrices Yy are antihermitian, for
x = v,e,u,d. In other words, the hermitian operator S in Dr is required to be
antisymmetric (as opposed to T, which was already required to be symmetric). We
shall then define the hermitian mass matrices m, by writing

Y, =it——= af(O)m

——l (933)

9.14 Theorem. The fermionic action is given by
Sp= /M (Lkin + Lgf + Lrg)y/I1gld*x. (9-34)

We suppress all generation and color indices. The kinetic terms of the fermions are given by

Liin := (JmV, BV) + (Jme, Pe) + (Jvit, Bu) + (Jud, Pd). (9-35)
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The minimal coupling of the gauge fields to the fermions is given by
‘Cgf = SngA ( - (]ME/ ’)/He) + %(]Mﬁ/ ’Yﬂ”) - %(]MH/ r)/}‘d)>
1o Zu (am " (U 5)0) + (a2, 7 (4507 = 1= 75)e)

+ (i, (=Ssa? + 1+ y5)u) + Uud, 7 (3502 = 1= 15)d) )

( Jme, (1 +9s)v) + (Jud, v (1 + ’Ys)”))
SZ * - —
+ Wi (U9 (4 95)0) + il 71+ 75)d) )
+ 264wt M) + (Tuad, 7 Ad) ). (9:36)

The Yukawa couplings of the Higgs field to the fermions are given by

h _
'CHf = —i(l+4 ZTQ) ((IMV,THUV) + (Jpe, mee) + (Jpu, myu) + (]Md,mdd)>
0

+ %o ( — (JmV, ysmyv) + (Jme, ysmee) — (T, ysmyi) + (Jmd, ’Y5mdd))
oo (021 = 15)0) = (2 me1 4 75)0))
0( I me(1 = 75)e) = (Jua, my (14 75)e) )
\fvo( Jmd, my (1 — ys)u) — (IME,md(1+’Y5)”))
( Jmtt, mg(1 —s)d) — (Jmtt, my (1 + 75)d))- (9:37)

Proor. The proof is similar to Proposition 7.10, though the calculations are now a
little more complicated. From Definition 5.21 we know that the fermionic action is
given by Sp = %( J&, D ag), where the fluctuated Dirac operator is given by

Dy=D1+9" @By + 752 P.

We rewrite the inner product on H as (¢, ¢) = [,,(¢,¥)+/]gld*x. As in Proposi-

tion 7.10, the expressions for J& = (Jy ® Jr)& and (I ® ]l){f are obtained straight-
forwardly. We will use the symmetry of the form (Jy1X, ), and then we obtain
the kinetic terms as

LUE D RNE) = (v, D) + (@, D) + (e, D) + (d, D)

The other two terms in the fluctuated Dirac operator yield more complicated ex-
pressions. For the calculation of (y" ® By)g, we use Corollary 9.7 for the gauge
field B, and we can insert the expressions of Eg. (9.31). As in Proposition 7.10, we
now use the antisymmetry of the form (JpsX, v*1). For the coupling of the fermions
to the gauge fields, a direct calculation then yields

1 -~ -
SUE (@ B,)E) =

sugaAu( = U@, 7'e") + 3, 7"1') = § (Jad 7))
4g; Zy ((]MVA, YL+ 5)v") + (Jme', v (4s0” — 1 — 75)e’)

_ A
+ (I, Y (=850 + 1+ 95)u™) + (Jud  7* (3s® — 1 - ’YS)dAC))
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+ z‘f—}wy ((]MEA, YL+ ) + (aad (1 + 75)14“))
zg\szzf ((]MU)‘,'y”(l +75)et) + (Jui, v (1 + ’75)dAC))
+ SN (U, 70 + (uad 1)),

where in the weak interactions the projection operator %(1 + 7s5) is used to select
only the left-handed spinors.

Next, we need to calculate 3(J¢, (75 ® ®)¢). The Higgs field is given by & =
Dr + ¢ + Jr¢J;, where ¢ is given by Proposition 9.6. Let us first focus on the four

terms involving only the neutrinos. Using the symmetry of the form (JuX, 159),

we obtain

1
IMTh 155 (1 + DVR) + 5 (Tmvi, 150" (91 + 1)T%)

N[ —

1 KA — _
U, 7Yy @+ Dvd) + 5 vk, 1Yy (@ +1)71)

NM—‘

— (TP, 15 Y (91 + DvR) + P, 15T (@) + 1vf).

Using Egs. (9.32) and (9.33), and dropping the generation labels, we can now rewrite

(JMVR, 5 Yo (@1 + 1)vR) + (JMVL, 15 Yo (¢q + 1)v)

h 0
= iU ) Ouit ) = (it qem).
0 (]

For ¢, u,d we obtain similar terms, with the only difference that for e and d the sign
for ¢° is changed. We also find terms that mix the neutrinos and electrons, and by
the symmetry of the form (JpX, v5¢), these are given by the four terms

V2

r (47_ (Jmer, myvR) + ¢ (JMVR, meer) — ¢~ (Jner, mevi) — ¢+ (Jmvr, muEL)).

There are four similar terms with v and e replaced by u and d, respectively. We can
use the projection operators %(1 + 75) to select left- or right-handed spinors. We
thus obtain that the mass terms of the fermions and their couplings to the Higgs
field are given by

(J& (vs @ ®)E) =

- 1(1 =+ %) ((]M?/ ml/v) + (]ME/ mfe) + (]Mﬁr mu”) + (]MH/ mdd))

N —

0 —
+ %( — (Jm¥, ysmyv) + (Jpe, ysmee) — (v, ysmyu) + (Jad, ’YSmdd))

i,y (1= 5)v) = (Jag@, me(1 4+ 7)) )

O

Vs (
( I, (1= 5)e) = (7, my (14 75)e))
it

M Tuad, (1= 75)1t) = (Jad, ma (1 +75)u) )

+ M (it ma(L — 5)) — (aa, ma(1 4 23)4) ),

where we have suppressed all indices. O
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9.15 Remark. In Theorems 9.12 and 9.14 we have calculated the action functional
of Definition 5.21 for the almost commutative geometry defined in this chapter.
However, we should still check whether this action coincides with the action of the
Standard Model. This comparison has been worked out in detail in [13, Ch. 1, §17],
and it confirms that our almost commutative geometry indeed yields the action of
the Standard Model.
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CONCLUSION & OUTLOOK

I never see what has been done;
I only see what remains to be done.

— Buddha






CONCLUSION

The main subject of this thesis is the concept of an almost commutative geome-
try, which is given by the product of the canonical spectral triple (describing a 4-
dimensional Riemannian space-time M) and some finite (non)commutative spectral
triple (describing the internal degrees of freedom). A real even almost commutative
geometry is described by a spectral triple

(A, H,D) = (C®(M, Af),L*(M,S) @ Hp, P @ 1+ 5 ® D),

along with a grading s ® yr and a conjugation operator [y ® Jr. We have studied
the properties of such almost commutative geometries in general, i.e. without any
assumptions on the finite spectral triple. One of the main results is Theorem 6.22,
where we have shown that any almost commutative geometry describes a gauge
theory, with the gauge group given by G(A) = C®(M, G(Af)). In particular:

e the gauge group G(A) is completely determined by the algebra A and the
conjugation operator J;

* we can construct a (trivial) principal fibre bundle P = M x G(.Af), for which
M x Hp is an associated vector bundle;

¢ the inner fluctuations of the form Y aj[D), bj] determine a connection A, on
P;

e the gauge group G(.A) of the almost commutative geometry is equal to the
gauge group G(P) of the principal fibre bundle P;

* both the spectral action and the fermionic action are invariant under the gauge
group.

Besides a gauge field, the inner fluctuations of the form Y; a;[Dr, b;] determine a
field ® € T (End(M x Hp)), which we call the Higgs field. We have calculated
in Proposition 6.29 the general form of the bosonic part of the Lagrangian, which
arises from the heat expansion of the spectral action. We have written this La-
grangian in terms of the Higgs field ® and the gauge field B, = Ay, — JrA,J; L'n
this Lagrangian, we recognize (besides gravitational terms) the familiar terms we
would expect for gauge fields and Higgs fields:

* a kinetic term for the gauge field By, given by its curvature Fy;

* a Higgs potential for the field ®, such that the coefficient of the quadratic
term is negative and the coefficient of the quartic term is positive;

* a kinetic term for the Higgs field, including its minimal coupling to the gauge
field.

In addition, we also obtain a term which couples ®? to the scalar curvature s of the
manifold M.

In the gravitational part of the Lagrangian, we recognize the Einstein-Hilbert action
including a cosmological constant. In addition, we have obtained terms that de-
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pend quadratically on the Riemannian curvature tensor. These terms can be rewrit-
ten such that (ignoring the topological term R*R*) we are only left with the Weyl
gravity term CWPUCWW, which is invariant under conformal transformations. It is
interesting to note that this is not the most general form a gravitational Lagrangian
could have (see Proposition 4.22), since the term s? is absent. The Weyl gravity is
not the only part of the Lagrangian that is conformally invariant. We have shown
in Proposition 6.31 that most terms are invariant under conformal transformations,
except for one; the conformal transformation of the Einstein-Hilbert action yields a
kinetic term of a dilaton field.

The justification for using the name Higgs field for the field @ is not just that it is a
scalar field, but more so the occurrence of the Higgs potential. This potential allows
us to apply the Higgs mechanism. For the example of the Glashow-Weinberg-Salam
model in Chapter 8, we have seen that this Higgs mechanism yields a spontaneous
breaking of both the gauge symmetry and the conformal symmetry. Through the
breaking of the conformal symmetry, the physical Higgs field is no longer coupled
to the scalar curvature.

The general framework of Part II can easily be applied to yield specific examples,
by simply making an explicit choice for the finite spectral triple. In this thesis we
have given three examples, in which we have worked our way towards the Stan-
dard Model. The first example is the simplest one, but nonetheless an important
one. It has long been thought impossible to describe abelian gauge theories within
the framework of noncommutative geometry. In Chapter 7 we have shown that
it is not impossible, and we have provided a description of electrodynamics as an
almost commutative geometry. We have calculated both the spectral action and
the fermionic action, and have seen that these indeed yield the Euclidean action of
electrodynamics.

For the second example in Chapter 8, we have expanded the model of electrody-
namics to also incorporate the weak interactions. This provides a good example of
the application of the Higgs mechanism in an almost commutative geometry. We
have shown that, because of the coupling of the Higgs field to the scalar curvature,
the Higgs mechanism yields a spontaneous breaking of not only the gauge symme-
try, but also of the conformal symmetry. By breaking this conformal symmetry, the
physical Higgs field is no longer coupled to the scalar curvature.

These two examples have provided a good preparation for Chapter 9, in which we
finally discussed the full Standard Model. A new feature in this model (compared
to the previous two examples) was that we needed to impose the unimodularity
condition on the gauge group, in order to obtain the correct gauge group for the
Standard Model (see Remark 9.4). We have explicitly calculated the full Lagrangian
of the Standard Model from the spectral action and the fermionic action.
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In this thesis we have studied the concept of almost commutative geometries in
general. There is of course a lot more work to be done, and this thesis provides
a good starting point for further research. Below we will mention several open
questions or ideas that could be pursued.

GENERAL DIMENSIONS
We have only considered almost commutative geometries for which the spin
manifold M has dimension 4. One could generalize our results to spin man-
ifolds of other dimensions. One complication that needs to be properly han-
dled is that the precise form of the real structure of the almost commutative
geometry depends on the KO-dimensions of both the canonical triple and the
finite triple, as has been worked out in [33].

NON-TRIVIAL BUNDLES

The principal fibre bundle P = M x G(Af) of Theorem 6.22, which describes
the gauge theory of an almost commutative geometry, is a trivial fibre bundle.
This is related to the fact that the finite triple has no bundle structure over M.
Thus, it would be interesting to generalize our work to describe gauge theories
on non-trivial fibre bundles. For the case of SU(N) Yang-Mills theory, this has
already been accomplished [3, 4]. The approach would be to replace the finite
triple (Ar, Hr, Dr) by a triple

(F(M,B),Lz(M,E),D) ,

where B is an algebra bundle with fibre Ar, E is a vector bundle with fibre Hp,
and D is a self-adjoint operator in I'(End(E)). Note that now the Dirac oper-
ator might vary on M. When taking the product with the canonical spectral
triple, one would then take as the total Dirac operator ) ® 1+ 5 ® D + D,
where the third term Dg arises from combining the Clifford representation
of the canonical triple with a connection V£ on E, so locally we would have
Dr = i7" ® V]]f . The main task is then to show that we can construct a
principal fibre bundle P from the spectral triple given above, such that the
gauge group G(A) of this spectral triple corresponds to the group of gauge
transformations of the principal bundle P.

THE SPIN BUNDLE

In the case of the trivial principal bundle P = M x G(Af), the vector bundle
E = M x Hr is an associated vector bundle. However, the total Hilbert space
is given by L?>(M,S) ® Hr = L?(M,S ® E). Thus the actual fermion fields
are sections of S ® E, and the vector bundle S ® E is not an associated vector
bundle (as mentioned in Remark 6.23). The question arises whether or not
we should find a larger principal fibre bundle, which incorporates the bundle
structure of S and has S ® E as an associated vector bundle.

In other words, can we expand the canonical triple in such a way that we
can apply the same procedure as for gauge theory to obtain a principal fi-
bre bundle, for which the spinor bundle S is an associated vector bundle?
For this purpose, we would need to replace the algebra C*(M) in the canon-
ical spectral triple by a larger algebra A, such that the group G(A) corre-
sponds to the group of gauge transformations of the principal fibre bundle
P = Spin(M) with fibre Spin(n). The logical starting point would be to take
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A = T(CI"(M)), the sections of the even Clifford bundle. Once a correct
description of a spectral triple has been given, one will obtain an alternative
model for the description of gravity on a spin manifold.

CLASSIFICATION
We have considered almost commutative geometries in their most general
form. As mentioned in Remark 5.11, we have not yet considered the impli-
cations of the commutation rule [rDr = JpDp or the order one condition
[[D,a],b°] = 0. These conditions impose further restrictions on the possible
almost commutative geometries. A lot of work has already been done on the
classification of finite spectral triples (and thus of almost commutative geome-
tries). This classification started with papers by Paschke and Sitarz [31] and
Krajewski [25]. Though these papers only focused on finite spectral triples of
KO-dimension 0, their work has by now been generalized to allow for other
KO-dimensions [5, 23]. It would be interesting to study the implications of
this classification for the gauge group and the precise form of the Lagrangian.

REAL MASS PARAMETERS
In order to obtain physical mass terms in the Lagrangian, we needed to im-
pose a restriction on the finite Dirac operator Dr (cf. Remarks 7.11 and 9.13),
by demanding that the mass matrices are antihermitian. One might wonder
whether this can be explained differently, without the need for such an ad hoc
restriction of the Dirac operator.

ELECTROWEAK UNIFICATION
In the Glashow-Weinberg-Salam model, we have obtained in Section 8.4.1 the
relation g»2 = 3g;2 for the coupling constants. It thus remains to determine
the scale Ay at which this relation holds from the running of g; and g. One
can then obtain physical predictions from this model by using the renormal-
ization group equations to ‘run down’ the model from the scale Ary to lower
energies.

CONFORMAL COSMOLOGY

The bosonic Lagrangian of an almost commutative geometry provides a new
perspective for describing conformal cosmology. Traditionally, a conformally
invariant Lagrangian may not contain a term proportional to the square of
the Higgs field ®. A new feature in noncommutative geometry is the pres-
ence of the scale A, which is affected by a conformal transformation. We
now have a term A%2®? in the Lagrangian which is conformally invariant (see
Proposition 6.31).

One could study the effect of this extra term on cosmological models. Subse-
quently, one can study the spontaneous breaking of the conformal symmetry
by the Higgs mechanism, and the resulting decoupling of the physical Higgs
field from the scalar curvature, within such models.

LARGE SCALAR CURVATURE
Application of the Higgs mechanism relies on the fact that the quadratic term
in the Higgs potential has a negative coefficient, so that the minimum of
the potential is acquired for a non-zero Higgs field. However, taking into
account the coupling of the Higgs field to the scalar curvature, we see that
this coefficient becomes positive for a sufficiently large scalar curvature. As
mentioned in Remark 8.13, this implies that there will be no spontaneous
symmetry breaking. If the scalar curvature varies from point to point, there
could at some point occur a transition from a broken to an unbroken theory.
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CALCULATIONS IN CLIFFORD ALGEBRAS

On a Riemannian manifold M, with the metric locally given by g"¥, a Clifford
algebra is generated by a set of gamma matrices {y* } which obey the Clifford relation

Mot + 'yt = 28" (A1)

Throughout the thesis, we have y# = c(dx"). Here we will derive some useful trace
identities. By using the periodicity of the trace and the above relation, we see that

Tr(y#9") = %Tr('r"v” +"") = ¢"'Tr(1d) = 4g"". (A.2)

For a product of four gamma matrices, we can use the Clifford relation three times
to pull the first gamma matrix to the end, and so obtain

AP yT = =y APy Tyt + 281 Py — 280y 7 4 2gH VAP (A3)

We use this and the previous result to calculate its trace:

1
Tr(y"y"7P97) = ST (" P77 + 2"y ")
=Tr(g" P77 — g7y + 817" 7)
= 4(g"g? —gMg" +g"g"). (A4)
The chirality element 5 anticommutes with ¥, so periodicity of the trace implies
that
1
Tr(7") = STr(v" + v r575) = Te (V' + 157" 75)
=Tr(y" = 7"r575) = Te(vF —9%) = 0. (A5)

The same method shows that the trace of a product of any odd number of gamma
matrices also vanishes. In particular, we also have

Tr(y#vs) = 0. (A.6)
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CALCULATIONS IN RIEMANNIAN GEOMETRY

In this chapter, we gather many straightforward but sometimes tedious calculations
concerning local expressions of the metric, the Christoffel symbols and mostly the
Riemannian tensor and its derived tensors.

B.1 LOCAL FORMULAE FOR COVARIANT DERIVATIVES

Recall from Definition 2.36 that the Christoffel symbols of the second kind of the
Levi-Civita connection V on the tangent bundle TM are given by

Vudy =T,0,, (B.1)
where we have written V}, = Vay. The Levi-Civita connection is torsion-free, so
Eq. (2.20) implies that

I, =T, (B.2)

If we define the Christoffel symbols of the first kind Ty, = g,\pFP uv, the metric com-
patibility of Eq. (2.21) states that

9p&uv = Tvpu + Tupu, (B-3)
ie. Vpguy = 0. We then see that

1 1
(B.4)

where we have used the symmetry of Eq. (B.2). We have thus obtained an explicit
formula for the Christoffel symbols in terms of derivatives of the metric.
For a vector field X given locally by X = X"9,, the Leibniz rule gives us

VX = Vu(X"0y) = 0, X0y +I7,, X",

= (3,X° + T, X") 9. (B.5)

We can use this formula to define the covariant derivative of the component functions
XP of a vector field X. These functions V, X are defined by

VX = (VuXP)a,, (B.6)
which then yields the familiar formula
VX0 =0, X + T, X". (B.7)

Similarly, we can also define the covariant derivative of the component functions of
a 1-form w = wpdxf by

and we now obtain the formula

Vuwy = dpwy — T yyw,. (B.9)
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We shall sometimes use the compact notation X” o= VuXP. A tensor field T of
type (k,1) can locally be written as

T = Tfll.'.'.;,ﬁlkam ® - ®0, Qdx" Q- @dx". (B.10)

In a similar manner as for vector fields, the covariant derivatives of the components

T} are given by

M1 Mk M1k M1 0 Hi Mk Hip
VATt = T + T T+ T T

. -
=T Tt = =T, T (B.11)

B.1.1 Local formulae of the Riemann tensor

Recall from Definition 2.38 that the Riemannian curvature R € A?(M,End(TM)) is
defined by
R(X, Y) = VXVY - VYVX - V[X,Y]/ (B.IZ)

where V is the Levi-Civita connection on the tangent bundle TM. The local com-
ponents of R are defined by

Ryuvpo := g(9, R(9p,95)0y). (B.13)

Equivalently, we can define R*, oo DY
R(9p, )3y = RY,,,01, (B.14)

A — oHA
so that R* - = g Ryuypo.
The curvature is defined as an endomorphism. Let us evaluate what this means
locally. For a vector field X = X"d,, we can write

R(3p,90)X"9y = X'RY, ;91 = X'RY) 00, (B.15)

vpo

so we obtain in the compact notation X",,,, = V,V, X" that

X e = XVgip = =RV e XM (B.16)
Similarly we have for arbitrary tensor fields that
M1 Hk e H1 0 Pk Hk HiP
Tv1~--1/1;/\;K - TV1~--V];K;/\ =—-R pAKTvl”'VI —...—R p)ucTVI"'VI
4 QNS [ P Mk
+R leKTP“‘Vl 4+...+R 1/IMTVI...‘D . (B.17)

Using Eq. (B.12) we can obtain an explicit formula for the components Ry, We
use that [dy,d,] = 0 and see that

Ryuvpe = 8(9u, (Va,Va, — Va, Va,)dv)
= g(0y, Va, (I,,91) — Va,(I",,02))
= g(0y, T, T* )10k + (8T, )9) — T4, T 19k — (3:T7,,)0,)
= FAUVFKpAg e+ (apFAav)g pA rApertf/\g pr (agr/\pu)g A
= 8ua (FKUVFAPK + apl“)‘m, — FKPVF)‘UK - agrApv), (B.18)
and thus

RY,p = T T + 9T, = T¥, T — 9T (B.19)
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The Ricci tensor is defined as R,y = ¢""Ryyp0. By using Eq. (2.25), we can write
Ryg = &) (T, T+ 0T, — T, T — 30T,
=T, I o + apr ov =T o — aarppv. (B.20)
The scalar curvature s = g"“Ry¢ then equals

s = 8" (T TP o + 9T oy = T, T g — 3Ty (B.21)
B.1.2 Rewriting derivatives

First, for the derivative of g"” we have

0pg"" = 0p(8"8"g10) = 0"20p8"" +8"50p8"" + 8" 8" p8rc
— zapgpw + gy/\gwrapg/\m

SO
o8 = —gw‘gwapgm. (B.22)
Second, for the determinant of g, we have the formula

Iplgl = 1818"" pguv, (B.23)
which then yields

1 1
) = ——=0,|8| = = "o, - B.2
b/ 181= 3 ol plgl = 51/188" g (B.24)
By using Eq. (B.22) we note that

8" 0pguy = —g””gmgwapg"” = —5"Agwapg’\‘7 = —gwapg’w, (B.25)

SO we can rewrite
dpy/ 18] = 18181v9p8™" (B.26)

B.2 THE DUAL TENSOR

We will regard the particular case that dim(M) = 4. We define the permutation
tensor by

51/”/pg' = A/ |g|€;,ﬂ/pg, (B.27)

where €, is the completely antisymmetric Levi-Civita symbol for which €p123 = 1
and |g| is the determinant det(g;,,) of the matrix of the covariant metric, given by

gl = €77 ¢1,82083p840- (B.28)

Note that €"f7 := €00, so the position of the indices is irrelevant for the symbol
€. The contravariant metric g*" is the inverse matrix of g,, and hence we have that

gl !t = ewpcfglyg%gspg40~ (B.29)
Note that

Suvpodxt Ndx¥ Ndxf Ndx? = 4/ |g|ew,pgewp”d4x =24 |g|d4x =24v,, (B.30)
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where v, is the Riemannian volume form of Definition 2.52, which is invariant un-
der coordinate transformations. Hence the 4,5, form the components of a tensor.
From this definition we find that raising the indices of this tensor ¢ yields

5“‘57‘5 — g“.ugﬁvg%’)ggg(syvpa. = Lezxﬁ’y()—. (BBI)

Vsl

We can now define a dual tensor of the Riemannian curvature tensor by [26]

1 1
*R 500 = 150‘}3’755HVP0R“'BW' «RY000 _ Z(Saﬁ’ﬁ(g#vpaRa‘Bw' (B.32)

We will derive an explicit formula for this dual tensor in terms of the Riemann
tensor. First, Eq. (B.29) can be rewritten into the identity

SHvPo sapys Z(_l) \7T|gﬂé}4gﬁvg’w?g(5v, (B.33)

7T

where the sum is over all 24 permutations of «, 3, y, 6. We multiply this identity by
Rypuy, and explicitly write out the sum. The first six terms containing ¢*/ yield

5(g7Pg" — §%g77) — R1Pg’ — RYg™ + R¥17+ R, (B.34)

The six terms containing ¢f* yield the same result. The six terms containing g7"
yield

2R77 g% — 2RYP %7 4 2R, (B.35)
and the last six terms containing ¢°* yield

2RO 17 — DRGNP 4 QRYPC, (B.36)
Collecting all terms and dividing by four then gives us

1
«RY0PT = RYOPT _ RIP g7 _ ROTGI0 4 ROV 4 RIT G 4 5 s(g7P g% — g% g17),
(B-37)

Multiplying by R,sp yields the identity
R*R* := *R"™P"R, 500 = R17 R, 5, — ARTP Ry + 52, (B.38)

where we introduce the common notation R*R*, which is often referred to as the
Pontryagin class (see also Section B.4.4).

B.3 THE WEYL TENSOR

Again we regard the case of dim(M) = 4. The Ricci decomposition of the Riemann
tensor is given by

Ryvpa = Syvptr + E;n/pa + Cyvpa- (B39)

where the scalar part is given by Sps := ms( Suc8pv — Sup8ov) and the semi-

traceless part is given by Ejpr 1= ﬁ(gprm, — 8uoeRpv — SupRoy + guoRpy). Note
that these definitions imply that

1 1
gyp(s;wpa + E;u/pa) = *msgmr + Ryo + msgva = Rye = gﬂpR;wpm (B.40)
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so that ¢#”Cyypr = 0. Hence this Ricci decomposition defines the fully traceless part
Cuvpo, which is called the Weyl tensor, by

1
Cuvpo = Ruvpe — Spvpe — Epvpe = Ruvpo — ms(gwgpv — 8uo8ov)

1
- m(gP’PRW — 8uoRov — gupRoy + guoRop).  (B.41)
From here on we will take n = dim(M) = 4, and we then have
1 1
Cuvpr = Ruvpor — 25(8uo8ov — 8up&ov) — 5 (8upRov — 8o Rov — gupRoy + guoRop).-
6 2

(B.42)

We would like to calculate its square CpoCF'?7. We use the Ricci decomposition
and can write C,0oCH? as the sum of three squares and three cross products:

2
R;wpURWpU = RyvaRWpar _2R;4VPUSHV‘DU = 552/
2
SuvpeSHP7T = 552, —2Ryypc EMP7 = —4R,xR",
EjpcEMP7 = 2RyR" + 57, 2E}pe ST = —25%.

Summing these six terms together we obtain
Chupe 1P = Ryipo RIP? — 2R, R 4 257 (B.43)
Using the Pontryagin class of Eq. (B.38), we can rewrite
CuvpoCMP7 = R*R* + 2Ry¢R" — %sz. (B.44)

In a similar manner, we can calculate that

1 1
C/\vpackvpg = R)wpURKVPU - gszg/\K + Eg/\KRVURVU
+ SR/\K - ZR)\VKU'RVU - ZR/\U'RKU’ (B'45)

by summing the terms

Raype R ™ = Ryype R,

SpeSe” = 5780

ExpoEe™ = 301eRuoR" + 5Ry,
—RaypeSc 7 = Spwpo R = %SRM,

—RavpoEx 7" = Exvpo R = —2RpyeR" — 2Ry R,

2 1
E)\VPO'SKVPU + S/\vaEKVP(T = _§SR)\K - gsngx-
In the case dim(M) = 4, the Weyl tensor obeys an interesting identity, which we

shall now derive. We calculate

v

1 1
C/\vpacxvpa - ZSAKCWWCWW = R)\vp(rRK T — 1528/\;( + g)uchRW

1
+ SRy — 2Ryye R — 2R)\URKU - ZLgAKRuvaRPWPU' (B.46)
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Since we are in the case where dim M = 4, we have the identity

Y (£)g"g"g™gP1gM =0, (B.47)

where the sum is over the 120 permutations of v, 4, k, 7 and { with the sign chosen
according to the eveness or oddness of each permutation. If we multiply this iden-
tity by RoryzRixpa, @ tedious calculation will show (according to [14, p.720]) that we
obtain the Bach-Lanczos identity

A 1
Cuoon &7 — 1 §uvCprrxCP7T = 0. (B.48)

B.4 VARIATIONS OF THE METRIC

Suppose we take an infinitesimal variation of the metric:

Suv = Suv + 0guv- (B.49)

We shall now calculate the variations of several quantities depending on this metric.
First, as in Eq. (B.22), we note that

ogh = —g”“g*g”&gaﬁ. (B.50)
Second, we have as in Eq. (B.26) that

1 o
01/l = =51/18184p08"- (B.51)

The variation of the Christoffel symbols (given by Eq. (B.4)) depends on the deriva-
tives of the variation of the metric, and we have

1
0L p = ) (ap(‘ng) + aV(ngp) - a;t(‘sgw))- (B.52)
From this we derive that
(SF"VP = J(gWFWp) = l"wpég”” + g”‘rél"wp
1
= _ravpgﬁaégaﬁ + ng (ap (08av) + aV(fsgrxp) — da (581/p))‘ (B.53)

Replacing the partial derivatives by covariant derivatives adds extra terms contain-
ing Christoffel symbols, and then these terms conveniently cancel each other:

oI, = —Favpg’gg‘sgaﬁ + %g"‘"(vp(ég,w) + Vi (68up) — Valdgup))
+ %g‘w (rﬁ 0850+ TP 88 + TP, Bgp,
+ 17,086 — T¥,,08pp — Fﬁpafsgﬁv)
= 28" (Vp(0gw) + Vi (030p) — Val081p)). (B.5)
Using Eq. (B.19), the variation of the Riemann tensor is given by
OR oy = 00Ty, — 90T,
+ 6T, T, + T4, 0T, — 0T %, =T 6T7 . (B.55)

By Lemma 2.28, the variations of Christoffel symbols form the components of a
tensor, so their covariant derivative is given by

_ p p
VadT?yy = 03017y + 7, go1F | = TP orf, — 1P or” o (B.56)
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The difference of two conveniently chosen terms of this form equals
— p B p
Vool — Vol = 0,017, + T ,56T w— L W(SF"ﬁV -T pV(SF”Vﬁ
o o B B o B o
— 007y, =17 g7 + T, 0T, +T7, 017 5. (B.57)
We see that in the above expression, the fourth and seventh terms cancel each

other. The remaining terms in Eq. (B.57) are exactly equal to the terms of R
Eq. (B.55), so we obtain

Hpv in

SR, = Vo7, — Vy0T7,,. (B.58)

The variation of the Ricci tensor then easily follows:
SRy = 6R®ypy = V6T — V0T . (B.59)
Since we have V,¢" by the metric compatibility of the connection, this implies that
8" ORuw =V, (gw‘SFPW) - Vu (8”V5rppﬂ)

-V, (glw(sr",w - g#P(erW) . (B.60)
By defining the components of a vector field v by

o = g”“(SFpW —gheorY,,, (B.61)
and using Proposition 2.54, we see that

§M"oRyy = V,of = v-v. (B.62)
B.4.1 Variations of the scalar curvature squared
The variation of s>1/|g] is given by
) (sz\/g) = Zsés\/\gTJr s20,/|g|

1
=2s ((58HVR;4V +8W§RHV) \V gl — 5528yv\/ lglogh. (B.63)

Let us have another look at the vector field v, defined in Eq. (B.61). By inserting
Eq. (B.54) and then rearranging some indices and using that V,¢*” = 0, we obtain

1
0P — Eg””g“p (Vudgay + Vubgav — Vadguv)
1
— 58"8" (Vudgur + Vudgay — Vdgu)

=Vu ((8” gt — gt g"“)égw) : (B.64)

Inserting this into Eq. (B.62), we see that we can write
25g""0Ryy = 25V, V,, ((8’”3’”‘0 - g”Pg““)5gav)
—2v, (Svy ((g%vglxp _ gﬂpgva)égtw)>
=2V, (s)Vy ((g””g"‘" - g"pg”"‘)égav)
—2v, (Svy ((gﬂvgzxp _ gﬂpgva)(sgm)>
-2V, (Vp(S) ((g””g"‘P - g’*"g”"‘)5gw)>

+ 2V, (Vp(s)) (88" — 8" 05 ). (B.65)
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The first two terms are again total divergences, and as in Section 4.3.1 they can be
ignored by Stokes’ theorem. Using Eq. (B.50), the last term can be rewritten as

29, (Vp(5)) (88 — 85" 8w ) =
=2(Vi(Vi(5)) ~ gug™ Vp(Vo(s)) ) 63" (B.66)

This finally yields (ignoring the boundary terms)

. 1
) (521/ |g|) = (25Ruy — 25,0 + Zg,ﬂ,s:’ﬁ;/5 - Eszgw) \/0glogh. (B.67)

B.4.2 Variations of the Ricci curvature squared

Next we will have a look at the variation of R, R*”+/|g|, which is given by

5 <RWRW\/E> = 6 (Ru) R /Ig] + Rud (R™) \/Ig] + Ruw R <\/ﬁ> .

(B.68)
The last term is known by Eq. (B.51). The middle term can be rewritten as
Ryud(RM) = Ryu6(878"PRup) = Ry (RY408" + R 308" + g g"PoR p)
= 2R,y R" 38" + R*POR 4. (B.69)

All that remains is to determine R”‘ﬁ(SR,X/g. Using Eq. (B.59) and Eq. (B.54), we write
out

R™5R,5 = R (vp(srpa - vﬁ(sr"p,x)

B
—R“ﬁ(l POV (Vo (6 V(o Vo(o
= 58 p(Va(0880s) + Vi (6g0a) — Vo (0gap))
1
- ngvﬁ (Vp(08ac) + Va(d80p) — VU(5gpvc>))
1 1
- (2V«(VP(R“5 )38 + 5 Vi(Vo(R™))dgea

1 1
= 5 Vo (VaR%)) g5 = 39 (Va(R)) g0
-+ boundary terms
1 1 1 . 1
+ boundary terms. (B.70)

Using the second Bianchi identity of Eq. (2.35), we can rewrite
“fp _ _purb oy B _ gy B _ P
2R B —-R wyB R O R ay ;BT 5 ;B (B.71)
Now, putting everything together yields

— g 1.
° <RWRW |g|> B < a RIXW?‘" a R“Wﬂ;“ T Rﬂv;ﬁ’ﬁ + Es’ﬁ;ﬁg’“’

+ 2R R", — ;RaﬁR"‘ﬁgw,) \/1¢16¢"" + boundary terms.  (B.72)
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B.4.3 Variations of the Riemann curvature squared

The variation of Ry, R*7/|g]| is given by

0 (RHVPURWW\/ |g|) = 0 (Ruvpo) R*P74 /18| + Rypod (RF7) 1 /1g]
+RupoR 5 (gl (B.73)

In a similar matter as for the Ricci tensor, we can rewrite the middle term as

Ryupod (RM7) = Rypad (8 g"P8P 8™ Rypi
= (RMPUR[;VPU + RWP(TRyﬁPU + RlewaﬁU + RHUPuRyvpﬁ)‘sgaﬁ
+ RD‘ﬁAK& (Raﬁ/\K) . (B'74)

From the (skew)symmetry relations in Eq. (2.33) for the Riemann tensor, we see
that the four terms within the brackets are identical, so we have

Ryuvpod (RP7) = 4R ypo R, 77 g% + R (Ryp) - (B.75)

B
We shall rewrite
sz/S/\Ké (Raﬁ/\x) — szﬁ/\;c5 (ngU,g,\K)
— —RPMRy 08" + RSN (R‘Tﬁ M) . (B.76)

Using Eq. (B.54) and Eq. (B.58), and using partial integration twice, we obtain for
the second term

R,PMs (Rff/5 AK) — RPN (v 28T gy — v,((sr”w) = 2R,PVV 10T,

= RSPV (877V A (Ve(680) + V5(08p6) — Vp(08:p)))
= 8 (Ve (Va(RA™)) 3805 + Vs (Va(R™)) O
~ Y, (V/\(Rgﬁ)m))égxﬁ) + boundary terms

_ Ax B A Ap
a (_R;w e TR s H R ;M’) 28"

+ boundary terms. (B.77)

The first term R ” VAK, L« Can be rewritten using the skewsymmetries of the Riemann
tensor into

Ak Ak
wvo Ak = R;u/ Ak

— R sz/\K + RY

KA Ak Ax
WAk = Ryv Ak R;u/ JIGA

R’MAK B R/\ Ryvak _R¥

2R R

A
l!()\KRHV a/ (B78)

UAK VAK KAK

where we have used Eq. (B.17). The first two terms cancel each other. The last two
terms are equal, and also vanish because of the symmetry of the Ricci tensor and
the skewsymmetry of the Riemann tensor:

R/\lx/\KR]/anK - RLXKRVV(XK - *RKQR}“/K‘X. (879)

Hence we see that

AK

RW ax =0 (B.8o)

133



134

CALCULATIONS IN RIEMANNIAN GEOMETRY

Putting everything together finally yields

0 (R” vpo R v 8 |) - <2R#avﬁ;ﬁ;zx + ZRuavﬁux;ﬂ + 2R%ﬂp0RuaPU

— ;Raﬁ;pgl{“ﬁp”gw> \/1816¢"" +boundary terms. (B.81)

B.4.4 Pontryagin class

The following derivations are partly based on [14, Chapter 16]. From Corollary 2.67
we have obtained the topological term R*R* in the case dim(M) = 4, also called
the Pontryagin class, given in Eq. (B.38) by

R*R* = s% — 4R,y R" + Ryype R (B.82)

We obtain its variation by summing the contributions of the three terms obtained
in the previous subsections and (ignoring boundary terms) we find

: 1
) (R*R* \/ |g|> = (ZSRW =250 + ng,vs’ﬁl_’3 - ng,sz + 4R,

+4R%,, 0 — 4R P —4g R — 8RR, + 28, RypR"

B
. 1
P 1 OR o RS — Zgw/RtxﬁpoRaﬁpo) |glogh.  (B.83)

uv;p

+2R. P oR

uavp navp

First we show that all terms containing covariant derivatives will drop out. Using
the second Bianchi identity of Eq. (2.36) we easily derive

of _Lop
R g = 2% B
wp B B
Rywp™" = Rywip” = Ry (B.84)
1
R o = o Simiv-
Using the third identity and the fact that
Ray;v;a - Raﬂ;a;v = _R’vaapr + prwalxpr (B'85)
we also find the identity
1
Ry = 5 Sm + RypR’, — RypyaR™. (B.86)

By substituting these identities into Eq. (B.83), we obtain

— 1
1) (R*R* |g|> = (25Rl’w — Eg]'“/sz - 4R]40¢R(XV + zgl/n/RaﬁRlxﬂ
1
+ 2Ryapo Ry — 5 SuvRapor RPF7 — 4RW,WRP“> \/1gl6g".  (B.8y)

Comparing this result to Eq. (B.46) and using the Bach-Lanczos identity of Eq. (B.48),
we find

11 SRRYVED o
2 /—|g| 58’“/ — “upoA-v

Hence we have shown directly that the variation of R*R*y/|g| vanishes identically.

1
o7 18w Corn PN =0, (B8S)
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B.4.5 Variation of the Weyl curvature squared

Finally, we will have a look at the variation of C;,pcC*"*”/|g|. By Eq. (B.44), this
variation is given by

5 (CWWCWW\/Q> —5 (R*R* \/Q) +20 (RWRW\/Q> - %5 (52\/|?|> .

(B.89)

The first term vanishes by Eq. (B.88). Using Eq. (B.67) and Eq. (B.72), we find

/ 4 4 1 ; 1
(5 <CHVPU'C‘HV‘DU | |> = < — gSR}[V + gs;y;y — gg}ws’ﬂ;ﬁ + gSZg}W
= 2R = 2R e+ 2R;4v;/3;ﬁ + 4Ry R, — Raﬁ”%uv) Iglog"”.  (B.9o)
Using Eq. (B.86), this can be rewritten as

4 2 1 ;
o (CVVPUCWW |8|> = < - gSRuv 38w T gg;wslﬁ;ﬁ

1 .
+ gszg;w + 4Rpva RP* + ZRW,_ﬁ’ﬁ - R,,CﬁR"‘ﬁgW> \/1glog"".  (B.g1)

We will show that this can be written in a more compact form. Using Eq. (B.41), we
calculate

- 0 1 ..
Cypwr = R;tpvo,p 7 - gs,p,v (gwgpv - g;wgpo)
2 (8uvRpo™” = guorRov™ — 8puRye™ + gprRin™™”). (B-92)

Using the identities of Eq. (B.84) and Eq. (B.86), we obtain

0. . 1 1 1 )
Cupre™”” = Ryuze’” = (Esm;v + RypR’y — RypuaRP") — g T ggiws;a'a
1/1 i 1 1 .
2 (2g pSe = S = (58w + RypRy — RypvaR™) + RW}PW)
1 ; 1 1 ) 1 1
= 5 Ruie” = 25y = 13850 = 5RupRw + 5 Rypua RO (B.93)

Secondly, we calculate
1 1
CHPVU'R‘DU = R}lPV(TRpO — 8S(R#V — gw,s) — E(gﬂVRPU—RpU — ZRVU—RUV + SRHV)
2 1 1
= RupuoRF” = ZsRy + - 8us” = 58uwRor R + Ryuo R, (B.94)

From this we find that

. . 2 1 )
4Cypw'p’a +2Cpv0 RP7 — ZRW,.U"T — gs;w 3 gw/sﬂ"f

4 1
+4RypuoRPT — 2SRy + gg;wsz — guwRoeR. (B.g5)

We conclude that

o <CVVP‘7CHVPU |g|> = <4Cypva;p;0 + ZCW)VURPU) \/@(Sgw/. (B.96)
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