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Preface

The seeds of this book have been planted in the far east, where I wrote
lecture notes for international schools in Tianjin, China in 2007 and in
Bangkok, Thailand in 2011. I then realized that an up-to-date text for
beginning noncommutative geometers on the applications of this rather new
mathematical field to particle physics was missing in the literature.

This made me decide to transform my notes into the form of a book.
Besides the given challenge inherent in such a project, this was not made
easy because of recent, rapid developments in the field, making it difficult
to choose what to include and to decide where to stop in my treatment.
The current state of affairs is at least touched upon in the final chapter
of this book, where I discuss the latest particle physics models in noncom-
mutative geometry, and compare them to the latest experimental findings.
With this, I hope to have provided a path that starts with the basic prin-
ciples of noncommutative geometry and leads to the forefront of research in
noncommutative geometry and particle physics.

The intended audience consists of mathematicians with some knowledge
of particle physics, and of theoretical physicists with some mathematical
background. Concerning the level of this textbook, for mathematicians I
assume prerequisites on gauge theories at the level of e.g. [32, 19], and
recommend to first read the book [72] to really appreciate the last few
chapters of this book on particle physics/the Standard Model. For physi-
cists, I assume knowledge of some basic algebra, Hilbert space and operator
theory (e.g. [185], Chapter 2]), and Riemannian geometry (e.g. [116), 155]).
This makes the book particularly suitable for a starting PhD student, af-
ter a master degree in mathematical/theoretical physics including the above
background.

I would like to thank the organizers and participants of the aforemen-
tioned schools for their involvement and their feedback. This also applies
to the MRI-Masterclass in Utrecht in 2010 and the Conference on index
theory in Bogotd in 2008, where Chapter [5| finds its roots. Much feedback
on previous drafts was gratefully received from students in my class on non-
commutative geometry in Nijmegen: Bas Jordans, Joey van der Leer and
Sander Uijlen. I thank my students and co-authors Jord Boeijink, Thijs
van den Broek and Koen van den Dungen for allowing me to transcribe
part of our results in the present book form. Simon Brain, Alan Carey and
Adam Rennie are gratefully acknowledged for their feedback and suggested
corrections. Strong motivation to writing this book was given to me by
my co-author Matilde Marcolli. I thank Gerard Bauerle, Gianni Landi and
Klaas Landsman for having been my main tutors in writing, and Klaas in
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iv CHAPTER 0. PREFACE

particular for a careful final proofreading. I also thank Aldo Rampioni at
Springer for his help and guidance. I thank Alain Connes for his inspiration
and enthousiasm for the field, without whose work this book could of course
not have been written.

I am thankful to my family and friends for their continuous love and
support. My deepest gratitude goes to Mathilde for being my companion
in life, and to Daniél for making sure that the final stages of writing were
frequently, and happily, interrupted.

Walter van Suijlekom
April 201/
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CHAPTER 1

Introduction

Ever since the early days of noncommutative geometry it has become
clear that this field of mathematics has close ties with physics, and with
gauge theories in particular. In fact, non-abelian gauge theories, and even
more prominently, the Standard Model of particle physics, were a guiding
principle in the formulation of noncommutative manifolds in [62), [63].

For one thing, noncommuting operators appear naturally in quantum
mechanics. As a matter of fact, there is a rather direct path from experi-
mentally measured atomic spectra to Heisenberg’s matrix mechanics which
is one of the motivating examples of noncommutative geometry [60, Section
L.1].

In the other direction, it turns out that the main technical device in
noncommutative geometry, a spectral triple, naturally gives rise to a gauge
theory. This holds in full generality, but the great potential of the noncom-
mutative approach, at least in particle physics, becomes really visible when
specific examples are considered that in fact correspond to familiar gauge
theories arising in physics. This is crowned by the derivation [54] of the full
Standard Model of particle physics together with all its subtleties, including
the Higgs field, the spontaneous symmetry breaking mechanism, neutrino
mixing, see-saw mechanism, et cetera.

It is the goal of this book to explore this path, and, starting with the
basics, to work towards applications in particle physics, notably to the Stan-
dard Model of elementary particles.

The first ingredient of a spectral triple is an involutive or *-algebra A of
operators in a Hilbert space H, with the involution given by the hermitian
adjoint of an operator. This immediately gives rise to a gauge group & de-
termined by the unitary elements in A. In general, if A is noncommutative,
then this group is non-abelian.

The gauge fields arise from a second, purely spectral data, in the guise
of a self-adjoint operator D in H, satisfying suitable conditions (cf. Defi-
nition below). The operator D is modeled on the Dirac operator on
a Riemannian spin manifold M, an elliptic first-order differential operator
whose square coincides, up to a scalar term, with the Laplacian.

A key role will be played by the spectrum of D, assumed discrete; we
will list its eigenvalues (with multiplicities) as { Ay }nez. The gauge group &
acts on D by conjugation with a unitary operator, D — UDU¥*. Unitarity
guarantees invariance of the spectrum under such a gauge transformation.

1



2 CHAPTER 1. INTRODUCTION

Hence a spectral invariant is in particular gauge invariant, and it is
natural to define the so-called spectral action as [49), 50]

(%)

A
nez
Here the function f is a suitable cutoff function that makes the outcome of
the sum finite, and A is a real cutoff parameter. The spectral action is inter-
preted as an action functional that describes the dynamics and interactions
of the gauge fields constituting D.

The fermionic fields that are associated to a spectral triple are sim-
ply vectors ¢ in the given Hilbert space, and their natural invariant is the
fermionic action:

(¥, Dy).

The previous paragraphs sketch the derivation of a generalized gauge
theory from any spectral triple. When one restrict to a particular class of
spectral triples, this leads to ordinary gauge theory defined on a manifold
M in terms of vector bundles and connections. The idea is very simple,
essentially dating back to [59]: one considers the noncommutative space
M x F given by the product of M with a finite, noncommutative space F'.
The space F' gives rise to the internal, gauge degrees of freedom. In fact, it
is described by a finite-dimensional algebra of matrices, for which the gauge
group becomes a matrix Lie group, such as SU(N). The self-adjoint operator
Dp is given by a hermitian matrix. Combined with the background manifold
M, these objects are turned into global ones: A consists of the sections of
a bundle of matrix algebras, and D is a combination of Dr and the Dirac
operator on M (assumed to be a Riemannian spin manifold). The operator
D is found to be parametrized by gauge fields and scalar fields in suitable
representations of the gauge group &. The fermionic fields ¢ are sections of
a spinor bundle on which D acts as a linear differential operator, minimally
coupled to the gauge fields.

As we already said, the spectral action is manifestly gauge invariant,
and for this latter class of examples it describes a scalar gauge theory for
the group &. As a bonus, it is minimally coupled to (Euclidean) gravity, in
that the gravitational degrees of freedom are present as a background field
in the Dirac operator on M. Moreover, the fermionic action then gives the
usual coupling of the fermionic fields to the gauge, scalar and gravitational
fields.

In this respect, one of the great achievements of noncommutative geom-
etry is the derivation of the full Standard Model of particle physics from a
noncommutative space M X Fg,, [54]. In fact, from this geometric Ansatz
one obtains the Standard Model gauge fields, the scalar Higgs field, and
the full fermionic content of the Standard Model. Moreover, the spectral
and fermionic action on M X Fyg,, give the full Lagrangian of the Standard
Model, including (amongst other benefits) both the Higgs spontaneous sym-
metry breaking mechanism and minimal coupling to gravity. In addition,
the spectral action introduces relations between the coupling constants and
the masses of the Standard Model. This allows one to derive physical pre-
dictions such as the Higgs mass, finally bringing us back to experiment.

NCG and Particle Physics, W.D. van Suijlekom




This book is divided into two parts. Part 1 presents the mathematical
basics of noncommutative geometry and discusses the local index formula
as a mathematical application. As a stand alone, it may be used as a first
introduction to noncommutative geometry.

The second part starts in the same mathematical style, where in the
first two chapters we analyze the structure of a gauge theory associated
to any spectral triple. Comparable to a kaleidoscope, we then focus on a
specific class of examples, and within this class select the physically relevant
models. In the last two chapters this culminates in the derivation of the
full Standard Model of particle physics. All these examples heavily exploit
the results from Part 1. Hence the reader who is already somewhat familiar
with noncommutative geometry, but is interested in the gauge-theoretical
aspects, may want to skip Part 1 and jump immediately to the second part.

Let us quickly go through the contents of each of the chapters. Chapter
and [3| present a ‘light’ version of noncommutative geometry, restricting
ourselves to finite noncommutative spaces. In other words, we here only
consider finite-dimensional spectral triples and avoid technical complications
that arise in the general case. Besides the pedagogical advantage, these finite
spaces will in fact turn out to be crucial to the physical applications of the
later chapters, where they describe the aforementioned internal space F.

Thus, in Chapter [2| we start with finite discrete topological spaces and
replace them by matrix algebras. The question whether this procedure can
be reversed leads naturally to the notion of Morita equivalence between ma-
trix algebras. The next step is the translation of a metric structure into a
symmetric matrix, motivating the definition of a finite spectral triple. We
discuss Morita equivalence for spectral triples and conclude with a diagram-
matic classification of finite spectral triples.

In Chapter (3| we enrich finite spectral triples with a real structure and
discuss Morita equivalences in this context. We give a classification of finite
real spectral triples based on Krajewski diagrams [127] and relate this to
the classification of irreducible geometries in [51].

Chapter [4] introduces spectral triples in full generality. Starting with
some background on Riemannian spin geometry, we motivate the general
definition of a real spectral triple by the Dirac operator on a compact Rie-
mannian spin manifold.

As a first application of spectral triples, we present a proof of the local
index formula of Connes and Moscovici [66] in Chapter [5| following Higson’s
proof [109].

In the second part of this book we start to build gauge theories from
real spectral triples. Chapter [f] takes a very general approach and associates
a gauge group and a set of gauge fields to any real spectral triple. An
intriguing localization result can be formulated in terms of a bundle of C*-
algebras on a background topological space. The gauge group acts fiberwise
on this bundle and the gauge fields appear as sections thereof.

Maintaining the same level of generality, we introduce gauge invariant
quantities in Chapter [7], to wit the spectral action, the topological spectral
action (which is closely related to the above index), and the fermionic action
[49), 50]. We discuss two possible ways to expand the spectral action, either
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4 CHAPTER 1. INTRODUCTION

asymptotically in terms of the cutoff A, or perturbatively in terms of the
gauge fields parametrizing D.

In Chapter [8] we introduce the important class of examples alluded to
before, i.e. noncommutative spaces of the form M x F with F' finite. Here,
Chapters [2| and |3| prove their value in the description of F. Following [186]
we analyze the structure of the gauge group & for this class of examples,
and determine the gauge fields and scalar fields as well as the corresponding
gauge transformations. Using heat kernel methods, we obtain an asymptotic
expansion for the spectral action on M x F' in terms of local formulas (on M).
We conclude that the spectral action describes the dynamics and interactions
of a scalar gauge theory for the group &, minimally coupled to gravity. This
general form of the spectral action on M x F will be heavily used in the
remainder of this book.

As a first simple example we treat abelian gauge theory in Chapter [9]
for which the gauge group & ~ U(1). Following [187] we describe how to
obtain the Lagrangian of electrodynamics from the spectral action.

The next step is the derivation of non-abelian Yang—Mills gauge theory
from noncommutative geometry, which we discuss in Chapter We ob-
tain topologically non-trivial gauge configurations by working with algebra
bundles, essentially replacing the above direct product M x F' by a fibered
product [35].

Chapter contains the derivation of the Standard Model of particle
physics from a noncommutative manifold M x Fg,,, first obtained in [54].
We apply our results from Chapter [8| to obtain the Standard Model gauge
group and gauge fields, and the scalar Higgs field. Moreover, the compu-
tation of the spectral action can be applied to this example and yields the
full Lagrangian of the Standard Model, including Higgs spontaneous sym-
metry breaking and minimally coupled to gravity. We also give a detailed
discussion on the fermionic action.

The phenomenology of the noncommutative Standard Model is discussed
in Chapter Indeed, the spectral action yields relations between the cou-
pling constants and masses of the Standard Model, from which physical
predictions can be derived. Here, we adopt the well-known renormalization
group equations of the Standard Model to run the couplings to the relevant
energy scale. This gives the notorious prediction for the Higgs mass at the
order of 170 GeV. As this is at odds with the experiments at the Large
Hadron Collider at CERN, we give a careful analysis of the hypotheses used
in the derivation of the Standard Model Lagrangian from noncommutative
geometry. We argue that if we drop some of these hypotheses, noncommuta-
tive geometry can guide us to go beyond the Standard Model. In particular,
we will discuss a recently proposed model [53), [56], [55] that enlarges the
particle content of the Standard Model by a real scalar singlet. We conclude
by showing that this noncommutative model is indeed compatible with the
experimentally measured Higgs mass.

In order not to interrupt the text too much, I have chosen to collect
background information and references to the literature as ‘Notes’ at the
end of each Chapter.

NCG and Particle Physics, W.D. van Suijlekom
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CHAPTER 2

Finite noncommutative spaces

In this chapter (and the next) we consider only finite discrete topolog-
ical spaces. However, we will stretch their usual definition, which is per-
haps geometrically not so interesting, to include the more intriguing finite
noncommutative spaces. Intuitively, this means that each point has some
internal structure, described by a particular noncommutative algebra. With
such a notion of finite noncommutative spaces, we search for the appro-
priate notion of maps between, and (geo)metric structure on such spaces,
and arrive at a diagrammatic classification of such finite noncommutative
geometric spaces. Our exposition of the finite case already gives a good
first impression of what noncommutative geometry has in store, whilst hav-
ing the advantage that it avoids technical complications that might obscure
such a first tour through noncommutative geometry. The general case is
subsequently treated in Chapter

2.1. Finite spaces and matrix algebras

Consider a finite topological space X consisting of N points (equipped
with the discrete topology):

10 20 e Ne®
The first step towards a noncommutative geometrical description is to trade
spaces for their corresponding function algebras.

DEFINITION 2.1. A (complex, unital) algebra is a vector space A (over
C) with a bilinear associative product A x A — A denoted by (a,b) — ab
(and a unit 1 satisfying la = al = a for alla € A).

A x-algebra (or, involutive algebra) is an algebra A together with a
conjugate-linear map (the involution) x : A — A such that (ab)* = b*a*
and (a*)* = a for all a,b € A.

In this book, we restrict to unital algebras, and simply refer to them as
algebras.

In the present case, we consider the x-algebra C'(X) of C-valued functions
on the above finite space X. It is equipped with a pointwise linear structure,

(f +9)(@) = f(z) +9(x),  (Af)(@) = A(f(=2)),

for any f,g € C(X),\ € C and for any point x € X, and with pointwise
multiplication

fo(z) = f(z)g(x).
There is an involution given by complex conjugation at each point:
(@) = f().

7



8 CHAPTER 2. FINITE NONCOMMUTATIVE SPACES

The C in C(X) stands for continuous and, indeed, any C-valued function
on a finite space X with the discrete topology is automatically continuous.
The x-algebra C'(X) has a rather simple structure: it is isomorphic to the
x-algebra CV with each complex entry labeling the value the function takes
at the corresponding point, with the involution given by complex conjugation
of each entry. A convenient way to encode the algebra C(X) ~ CV is in
terms of diagonal N x N matrices, representing a function f: X — C as

fy 0 - 0
0 f2) - 0
) IS
0 0 ... f(N)

Hence, pointwise multiplication then simply becomes matrix multiplication,
and the involution is given by hermitian conjugation.

If ¢ : X1 — X5 is a map of finite discrete spaces, then there is a corre-
sponding map from C(X2) — C(X1) given by pullback:

o' f=fopeC(X1);  (f€C(Xy)).
Note that the pullback ¢* is a s*-homomorphism (or, x-algebra map)
under the pointwise product, in that

¢*(fg) = ¢"(f)o™(9), " (F)=0¢*(f), " (\f +9) = o"(f) + ¢"(9)-
For example, let X; be the space consisting of three points, and Xo the
space consisting of two points. If a map ¢ : X7 — Xs is defined according
to the following diagram,

X1 . [ ] [ ] [}
X2 . [ ] [ ]
then
(25* : (C2 ~ C(XQ) — (C3 ~ C(Xl)
is given by

()‘h )‘2) = (>‘17 )‘Qa >‘2)

EXERCISE 2.1. Show that ¢ : X1 — X2 is an injective (surjective) map
of finite spaces if and only if ¢* : C(Xa) — C(X1) is surjective (injective).

DEFINITION 2.2. A (complex) matrix algebra A is a direct sum

N
A= M,,(C),
1=1

for some positive integers n; and N. The involution on A is given by hermit-
ian conjugation, and we simply refer to the x-algebra A with this involution
as a matrix algebra.

NCG and Particle Physics, W.D. van Suijlekom




9 2.1. FINITE SPACES AND MATRIX ALGEBRAS

Hence, we have associated a matrix algebra C'(X) to the finite space X,
which behaves naturally with respect to maps between topological spaces
and *-algebras. A natural question is whether this procedure can be in-
verted. In other words, given a matrix algebra A, can we obtain a finite
discrete space X such that A ~ C(X)? Since C(X) is always commutative
but matrix algebras need not be, we quickly arrive at the conclusion that
the answer is negative. This can be resolved in two ways:

(1) Restrict to commutative matrix algebras.
(2) Allow for more morphisms (and consequently, more isomorphisms)
between matrix algebras, e.g. by generalizing *-homomorphisms.

Before explaining each of these options, let us introduce some useful def-
initions concerning representations of finite-dimensional x-algebras (which
are not necessarily commutative) which moreover extend in a straightfor-

ward manner to the infinite-dimensional case (cf. Definitions and |4.27)).
We first need the prototypical example of a *-algebra.

EXAMPLE 2.3. Let H be an (finite-dimensional) inner product space,
with inner product (-,-) — C. We denote by L(H) the *-algebra of opera-
tors on H with product given by composition and the involution is given by
mapping an operator T' to its adjoint T*.

Note that L(H) is a normed vector space: for T € L(H) we set

IT|| = sup{(Th,Th) : (h,h) < 1}.
heH

Equivalently, ||T|| is given by the square root of the largest eigenvalue of
TT.

DEFINITION 2.4. A representation of a finite-dimensional *-algebra A
is a pair (H,m) where H is a (finite-dimensional, complex) inner product
space and T is a *x-algebra map

m:A— L(H).

A representation (H,7) is called irreducible if H # 0 and the only subspaces
in H that are left invariant under the action of A are {0} or H.

We will also refer to a finite-dimensional inner product space as a finite-
dimensional Hilbert space.

EXAMPLE 2.5. Consider A = M, (C). The defining representation is
given by H = C™ on which A acts by left matriz multiplication; hence it is
irreducible. An example of a reducible representation is H = C™* @ C™, with
a € My,(C) acting in block-form:

a 0

a € M,(C) — (0 a

> € L(C"p C") ~ My, (C)
which therefore decomposes as the direct sum of two copies of the defining

representation. See also Lemma [2.15 below.

EXERCISE 2.2. Given a representation (H, ) of a x-algebra A, the com-
mutant 7(A) of n(A) is defined as

m(A) ={T € L(H) : n(a)T = Tr(a) for all a € A}.

NCG and Particle Physics, W.D. van Suijlekom



10 CHAPTER 2. FINITE NONCOMMUTATIVE SPACES

(1) Show that w(A)" is also a *-algebra.
(2) Show that a representation (H, ) of A is irreducible if and only if
the commutant 7(A)" of m(A) consists of multiples of the identity.

DEFINITION 2.6. Two representations (Hy,m1) and (Hz,m2) of a x-algebra
A are unitarily equivalent if there exists a unitary map U : Hy — Ha such
that

m1(a) = U'ma(a)U.

DEFINITION 2.7. The structure space A of A is the set of all unitary
equivalence classes of irreducible representations of A.

We end this section with an illustrative exercise on passing from repre-
sentations of a x-algebra to matrices over that x-algebra.

EXERCISE 2.3. (1) If A is a unital *-algebra, show that the n X n-
matrices M, (A) with entries in A form a unital *-algebra.
(2) Let m : A — L(H) be a representation of a x-algebra A and set
H"=H®®---® H (n copies). Show that the following defines a
representation 7 : M, (A) — L(H™) of M, (A):

T ((aiy)) = (7(aiz)) ;s ((ayy) € Mn(A)).
(3) Let @ : Mp(A) — L(H™) be a representation of the *-algebra
M, (A). Show that the following defines a representation w: A —
L(H™) of the x-algebra A:

m(a) =7 (aly)
where 1, is the identity in M, (A).

2.1.1. Commutative matrix algebras. We now explain how option
(1) on page |§| above resolves the question raised by constructing a space
from a commutative matrix algebra A. A natural candidate for such a space
is, of course, the structure space A, which we now determine. Note that any
commutative matrix algebra is of the form A ~ C¥, for which by Exercise
2) any irreducible representation is given by a map of the form

it (A, ) eCY =\ eC

for some i = 1,..., N. We conclude that A~ {1,...,N}.

We conclude that there is a duality between finite spaces and commu-
tative matrix algebras. This is nothing but a finite-dimensional version of
Gelfand duality (see Theorem below) between compact Hausdorff topo-
logical spaces and unital commutative C*-algebras. In fact, we will see later
(Proposition that any finite-dimensional C*-algebra is a matrix alge-
bra, which reduces Gelfand duality to the present finite-dimensional duality.

2.1.2. Finite spaces and matrix algebras. The above trade of finite
discrete spaces for finite-dimensional commutative *-algebras does not really
make them any more interesting, for the *-algebra is always of the form C.
A more interesting perspective is given by the noncommutative alternative,
viz. option (2) on page @ We thus aim for a duality between finite spaces
and equivalence classes of matrix algebras. These equivalence classes are

NCG and Particle Physics, W.D. van Suijlekom




11 2.1. FINITE SPACES AND MATRIX ALGEBRAS

described by a generalized notion of isomorphisms between matrix algebras,
also known as Morita equivalence.
Let us first recall the notion of an algebra (bi)module.

DEFINITION 2.8. Let A, B be algebras (not necessarily matriz algebras).
A left A-module is a vector space E that carries a left representation of A,
i.e. there is a bilinear map A x E > (a,e) — a-e € E such that
(a1a2) -e = a1 - (az - €); (a1,a2 € A,e € E).

Similarly, a right B-module is a vector space F' that carries a right repre-
sentation of B, i.e. there is a bilinear map F' x B> (f,b) — f-b € F such
that

[ (b1b2) = (f - b1) - ba; (b1,b2 € B, f € F).
Finally, an A— B-bimodule F is both a left A-module and a right B-module,
with mutually commuting actions:

a-(e-b)=1(a-e)-b; (a€ A,be Byec E).

When no confusion can arise, we will also write ae instead of a - e to
denote the left module action.
There is a natural notion of (left) A-module homomorphism as a
linear map ¢ : £ — F' that respect the representation of A:
dla-e)=a-¢(e); (a€ Aje € E).
Similarly for right modules and bimodules.
We introduce the following notation:

e 4 F for aleft A-module FE;
e F'p for a right B-module F;
o 2 FEp for an A — B-bimodule E.

EXERCISE 2.4. Check that a representation 7 : A — L(H) of a *-algebra
A (cf. Defn. turns H into a left A-module 4 H .

EXERCISE 2.5. Show that A is itself an A — A-bimodule 4 A4, with left
and right actions given by the product in A.

If F is a right A-module, and F' is a left A-module, we can form the
balanced tensor product:

E®AF::E@F/{Zeiai(@fi—ei@aifi: (I¢€A,6¢€E,fi€F}.
7

In other words, the quotient imposes A-linearity of the tensor product, i.e.
in E®4 F we have

ea®a f=e®4af; (a€ Ajec E, feF).

DEFINITION 2.9. Let A, B be matriz algebras. A Hilbert bimodule for
the pair (A, B) is given by an A — B-bimodule E together with a B-valued
inner product (-,-)g : E X E — B satisfying

(e1,a-e2)p = (a” - e1,€2) ; (e1,e2 € B a € A),
(e1,e2-b)p = (e1, e2) pb; (e1,e2) = (e2, €1)E; (e1,e2 € E,b € B),
(e,e)p > 0 with equality if and only if e = 0; (e € E).

NCG and Particle Physics, W.D. van Suijlekom



12 CHAPTER 2. FINITE NONCOMMUTATIVE SPACES

The set of Hilbert bimodules for (A, B) will be denoted by KK¢(A, B).

In the following, we will also write (-, -) instead of (-, -) g, unless confusion
might arise.

EXERCISE 2.6. Check that a representation m : A — L(H) (c¢f. Defn.
and Fxc. of a matrix algebra A turns H into a Hilbert bimodule for
(4,C).

EXERCISE 2.7. Show that the A — A-bimodule given by A itself (cf. Exc.
is an element in KK¢(A, A) by establishing that the following formula
defines an A-valued inner product (-,-)4 : A X A — A:

{a,a'y4 = a*d/; (a,a’ € A).

EXAMPLE 2.10. More generally, let ¢ : A — B be a *-algebra homomor-
phism between matriz algebras A and B. From it, we can construct a Hilbert
bimodule Ey4 in KK¢(A, B) as follows. Let E4 be B as a vector space with
the natural right B-module structure and inner product (cf. Exc. , but
with A acting on the left via the homomorphism ¢:

a-b= ¢(a)b; (a € Abe Ey).

DEFINITION 2.11. The Kasparov product F o E between Hilbert bimod-
ules E € KKf(A,B) and F € KK¢(B,C) is given by the balanced tensor
product

FoFE:=F®pF, (E € KKf(A,B), F € KK¢(B,C)),

so that FoE € KK¢(A,C), with C-valued inner product given on elementary
tensors by

(2.1.1) (e1® f1,e2 ® f2)Eoyr = (f1,(e1,e2)Ef2)F,
and extended linearly to all of E ® F.
Note that this product is associative up to isomorphism.
EXERCISE 2.8. Show that the association ¢ ~ Ey from Example s
natural in the sense that
(1) EidA ~Ac KKf(A,A),
(2) for x-algebra homomorphisms ¢ : A — B and ¢ : B — C we have
an isomorphism
EyoEy=FEyQp Ey ~ Eyop € KKf(A, C),
that is, as A — C-bimodules.

EXERCISE 2.9. . In the above definition:
(1) Check that E ®p F is an A — C-bimodule.
(2) Check that (-, )pgpr defines a C-valued inner product.
(3) Check that (a*(e1 ® f1),e2 ® fa)popr = (1 ® f1,a(e2 @ f2))popF-
Conclude that F' o E is indeed an element of KK¢(A,C).

Let us consider the Kasparov product with the Hilbert bimodule for
(A, A) given by A itself (c¢f. Exercise . Then, since for E € KK¢(A, B)
we have Fo A = A®4 E ~ FE, the bimodule 444 is the identity element
with respect to the Kasparov product (up to isomorphism). This motivates
the following definition.
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DEFINITION 2.12. Two matriz algebras A and B are called Morita equiv-
alent if there exist elements E € KK¢(A, B) and F' € KK¢(B, A) such that

E®RpF~A, F®oaq E~B,
where >~ denotes isomorphism as Hilbert bimodules.

If A and B are Morita equivalent, then the representation theories of
both matrix algebras are equivalent. More precisely, if A and B are Morita
equivalent, then a right A-module is sent to a right B-module by tensoring
with _ ®4 E for an invertible element E in KK¢(A, B).

EXAMPLE 2.13. As seen in Ezercises[2.4 and 2.6, the vector space E =
C™ is an M, (C) — C-bimodule; with the standard C-valued inner product it
becomes a Hilbert module for (M, (C),C). Similarly, the vector space F' = C"
is a C — M, (C)-bimodule by right matriz multiplication. An M, (C)-valued
inner product is given by
<2}1, U2> = 517}3 € Mn(C)
We determine the Kasparov products of these Hilbert bimodules as

In other words, E € KK;(M,(C),C) and F € KK¢(C, M,(C)) are each
other’s inverse with respect to the Kasparov product. We conclude that
M, (C) and C are Morita equivalent.

This observation leads us to our first little result.

THEOREM 2.14. Two matrixz algebras are Morita equivalent if and only
if their structure spaces are isomorphic as finite discrete spaces, i.e. have
the same cardinality.

PROOF. Let A and B be Morita equivalent. Thus there exists Hilbert
bimodules 4 Ep and gF4 such that

EpF~A, Fey 4 FE~B.
If [(p, H)] € B then we can define a representation 74 by setting
(2.1.2) A A= L(E®p H); wala)le®@v)=ae®v.

Vice versa, we construct 75 : B — L(F®@4W) from [(m4, W)] € A by setting
mp(b)(f ®w) = bf ®w and these two maps are one another’s inverse. Thus,
A~B (see Exercise below).

For the converse, we start with a basic result on irreducible representa-

tions of M, (C).

LEMMA 2.15. The matriz algebra M, (C) has a unique irreducible repre-
sentation (up to isomorphism) given by the defining representation on C™.

PROOF. It is clear from Exercise [2.2] that C" is an irreducible represen-
tation of A = M, (C). Suppose H is irreducible and of dimension K, and
define a linear map

p:A®--- A HY d(ai,...,ax) —etoal +---+ el oals

K copies
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in terms of a basis {e!,...eX} of the dual vector space H*. Here v o a
denotes pre-composition of v € H* with a € A, acting on H. This is a
morphism of M, (C)-modules, provided a matrix a acts on the dual vector
space H* by sending v + v o al. It is also surjective, so that the dual
map ¢* : H — (AX)* is injective. Upon identifying (AF)* with AKX as
A-modules, and noting that A = M,,(C) ~ &"C" as A-modules, it follows
that H is a submodule of AKX ~ @5 C". By irreducibility H ~ C". (]

Now, if A, B are matrix algebras of the following form
N M
A=EP M, (C), B=Mm,(C),

i=1 j=1

then A ~ B implies that N = M. Then, define
N

E:=cracm,
i=1

with A acting by block-diagonal matrices on the first tensor and B acting in
a similar way by right matrix multiplication on the second leg of the tensor
product. Also, set

N
F:=cmacr,
i=1
with B now acting on the left and A on the right. Then, as above,

N
E®pF ~ @(Cm ® sz) ®Mmi((c) (sz ® (Cm)
=1

~ GN}CT” & ((Cmi ®Mmz- (©) Cm’) ® C™
=1

N
~Pcrech ~ A4,
=1

and similarly we obtain F ® 4 F ~ B, as required. O

EXERCISE 2.10. Fill in the gaps in the above proof:

(a) Show that the representation w4 defined by 1s 1rreducible if
and only if mp is.

(b) Show that the association of the class [wa] to [wg| through
1s independent of the choice of representatives ma and Tpg.

We conclude that there is a duality between finite spaces and Morita
equivalence classes of matrix algebras. By replacing *-homomorphisms A —
B by Hilbert bimodules for (A, B), we introduce a much richer structure at
the level of morphisms between matrix algebras. For example, any finite-
dimensional inner product space defines an element in KK;(C, C), whereas
there is only one map from the corresponding structure space consisting of
one point to itself. When combined with Exercise we conclude that
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Hilbert bimodules form a proper extension of the *-morphisms between ma-
trix algebras.

2.2. Noncommutative geometric finite spaces

Consider again a finite space X, described as the structure space of a
matrix algebra A. We would like to introduce some geometry on X and, in
particular, a notion of a metric on X.

Thus, the question we want to address is how we can (algebraically)
describe distances between the points in X, say, as embedded in a metric
space. Recall that a metric on a finite discrete space X is given by an array
{di;}ijex of real non-negative entries, indexed by a pair of elements in X
and requiring that dij = dji, dij < d;i, +dkj7 and dij = 0 if and only if ¢ = j:

d
1. 13 .3
\M A
L]

EXAMPLE 2.16. If X is embedded in a metric space (e.g. Euclidean
space), it can be equipped with the induced metric.

ExXAMPLE 2.17. The discrete metric on the discrete space X is given
by:
g — lLifi#j
Y 0dfi =g
In the commutative case, we have the following remarkable result, which

completely characterizes the metric on X in terms of linear algebraic data.
It is the key result towards a spectral description of finite geometric spaces.

THEOREM 2.18. Let d;; be a metric on the space X of N points, and set
A = CV with elements a = (a(i))Y,, so that A ~ X. Then there exists a
representation w of A on a finite-dimensional inner product space H and a

symmetric operator D on H such that
(2.2.1) di; = sup {la(i) — a(j)| : |[[D,m(a)]l| < 1}.
acA
PRrROOF. We claim that this would follow from the equality
1
() 110, w(a) = g { o) - @] |
Indeed, if this holds, then

Sgp{la(i) —a(j)] : [[[Dall| <1} < dij.

The reverse inequality follows by taking a € A for fixed i, j to be a(k) = d.
Then, we find |a(i) — a(j)| = dij, while ||[D,7(a)]|| < 1 for this a follows
from the reverse triangle inequality for d;;:

1 1
—la(k) —a(l)| = —|djx — dy| < 1.
S lalk) = a)] = 2= |die — da
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We prove by induction on N. If N = 2, then on H = C? we define a
representation 7 : A — L(H) and a hermitian matrix D by

@= ("% ) 2= (@ ")

It follows that ||[D,a]|| = (d12) t]a(1) — a(2)|.

Suppose then that holds for N, with representation mn of CY on an
inner product space Hy and symmetric operator Dy; we will show that it
also holds for N + 1. We define

N

Hyp1=Hn® @H}V
i=1

with H}v := C?. Imitating the above construction in the case N = 2, we
define the representation w1 by

mn+1(a(l),...,a(N +1)) =7nn(a(l),...,a(N))

@ <a%1) a(NO—l— 1)) R (a(év) a(N0+ 1)> !

and define the operator Dyy1 by

0 (dl(N+1))_1>
D =Dn D _
Nl =N ((d1(N+1)) ! 0
0 (dN(N+1))_1>
DD _ .
<(dN(N+1)) ! 0
It follows by the induction hypothesis that holds for N + 1. O

EXERCISE 2.11. Make the above proof explicit for the case N = 3. In

other words, compute the metric of (2.2.1) on the space of three points from
the set of data A = C3, H = (C%)®3 with representation 7 : A — L(H)
given by

rae@o0) = (") o) (" uw) @ (" we):

and hermitian matriz

(0 oz 0 x 0 =3
D= (:cl O>®<IE2 0)®($3 0)’
with x1,x2,x3 € R.
EXERCISE 2.12. Compute the metric on the space of three points given

by formula [2.2.1)) for the set of data A = C? acting in the defining repre-

sentation on H = C3, and
0 d*' o0
D=\|d' 0 0],
0 0 0
for some non-zero d € R.
NCG and Particle Physics, W.D. van Suijlekom
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Even though the above translation of the metric on X into algebraic data
assumes commutativity of A, the distance formula itself can be extended to
the case of a noncommutative matrix algebra A. In fact, suppose we are
given a x-algebra representation of A on an inner product space, together
with a symmetric operator D on H. Then we can define a metric on the
structure space A by
(2.2.2) dij = sup{| Tra(i) — Tra(j)| : ||[D,a]|| <1},

acA
where i labels the matrix algebra M, (C) in the decomposition of A. This
distance formula is a special case of Connes’ distance formula (see Note
on Page on the structure space of A.

EXERCISE 2.13. Show that the d;; in (2.2.2) is a metric (actually, an
extended metric, taking values in [0,00]) on A by establishing that

d’ij =0 = 1=y, dij = dji, dij < d +dkj-

This suggests that the above structure consisting of a matrix algebra
A, a finite-dimensional representation space H, and a hermitian matrix D
provides the data needed to capture a metric structure on the finite space
X=A In fact, in the case that A is commutative, the above argument
combined with our finite-dimensional Gelfand duality of Section [2.1.1]is a
reconstruction theorem. Indeed, we reconstruct a given metric space (X, d)
from the data (A, H, D) associated to it.

We arrive at the following definition, adapted to our finite-dimensional
setting.

DEFINITION 2.19. A finite spectral triple is a triple (A, H, D) consisting
of a unital *-algebra A represented faithfully on a finite-dimensional Hilbert
space H, together with a symmetric operator D : H — H.

We do not demand that A is a matrix algebra, since this turns out to
be automatic:

LEMMA 2.20. If A is a unital x-algebra that acts faithfully on a finite-
dimensional Hilbert space, then A is a matriz algebra of the form

N
A~ P M, (C).
=1

PROOF. Since A acts faithfully on a Hilbert space it is a *-subalgebra
of a matrix algebra L(H) = Mgim(z)(C); the only such subalgebras are
themselves matrix algebras. U

Unless we want to distinguish different representations of A on H, the
above representation will usually be implicitly assumed, thus considering
elements a € A as operators on H.

EXAMPLE 2.21. Let A = M,,(C) act on H = C" by matriz multiplication,
with the standard inner product. A symmetric operator on H is represented
by a hermitian n X n matrix.
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We will loosely refer to D as a finite Dirac operator, as its infinite-
dimensional analogue on Riemannian spin manifolds is the usual Dirac op-
erator (see Chapter . In the present case, we can use it to introduce a
‘differential geometric structure’ on the finite space X that is related to the
notion of divided difference. The latter is given, for each pair of points

1,7 € X, by
a(z) — a(j)
dZ] ’
Indeed, these divided differences appear precisely as the entries of the com-
mutator [D, a] for the operator D as in Theorem [2.18]

EXERCISE 2.14. Use the explicit form of D in Theorem[2.1§ to confirm
that the commutator of D with a € C(X) is expressed in terms of the above
divided differences.

We will see later that in the continuum case, the commutator [D, ]
corresponds to taking derivatives of functions on a manifold.

DEFINITION 2.22. Let (A, H, D) be a finite spectral triple. The A-bimodule
of Connes’ differential one-forms is given by

Q})(A) = {Z ak[D,bk] Dag, b € A} .

k
Consequently, there is a map d : A — Q!(A), given by d(-) = [D, -].
EXERCISE 2.15. Verify that d is a derivation of a *-algebra, in that:
d(ab) = d(a)b + ad(b); d(a*) = —d(a)*.
EXERCISE 2.16. Verify that QL (A) is an A-bimodule by rewriting the
operator a(ag[D,bg])b (a,b,ar, by € A) as Y, ai[D, )] for some a), b} € A.

As a first little result —though with an actual application to matrix
models in physics— we compute Connes’ differential one-forms for the above

Example

LEMMA 2.23. Let (A, H, D) = (M,(C),C™, D) be the finite spectral triple
of Example[2.21) with D a hermitian n X n matriz. If D is not a multiple of
the identity, then Q1 (A) ~ M,(C).

ProOOF. We may assume that D is a diagonal matrix: D = Zl i€

in terms of real numbers A; (not all equal) and the standard basis {e;;} of
M, (C). For fixed i, j choose k such that Ay # A;. Then

1
(/\k Y eik> (D, ex;] = eij.
Hence, since e, ex; € M,(C), any basis vector e;; € QL (A). Since also
QL (A) € L(C") =~ M, (C), the result follows. O
EXERCISE 2.17. Consider the following finite spectral triple:

(-ch-cio- (1 2)),

with A # 0. Show that the corresponding space of differential one-forms
QID(A) s isomorphic to the vector space of all off-diagonal 2 x 2 matrices.
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2.2.1. Morphisms between finite spectral triples. In a spectral
triple (A, H, D) both the *-algebra A and a finite Dirac operator D act on
the inner product space H. Hence, the most natural notion of equivalence
between spectral triples is that of unitary equivalence.

DEFINITION 2.24. Two finite spectral triples (A1, H1, D1) and (Ag, Ha, D)
are called unitarily equivalent if Ay = Ay and if there exists a unitary oper-
ator U : Hy — Hy such that

Uri(a)U* = ma(a); (a € Ay),
UDU* = D,.

EXERCISE 2.18. Show that unitary equivalence of spectral triples is an
equivalence relation.

REMARK 2.25. A special type of unitary equivalence is given by the uni-
taries in the matriz algebra A itself. Indeed, for any such unitary element
u the spectral triples (A, H,D) and (A, H,uDu") are unitarily equivalent.
Another way of writing uDu* is D + u[D,u*|, so that this type of unitary
equivalence effectively adds a differential one-form to D.

Following the spirit of our extended notion of morphisms between alge-
bras, we might also deduce a notion of “equivalence” coming from Morita
equivalence of the corresponding matrix algebras. Namely, given a Hilbert
bimodule E in KKf(B, A), we can try to construct a finite spectral triple
on B starting from a finite spectral triple on A. This transfer of metric
structure is accomplished as follows. Let (A, H, D) be a spectral triple; we
construct a new spectral triple (B, H', D'). First, we define a vector space

H =E®, H,

which inherits a left action of B from the B-module structure of E. Also, it
is an inner product space, with C-valued inner product given as in .

The naive choice of a symmetric operator D’ given by D'(e®¢) = e® DE
will not do, because it does not respect the ideal defining the balanced tensor
product over A, being generated by elements of the form

ea®& —e®ak; (e€c E,ace A, € H).
A better definition is

(2.2.3) D'(e®¢&) =e® DE+ V(e),
where V : E — E ®4 Q}(A) is some map that satisfies the Leibniz rule
(2.2.4) V(ea) = V(e)a+e® [D,al; (e€ E,ac A).

Indeed, this is precisely the property that is needed to make D’ a well-defined
operator on the balanced tensor product £ ®4 H:

D'(ea® & —e®al) =ea® DE+ V(ea)é —e® D(al) — V(e)a& = 0.

Amap V: E - E®4 QL (A) that satisfies Equation (2.2.4) is called a
connection on the right A-module E associated to the derivation d : a
[D,a] (a € A).
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THEOREM 2.26. If (A, H, D) is a finite spectral triple and E € KK¢(B, A),
then (in the above notation) (B,E ®4 H,D’) is a finite spectral triple, pro-
vided that V satisfies the compatibility condition

(2.2.5) <€1,V€2>E — <ve1,62>E = d<€1,62>E; (61,62 € E)

PROOF. We only need to show that D’ is a symmetric operator. Indeed,
for e;,e0 € E and &1,& € H we compute

(e1® &1, D'(e2 ® &) o i = (&1, (e1, Vea)péa) i + (&1, (e1, e2) EDE2) i
= (&1, (Ver, e2)p&a)u + (&1, d(e1, e2) péo)
+ (D&1, (e1, e2) p&2)m — (&1, [D, (e1, e2) lé2) 1
= (D'(e1®&1),e2 @ &) Bl

using the stated compatibility condition and the fact that D is symmetric.
O

Theorem [2.26]is our finite-dimensional analogue of Theorem to be
obtained below.

EXERCISE 2.19. Let V and V' be two connections on a right A-module E.
Show that their difference V —V' is a right A-linear map E — E®4 Q% (A).

EXERCISE 2.20. In this exercise, we consider the case that B = A and
also E = A. Let (A, H, D) be a spectral triple, we determine (A, H',D’).

(1) Show that the derivation d(-) = [D,-] : A = A®4 QL (A) = QL (A)
s a connection on A considered a right A-module.

(2) Upon identifying A® o H ~ H, what is the operator D' of Equation
(2.2.3) when the connection V on A is given by d as in (1)?

(8) Use (1) and (2) of this exercise to show that any connection V :
A — A®a QL(A) is given by

V=d+w,
with w € Q5 (A).
(4) Upon identifying A® o H ~ H, what is the operator D' of Equation
(2.2.3|) with the connection on A given as V =d + w.

If we combine the above Exercise [2.20] with Lemma [2.23] we see that
V = d — D is an example of a connection on My(C) (as a module over
itself and with w = —D), since Q4(A4) ~ My(C). Hence, for this choice of
connection the new finite spectral triple as constructed in Theorem [2.26] is
given by (My(C),CN, D’ = 0). So, Morita equivalence of algebras does not
carry over to an equivalence relation on spectral triples. Indeed, we now
have QL,(My(C)) = 0, so that no non-zero D can be generated from this
spectral triple and the symmetry of this relation fails.

2.3. Classification of finite spectral triples

Here we classify finite spectral triples on A modulo unitary equivalence,
in terms of so-called decorated graphs.

DEFINITION 2.27. A graph is an ordered pair (D'©), (M) consisting of a
set TO) of vertices and a set TN of pairs of vertices (called edges ).
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n n; nj ny
@) O O O

FIGURE 2.1. A node at n; indicates the presence of the sum-
mand C"; the double node at n; indicates the presence of
the summand C% ¢ C™ in H.

We allow edges of the form e = (v,v) for any vertex v, that is, we allow
loops at any vertex.

Consider then a finite spectral triple (A, H,D); let us determine the
structure of all three ingredients and construct a graph from it.
The algebra: We have already seen in Lemma that

N
A~ M, (C),
=1

for some nq,...,ny. The structure space of A is given by A~ {1,...,N}
with each integer i € A corresponding to the equivalence classes of the
representation of A on C™. If we label the latter equivalence class by n; we
can also identify A ~ {ny,...,ny}.

The Hilbert space: Any finite-dimensional faithful representation H of
such a matrix algebra A is completely reducible (i.e. a direct sum of irre-
ducible representations).

EXERCISE 2.21. Prove this result for any x-algebra by establishing that
the complement W= of an A-submodule W C H is also an A-submodule of
H.

Combining this with the proof of Lemma we conclude that the
finite-dimensional Hilbert space representation H of A has a decomposition
into irreducible representations, which we write as

N
H ~ @ C" ®V,
i=1

with each V; a vector space; we will refer to the dimension of V; as the
multiplicity of the representation labeled by n; and to V; itself as the
multiplicity space. The above isomorphism is given by a unitary map.

To begin the construction of our decorated graph, we indicate the pres-
ence of a summand n; in H by drawing a node at position n; € Ain a
diagram based on the structure space A of the matrix algebra A (see Fig-
ure for an example). Multiple nodes at the same position represent
multiplicities of the representations in H.

The finite Dirac operator: Corresponding to the above decomposition
of H we can write D as a sum of matrices

Dij :(C”i®1/;—>C”j ®‘/j>
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n n; nj ny

o) o—20 O

FIGURE 2.2. The edges between the nodes n; and n;, and n;
and ny represent non-zero operators D;; : C" — C" ® C?
(multiplicity 2) and D;y : C" — C"V respectively. Their
adjoints give the operators Dj; and D ;.

restricted to these subspaces. The condition that D is symmetric implies
that D;; = D7;. In terms of the above diagrammatic representation of H,

we express a non-zero D;; and Dj; as a (multiple) edge between the nodes
n; and n; (see Figure for an example).
Another way of putting this is as follows, in terms of decorated graphs.

DEFINITION 2.28. A A-decorated graph is given by an ordered pair (T, A)
of a finite graph T' and a finite set A of positive integers, with a labeling:
e of the vertices v € T'©) by elements n(v) € A;
o of the edges e = (v1,v2) € T by operators D, : C"¥1) — Cn(v2)
and its conjugate-transpose D} : Ccnv2) 5 crv) |
so that n(T'(©) = A.

The operators D, between vertices that are labeled by n; and nj, re-
spectively, add up to the above D;;. Explicitly,

D;; = Z De,

e=(v1,v2)
n(v1 ):ni
n(vz)=n;

so that also D}; = Dj;. Thus we have proved the following result.

THEOREM 2.29. There is a one-to-one correspondence between finite
spectral triples modulo unitary equivalence and A-decorated graphs, given
by associating a finite spectral triple (A, H, D) to a A-decorated graph (I', A)
in the following way:

A=Pm,c), H=EcCc™, D= D.+D;

neA vel'(0) ecI(1)
ExaMPLE 2.30. The following A-decorated graph
n
D,

corresponds to the spectral triple (M,(C),C", D = D, + D}) of Example
221

EXERCISE 2.22. Draw the A-decorated graph corresponding to the spectral
triple

A=C3 H=C3D= (A #£0).

o o

A
0
0

O O O
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EXERCISE 2.23. Use A-decorated graphs to classify all finite spectral
triples (modulo unitary equivalence) on the matriz algebra A = C & Ms(C).

EXERCISE 2.24. Suppose that (A1, Hi, D1) and (Aa, Ha, Do) are two fi-
nite spectral triples. We consider their direct sum and tensor product and
give the corresponding A-decorated graphs.

(1) Show that (A1 @ Ag, Hy ® Ha, (D1, D2)) is a finite spectral triple.
(2) Describe the A-decorated graph of this direct sum spectral triple in
terms of the A-decorated graphs of the original spectral triples.

(8) Show that (A1 ® A9, H1 @ Hy, D1 ® 1+ 1® D») is a finite spectral
triple.

(4) Describe the A-decorated graph of this tensor product spectral triple
in terms of the A-decorated graphs of the original spectral triples.

Notes

Section 2.1. Finite spaces and matrix algebras

1. The notation KKy in Deﬁnition@is chosen to suggest a close connection to Kasparov’s
bivariant KK-theory [121], here restricted to the finite-dimensional case. In fact, in the
case of matrix algebras the notion of a Kasparov module for a pair of C*-algebras (A, B)
(cf. |30} Section 17.1] for a definition) coincides (up to homotopy) with that of a Hilbert
bimodule for (A, B) (cf. [132), Section IV.2.1] for a definition).

2. Definition [2.12] agrees with the notion of equivalence between arbitrary rings introduced
by Morita [I53]. Moreover, it is a special case of strong Morita equivalence between C*-
algebras as introduced by Rieffel [166].

3. Theorem [2.14]is a special case of a more general result on the structure spaces of Morita
equivalent C*-algebras (see e.g. [164] Section 3.3]).

Section 2.2. Noncommutative geometric finite spaces

4. Theorem can be found in [112].

5. The reconstruction theorem mentioned in the text before Definition [2.19|is a special
case, to wit the finite-dimensional case, of a result by Connes [69] on a reconstruction of
Riemannian (spin) manifolds from so-called spectral triples (cf. Definition and Note
on Page [60| below).

6. A complete proof of Lemma can be found in [90] Theorem 3.5.4].

7. For a complete exposition on differential algebras, connections on modules, et cetera,
we refer to [131] Chapter 8] and [3] and references therein.

8. The failure of Morita equivalence to induce an equivalence between spectral triples
was noted in [65] Remark 1.143] (see also [192] Remark 5.1.2]). This suggests that it is
better to consider Hilbert bimodules as correspondences rather than equivalences, as was
already suggested by Connes and Skandalis in [67] and also appeared in the applications
of noncommutative geometry to number theory (c¢f. [65, Chapter 4.3]) and quantization
[133]. This forms the starting point for a categorical description of (finite) spectral triples
themselves. As objects the category has finite spectral triples (A, H, D), and as morphisms
it has pairs (E, V) as above. This category is the topic of [150], 151], working in the more
general setting of spectral triples, hence requiring much more analysis as compared to our
finite-dimensional case. The category of finite spectral triples plays a crucial role in the
noncommutative generalization of spin networks in [145].
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CHAPTER 3

Finite real noncommutative spaces

In this chapter, we will enrich the finite noncommutative spaces as ana-
lyzed in the previous chapter with a real structure. For one thing, this makes
the definition of a finite spectral triple more symmetric by demanding the
inner product space H be an A — A-bimodule, rather than just a left A-
module. The implementation of this bimodule structure by an anti-unitary
operator has close ties with the Tomita—Takesaki theory of Von Neumann
algebras, as well as with physics through charge conjugation, as will become
clear in the applications in the later chapters of this book. Our exposition
includes a diagrammatic classification of finite real spectral triples for all so-
called KO-dimensions, and also identifies the irreducible finite geometries
among them.

3.1. Finite real spectral triples

First, the structure of a finite spectral triple can be enriched by intro-
ducing a Zs-grading v on H, i.e. v* = v,7? = 1, demanding that A is even
and D is odd with respect to this grading:

YD =—-Dvy, ya=ay; (a€A).

Next, there is a more symmetric refinement of the notion of finite spectral
triple in which H is an A — A-bimodule, rather than just a left A-module.
Recall that an anti-unitary operator is an invertible operator J : H — H
that satisfies (J&1, J&2) = (£2,&1) for all £,& € H.

DEFINITION 3.1. A finite real spectral triple is given by a finite spec-
tral triple (A, H,D) and an anti-unitary operator J : H — H called real
structure, such that a® := Ja*J ™! is a right representation of A on H, i.e.
(ab)° = b°a°. We also require that

(3.1.1) [@,b°] =0, [[D,a],b°] =0,

for all a,b € A. Moreover, we demand that J, D and (in the even case)
satisfy the commutation relations:

J? =¢, JD =¢'DJ, Jy = ¢e"~yJ.

for numbers e, ,e" € {—1,1}. These signs determine the KO-dimension k
(modulo 8) of the finite real spectral triple (A, H, D; J,~) defined according
to Table[3 1.

The signs in Table are motivated by the classification of Clifford
algebras, see Section below. The two conditions in are called
the commutant property, and the first-order or order one condition,
respectively. They imply that the left action of an element in 4 and Q},(A)
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26 CHAPTER 3. FINITE REAL NONCOMMUTATIVE SPACES

(kJo 1 2 3 4 5 6 7|
e[l 1 -1 -1 -1 -1 11
i1 -1 1 1 1 -1 11
e’ |1 -1 1 ~1

TABLE 3.1. The KO-dimension k of a real spectral triple is
determined by the signs {e, €, ¢’} appearing in J2 =¢,JD =
e'DJ and Jy = ¢e"~J.

commutes with the right action of A. This is equivalent to the commutation
between the right action of A and Q},(A) with the left action of A.

REMARK 3.2. The so-called opposite algebra A° is defined to be equal
to A as a vector space but with opposite product o:

aob:=ba.
Thus, a® = Ja*J~ ' defines a left representation of A° on H: (aob)° = a®b°.

EXAMPLE 3.3. Consider the matriz algebra My (C), acting on the inner
product space H = Mpy(C) by left matriz multiplication, and with inner
product given by the Hilbert—Schmidt inner product:

(a,b) = Tra*d.
Define
V(a)=a,  J(a)=a"  (a€H).
Since D must be odd with respect to the grading vy, it vanishes identically.
EXERCISE 3.1. In the previous example, show that the right action of
Mpn(C) on H = My(C) as defined by a — a° is given by right matriz
multiplication.

The following exercises are inspired by Tomita—Takesaki theory of Von
Neumann algebras.

EXERCISE 3.2. Let A =@, My, (C) be a matriz algebra, which is repre-
sented on a vector space H = @, C™ @ C™, i.e. is such that the irreducible
representation n; has multiplicity m;.

(1) Show that the commutant A" of A is isomorphic to @, My,,(C). As
a consequence, the double commutant coincides with A, that is to
say A" ~ A.
We say that £ € H is a cyclic vector for A if

A :={af:a€ A} =H.
We call £ € H a separating vector for A if
a¢ =0 = a=0; (a € A).

(2) Show that if € is a separating vector for the action of A, it is cyclic
for the action of A’. (Hint: Assume £ is not cyclic for the action
of A" and try to derive a contradiction).
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27 3.1. FINITE REAL SPECTRAL TRIPLES

EXERCISE 3.3. Suppose that (A, H, D = 0) is a finite spectral triple such
that H possesses a cyclic and separating vector & for A.
(1) Show that the formula S(af) = a*¢ defines an anti-linear operator
S:H—H.
(2) Show that S is invertible.
(8) Let J: H— H be the operator appearing in the polar decomposition
S = JAY2 of S with A = §*S. Show that J is an anti-unitary
operator.
Conclude that (A, H,D = 0;J) is a finite real spectral triple. Can you find
such an operator J in the case of Exercise[3.9?

3.1.1. Morphisms between finite real spectral triples. We are
now going to extend the notion of unitary equivalence (c¢f. Definition [2.24])
to finite real spectral triples.

DEFINITION 3.4. We call two finite real spectral triples (A1, Hy, D1; J1,71)
and (Ag, Hy, Da; Jo, 7y2) unitarily equivalent if Ay = Ay and if there exists a
unitary operator U : Hy — Ho such that

Uni(a)U" =m(a);  (a€ A1),
UDlU*:DQ, U’)/lU*:"yQ, UJlU*:JQ.

Building on our discussion in Section we can also extend Morita
equivalence to finite real spectral triples. Namely, given a Hilbert bimodule
E for (B, A), we will construct a finite real spectral triple (B, H', D"; J',~")
on B, starting from a finite real spectral triple (A, H, D; J,~) on A.

DEFINITION 3.5. Let E be a B — A-bimodule. The conjugate module E°

is given by the A — B-bimodule
E°={e:ec E},
witha-e-b=>b*-e-a* for anya € A,b e B.

This implies for any A € C that Ae = \e, which explains the suggestive
notation € for the elements of £°. The bimodule E° is not quite a Hilbert
bimodule for (A, B), since we do not have a natural B-valued inner product.
However, there is a A-valued inner product on the left A-module E° given
by

(€1,€2) = (e2,€1); (e1,e2 € E).
As opposed to the inner product in Definition this inner product is left
A-linear: (aey,es) = a(e1,e9) for all a € A, as can be easily checked.

EXERCISE 3.4. Show that E° is a Hilbert bimodule for (B°, A°).

Let us then start the construction of a finite real spectral triple on B by
setting
H = E®sH®sE°.
There is a (C-valued) inner product on H' given by combining the A-valued

inner products on E, E° with the C-valued inner product on H, much as in
(2.1.1). The action of B on H' is given by

(3.1.2) bleg ®EReE) = (be) ®E ® ey,
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using just the B — A-bimodule structure of E. In addition, there is a right
action of B on H’ defined by acting on the right on the component E°. In
fact, it is implemented by the following anti-unitary,

J(e1®E®e) =e®J®e,

i.e. b° = J'b*(J')~! with b* € B acting on H' according to (3.1.2).

Moreover, there is a finite Dirac operator given in terms of the connection
V:E — E®40Q}(A) as in Section First, we need the result of the
following exercise.

EXERCISE 3.5. Let V : E — E @4 Q}(A) be a right connection on E
and consider the following anti-linear map

T:E®40hL(A) = QL(A) @4 E°;
eRQwi— —w'e.
Show that the map V : E° — QL(A) @4 E° defined by V(e) = 7o V(e) is a
left connection, i.e. show that it satisfies the left Leibniz rule:
V(ae) = [D,a] ® € + aV(e).
The connections V and V give rise to a Dirac operator on E® 4 H ® 4 E°:
D'(e1 @E®8) = (Ve)l @+ 61 @ DEQ e + €1 @ E(Ver).

The right action of w € QL(A4) on € € H is then defined by & — €/ Jw* JI¢.

Finally, for even spectral triples one defines a grading on E®4 H ® 4 E°
by Y =10v®1.

THEOREM 3.6. Suppose (A, H, D;J,~) is a finite real spectral triple of
KO-dimension k, and let V : E — E ®4 Q5,(A) be a compatible connection
(cf. Equation (2.2.5)). Then (B,H',D’;J',~') is a finite real spectral triple
of KO-dimension k.

PRrROOF. The only non-trivial thing to check is that the KO-dimension
is preserved. In fact, one readily checks that (J)? = 1® J?® 1 = € and
J'y =€+ J. Also,

J'D'(e1®E@e) =J (Ver1)f @2+ €1 © DE@ e + €1 @ E(TVe))

= G/D,(eg & Jf ®El) = e’D'J’(el X 5 ®€2),
where we have used J'(e; ® JwJ ' ® &) = €2 ® wJE @e. O

3.2. Classification of finite real spectral triples

In this section, we classify all finite real spectral triples (A, H, D; J,~)
modulo unitary equivalence using Krajewski diagrams. These play a
similar role for finite real spectral triples as Dynkin diagrams do for simple
Lie algebras. Moreover, they extend our A-decorated graphs of the previous
chapter to the case of real spectral triples.

The algebra: First, we already know from our classification of finite spec-
tral triples in Section [2.3] that

N
A~ M, (C),
i=1
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29 3.2, CLASSIFICATION OF FINITE REAL SPECTRAL TRIPLES

for some nq,...,ny. Thus, the structure space of A is again given by A=
{ny,...,ny} where n; denotes the irreducible representation of A on C™:.

The Hilbert space: As before, the irreducible, faithful representations of
A= @iv: | My, (C) are given by corresponding direct sums:

N

Per

i=1
on which A acts by left block-diagonal matrix multiplication.

Now, besides the representation of A, there should also be a represen-
tation of A° on H which commutes with that of A. In other words, we
are looking for the irreducible representations of A ® A°. If we denote the
unique irreducible representation of M, (C)° by C"°, this implies that any
irreducible representation of A ® A° is given by a summand in

N
@ CMi ® CMi°,
ij=1
Consequently, any finite-dimensional Hilbert space representation of A has
a decomposition into irreducible representations

N
H = @ Cmi @ CM° ®V;j,
ij=1
with V;; a vector space; we will refer to the dimension of V;; as the multi-
plicity of the representation C™ @ C"s°.

The integers n; and n? form the grid of a diagram (c¢f. Figure for
an example). Whenever there is a node at the coordinates (n;,n3), the
representation C™ @ C™° is present in the direct sum decomposition of H.
Multiplicities are indicated by multiple nodes.

EXAMPLE 3.7. Consider the algebra A = C @ My(C). The irreducible
representations of A are given by 1 and 2. The two diagrams

1 2 1 2
1° o 1° o o
2° o 2°

correspond to Hy = C @ My(C) and Hy = C @ C2, respectively. We have
used the fact that C?> @ C?° ~ My(C). The left action of A on Hy is given

by the matrix
A0
0 a/’

with a € Ms(C) acting on Ms(C) C Hy by left matriz multiplication. The
right action of A on Hi corresponds to the same matrix acting by right
matrix multiplication.

On Hs, the left action of A is given by matrix multiplication by the above
matriz on vectors in C®C2. However, the right action of (\,a) € A is given
by scalar multiplication with A on all of Hs.
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n; n; Ilj ny
nj o
n O
n; o o
ny, le]

FiGURE 3.1. A node at (ni,n;-) indicates the presence of
the summand C™ ® C™° in H; the double node indicates the
presence of (C™ @ C"°) @ (C™ ® C™°) in H.

The real structure: Before turning to the finite Dirac operator D, we
exploit the presence of a real structure J : H — H in the diagrammatic
approach started above.

EXERCISE 3.6. Let J be an anti-unitary operator on a finite-dimensional
Hilbert space. Show that J? is a unitary operator.

LEMMA 3.8. Let J be an anti-unitary operator on a finite-dimensional
Hilbert space H with J? = +1.

(1) If J?> = 1 then there is an orthonormal basis {ex} of H such that
Jek = €.

(2) If J?> = —1 then there is an orthonormal basis {ey, fx} of H such
that Jep, = fr (and, consequently, Jfi = —ey).

PrOOF. (1) Take any v € H and set

clv+Jv) if Jv # —v
er1: =12 . .
w if Jv = —w,

with ¢ a normalization constant. Then J(v + Jv) = Jv + J?v = v + Jv and
J(iv) = —iJv = iv in the two respective cases, so that Je; = e;.
Next, take a vector v’ that is orthogonal to e;. Then

(e, Jv') = (J*', Jey) = (v, Jey) = (v, e1) = 0,
so that also Jv' L ej. As before, we set
e+ V) it T £ =
27w if Jv' = -/,

which by the above is orthogonal to e;. Continuing in this way gives a basis
{ex} for H with Jey = ey.
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(2) Take any v € H and set e; = cv with ¢ a normalization constant. Then
f1 = Jeq is orthogonal to e, since

(f1,e1) = (Jer,e1) = —(Jer, J?e1) = —(Je1,e1) = —(f1,e1).

Next, take another v/ L ey, fi and set es = c/v/. As before, fo := Jes is
orthogonal to eo, and also to e; and fi:

(e1, f2) = (e1, Jez) = —(J?e1, Jez) = —(ea, Jer) = —(ea, f1) =0,
(f1, f2) = (Je1, Jez) = (e2,€1) = 0.
Continuing in this way gives a basis {eg, fi} for H with Je, = fi. O

We will now apply these results to the anti-unitary operator given by
a real structure on a spectral triple. Recall that in this case, J : H — H
implements a right action of A on H, via

a® = Ja*J"!
satisfying [a,b°] = 0. Together with the block-form of A, this implies that
Jai & day)=(a]®- - Day)J.

We conclude that the Krajewski diagram for a real spectral triple must be
symmetric along the diagonal, J mapping each subspace C" @ C"° @ V;;
bijectively to C" @ C™"° ® Vj;.

ni . n; ‘e Ilj N ny
nj o)
n; @ ¢
n; o) o
, . o

FIGURE 3.2. The presence of the real structure J implies a
symmetry in the diagram along the diagonal.

PROPOSITION 3.9. Let J be a real structure on a finite real spectral triple
(A, H,D;J).
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(1) If J?> = 1 (KO-dimension 0,1,6,7) then there is an orthonormal
basis {e,(cm} (i,j=1,...,N,k=1,...,dimV;;) with e,(;]) eC"®
C"i° @ Vi; such that

Jel = U0 (i =1, Nik=1,...,dim V).

(2) If J? = —1 (KO-dimension 2,8,4,5) then there is an orthonormal
basis {e,?ﬂ),flgjz)} (i<j=1,...,N,k=1,...,dimVj;) with eS]) €
C™ @ C° @ Vi, f97 € C @ C° ® Vj; and such, that

PROOF. We imitate the proof Lemma [3.8 -
(1) If i # 7, takg vE (C”i@(C”fo ® V;; and set e&m = cv. Then, by the above
observation, egj D e&” ) is an element in C"% ® C"° ® Vj; . Next, take
v e C" ® C"° ® Vj; with v/ L v and apply the same procedure to obtain
(45) (59)
€2 2

and ey ’. Continuing in this way gives an orthonormal basis {egjj )} for

C™ ®C"°® Vyj, and an orthonormal basis {e,(cj i)} for C" @ C"° ® Vj; which
satisfy Je,g”) = e,(gl).

If 7 = j, then Lemma (1) applies directly to the anti-unitary operator
given by J restricted to C™ @ C™° & Vj;.

(2) can be proved along the same lines. O

Note that this result implies that in the case of KO-dimension 2, 3,4 and
5, the diagonal C™ @ C"° ® V;; needs to have even multiplicity.

The finite Dirac operator: Corresponding to the above decomposition
of H we can write D as a sum of matrices

Dyjp : C" @ CY° @ Vij — C™ @ C™° @ Vyy,

restricted to these subspaces. The condition D* = D implies that Dy ;; =
D;'kj,kl' In terms of the above diagrammatic representation of H, we express
a non-zero D;; 1y as a line between the nodes (n;, nj) and (ng,n;). Instead
of drawing directed lines, we draw a single undirected line, capturing both

D;; 1y and its adjoint Dy ;.

LEMMA 3.10. The condition JD = £DJ and the order one condition
given by [[D, a],b°] = 0 forces the lines in the diagram to run only vertically
or horizontally (or between the same node), thereby maintaining the diagonal
symmetry between the nodes in the diagram.

ProoF. The condition JD = +DJ easily translates into a commuting
diagram:

Cmi ® Cni° ® ‘/2] (O ® Cme ® Vkl

/| o

(C’I’Lj ® (CTLZ'O ® ‘/]’L (Cnl ® (ano ® ‘/lk

+D
thus relating D;; i to Dj; 5, maintaining the diagonal symmetry.
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If we write the order one condition [[D, a],b°] = 0 for diagonal elements
a= M, @& - DN,y € Aand b = i1, & - -Sunl,, € Awith A\, u; € C,
we compute

Dij (N — M) (72; — 1) = 0,
for all A;, u; € C. As a consequence, D;;; = 0 whenever i # kor j #1. [

n; Ilj

FiGURE 3.3. The lines between two nodes represent a non-
zero Dy; j; + C ® C™ — C% @ C™, as well as its adjoint
Dj;ii : CY ® C" — C™ ® C™. The non-zero components
Dj; ;; and Djj;; are related to £Dy; j; and £Dj; ;;, respec-
tively, according to JD = £DJ.

Grading: Finally, if there is a grading v : H — H, then each node in the
diagram gets labeled by a plus or minus sign. The rules are that:

e D connects nodes with different signs;
e If the node (n;, n?) has sign +, then the node (nj, nf) has sign +e¢”,
according to Jvy = ¢’~J.
Finally, we arrive at a diagrammatic classification of finite real spectral
triples of any KO-dimension.

DEerFINITION 3.11. A Krajewski diagram of KO-dimension k is given
by an ordered pair (I'yA) of a finite graph T and a finite set A of positive
integers with a labeling:

e of the vertices v € T by elements 1(v) = (n(v),m(v)) € A x
A, where the existence of an edge from v to v’ implies that either
n(v) =n(v'), m(v) = m(v'), or both;

o of the edges e = (v1,v2) € TD by non-zero operators:

D, CHe) y o) g mon) = m)
D, Crn) @t § (o) = n(ea),
and their adjoints D},

together with an involutive graph automorphism j : I' — ' so that the fol-
lowing conditions hold:

NCG and Particle Physics, W.D. van Suijlekom




34 CHAPTER 3. FINITE REAL NONCOMMUTATIVE SPACES

(1) every row or column in A x A has non-empty intersection with +(T");

(2) for each vertex v we have (n(j(v)) = m(v);

(8) for each edge e we have De = € Dj(oy;

(4) if the KO-dimension k is even, then the vertices are additionally
labeled by +1 and the edges only connect opposite signs. The signs

at v and j(v) differ by a factor €, according to the table of Definition

(5) if the KO-dimension is 2,3,4,5 then the inverse image under v of
the diagonal elements in A X A contains an even number of vertices

of T.

Note that this definition allows for different vertices of I' to be labeled
by the same element in A x A; this accounts for the multiplicities appearing
in V;; that we have encountered before.

This indeed gives rise to a diagram of the above type, by putting a node
at position (n;, n3) for each vertex carrying the label (n;,n;) € A x A. The
notation nj- instead of n; is just for a convenient diagrammatic exposition.
The operators D, between vertices that are labeled by (n;,n;) and (n, n;),
respectively, add up to the above D;; x;. Explicitly,

Djj = Z D,

e=(v1,v2)el™
t(v1)=(n;,n;)
t(v2)=(ng,n;)

so that indeed D;‘j w1 = Driij. Moreover, the only non-zero entries D;; ; will
appear when ¢ = k, or j = [, or both. Thus, we have shown

THEOREM 3.12. There is a one-to-one correspondence between finite real
spectral triples of KO-dimension k modulo unitary equivalence and Krajew-
ski diagrams of KO-dimension k. Specifically, one associates a real spectral
triple (A, H, D; J,~) to a Krajewski diagram in the following way:

A= M, ()

neA

H= @ (Cn('u) ® Cm(v)o;
vel(0)

D= > D.+Dj.
ec'(1)

Moreover, the real structure J : H — H 1is given as in Proposition[3.9, with
the basis dictated by the graph automorphism j : I' — I'. Finally, a grading
v on H is defined by setting v to be +£1 on C*®) @ C™Y)° ¢ H according to
the labeling by +1 of the vertex v.

ExAMPLE 3.13. Consider the case A = C @ C. There are ten possible
Krajewski diagrams in KO-dimension 0 with multiplicities less than or equal
to 1: in terms of A = {11, 12}, we have
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ol ..
O o O
o O i O O O
O o O O O
where the diagonal vertices are labeled with a plus sign, and the off-diagonal
vertices with a minus sign.

Let us consider the last diagram in the top row in more detail and give
the corresponding spectral triple:

1, 1o
17
5l
First, the inner product space is H = C3, where we choose the middle copy
of C to correspond to the node on the diagonal. The edges indicate that there

are non-zero components of D that map between the first two copies of C in
H and between the second and third copy of C. In other words,

0 A0
D=[X 0 u
0@ 0

for some A\, € Hom(C,C) ~ C that are the given labels on the two edges.
In this basis,

~10 0
v=10 1 0
0 0 -1

Finally, J is given by the matriz K composed with complex conjugation on
H, where

K=

= o O
S = O
O O =

From this it is clear that we indeed have
Dy = —~D; DJ=JD; Jy =n~dJ.

EXERCISE 3.7. Use the ten Krajewski diagrams of the previous example
to show that on A = C ® C a finite real spectral triple of KO-dimension 6
with dim H < 4 must have vanishing finite Dirac operator.

EXAMPLE 3.14. Consider A = M, (C) so that A = {n}. We then have
a Krajewski diagram

n

n° o
The node can be labeled only by either plus or minus one, the choice being
irrelevant. This means that H = C" ® C™ ~ M,(C) with ~ the trivial
grading. The operator J is a combination of complex conjugation and the flip
onn®n°: this translates to M, (C) as taking the matriz adjoint. Moreover,
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since the single node has label +1, there are no non-zero Dirac operators.
Hence, the finite real spectral triple of this diagram corresponds to

(A = Mn((c)’H = Mn(c)aD =0;J = (')*/7 = 1)7

and was encountered already in Ezercise[3.3,

3.3. Real algebras and Krajewski diagrams

Thus far, we have considered finite spectral triples on complex algebras.
In practice, it is useful to allow real x-algebras in Definition [2.19] as well.

DEFINITION 3.15. A real algebra is a vector space A over R with a
bilinear associative product A x A — A denoted by (a,b) — ab and a unit 1
satisfying la = al = a for all a € A.

A real x-algebra (or, involutive algebra) is a real algebra A together with
a real linear map (the involution) * : A — A such that (ab)* = b*a* and
(a*)* =a for all a,b € A.

EXAMPLE 3.16. A particularly interesting example in this context is
given by H, the real x-algebra of quaternions, defined as a real subalgebra

of Ms(C):
H = {<O‘5 g) :a,ﬁé@}.

This is indeed closed under multiplication. As a matter of fact, H consists
of those matrices in Ms(C) that commute with the operator I defined by

()= ():

The involution is inherited from Ms(C) and is given by hermitian conjuga-
tion.

EXERCISE 3.8. (1) Show that H is a real *-algebra which contains
a real subalgebra isomorphic to C.
(2) Show that H ®@g C ~ My(C) as complex x-algebras.
(8) Show that My(H) is a real x-algebra for any integer k.
(4) Show that My(H) @g C ~ Mo, (C) as complex x-algebras.

When considering Hilbert space representations of a real x-algebra, one
must be careful, because the Hilbert space will be assumed to be a complex
space.

DEFINITION 3.17. A representation of a finite-dimensional real x-algebra
A is a pair (H, ) where H is a (finite-dimensional, complex) Hilbert space
and 7 is a real-linear x-algebra map

m:A— L(H).

Also, although there is a great deal of similarity, we stress that the
definition of the real structure J in Definition [2.19 is not related to the
algebra A being real or complex.

EXERCISE 3.9. Show that there is a one-to-one correspondence between
Hilbert space representations of a real x-algebra A and complex representa-
tions of its complexification A ®r C. Conclude that the unique irreducible
(Hilbert space) representation of My,(H) is given by C2*,
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LEMMA 3.18. Suppose that a real *-algebra A is represented faithfully
on a finite-dimensional Hilbert space H through a real-linear x-algebra map
m:A— L(H). Then A is a matrixz algebra:

N
A~ B M, (Fy),
=1

where F; = R, C or H, depending on i.

PROOF. The representation m allows to consider A as a real x-subalgebra
of Mgim g(C), hence A 4+ ¢A can be considered a complex *-subalgebra of
Mgim g(C). Thus A + A is a matrix algebra, and we may restrict to the
case A+iA = My(C) for some k > 1. Note that ANiA is a two-sided *-ideal
in Mg(C). As such, it must be either the whole of My (C), or zero. In the
first case, A +iA = ANiA so that A = My(C). If ANniA = {0}, then we
can uniquely write any element in My (C) as a + ib with a,b € A. Moreover,
A is the fixed point algebra of the anti-linear automorphism « of My (C)
given by a(a + ib) = a —ib (a,b € A). We can implement « by an anti-
linear isometry I on C* such that a(x) = IzI~! for all + € M;,(C). Since
a? = 1, the operator I? commutes with My (C) and is therefore proportional
to a complex scalar. Together with I? being an isometry, this implies that
I? = 41 and that A is precisely the commutant of I. We now once again
use Lemma [3.8 to conclude that

e If 1?2 = 1, then there is a basis {e;} of C* such that Ie; = e;. Since
a matrix in M (C) that commutes with I must have real entries,
this gives

A = M(R).
e If I = —1, then there is a basis {e;, fi} of C* such that Ie; = f;

(and thus k is even). Since a matrix in My (C) that commutes with
I must be a k/2 x k/2-matrix with quaternionic entries, we obtain

A= My (H). O

We now reconsider the diagrammatic classification of finite spectral
triples, with real x-algebras represented faithfully on a Hilbert space. In
fact, as far as the decomposition of H into irreducible representations is
concerned, we can replace A by the complex x-algebra

N
A+iA~ P M, (C).

i=1

Thus, the Krajewski diagrams in Definition classify such finite real
spectral triples as well as long as we take the F; for each i into account.
That is, we enhance the set A to be

A = {niFy,...,nyFy},

reducing to the previously defined A when all F; = C.
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3.4. Classification of irreducible geometries

We now classify irreducible finite real spectral triples of KO-dimension
6. This leads to a remarkably concise list of spectral triples, based on the
matrix algebras My (C) @ My (C) for some N.

DEFINITION 3.19. A finite real spectral triple (A, H,D;J,7) is called
irreducible if the triple (A, H, J) is irreducible. More precisely, we demand
that:

(1) The representations of A and J in H are irreducible;
(2) The action of A on H has a separating vector (cf. Ezercise .

THEOREM 3.20. Let (A, H,D; J,v) be an irreducible finite real spectral
triple of KO-dimension 6. Then there exists a positive integer N such that
A= My(C) & My(C).

PRrROOF. Let (A, H,D;J,7) be an arbitrary finite real spectral triple,
corresponding to e.g. the Krajewski diagram of Figure [3.2l Thus, as in
Section 2.3] we have

N N
A:@Mnl(c)a H = @an(g)(cn]o@%]’

i=1 ij=1
with V;; corresponding to the multiplicities as before. Now each C" ®
C" is an irreducible representation of A, but in order for H to support
a real structure J : H — H we need both C" @ C™ and C% @ C™ to
be present in H. Moreover, Lemma with J? = 1 assures that already
with multiplicities dim V;; = 1 there exists such a real structure. Hence, the
irreducibility condition (1) above yields

H=C"®CVgCVC",
for some 4,5 € {1,...,N}. Or, as a Krajewski diagram:
n; n;

n O

.0 =0

n., o

Then, let us consider condition (2) on the existence of a separating vector.
Note first that the representation of A in H is faithful only if A = M,,,(C)®
M,,;(C). Second, the stronger condition of a separating vector £ then implies
n; = n;, as it is equivalent to A’¢ = H for the commutant A’ of A in H (see
Exercise . Namely, since A’ = M, (C) & My, (C) with dim A" = n? + n?,
and dim H = 2n;n; we find the desired equality n; = n;. O

With the complex finite-dimensional algebras A given by My (C) &
My (C), the additional demand that H carries a symplectic structure 2 =
—1 yields real algebras of which A is the complexification (as in the proof of
Lemma [3.18)). In view of Exercise [3.8(4) we see that this requires N = 2k so
that one naturally considers triples (A, H, J) for which A = M}, (H)® Mo (C)
and H = C22k)” The case k = 2 will come back in the final Chapter (11| as
the relevant one to consider in particle physics applications that go beyond
the Standard Model.
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Notes

Section 3.1. Finite real spectral triples

1. The operator D in Definition [3.1]is a first-order differential operator on the bimodule
H in the sense of [83].

2. Exercises and develop Tomita—Takesaki theory for matrix algebras, considered
as finite-dimensional Von Neumann algebras. For a complete treatment of this theory for
general Von Neumann algebras, we refer to e.g. [184].

Section 3.2. Classification of finite real spectral triples

3. Krajewski’s work on the classification of all finite real spectral triples (A, H, D; J, )
modulo unitary equivalence (based on a suggestion in [63]) is published in [127]. Similar
results were obtained independently in [I58]. We have extended Krajewski’s work —
which is in KO-dimension 0— to any KO-dimension. The classification of finite real
spectral triples (but without Krajewski diagrams) is also the subject of [42]. The KO-
dimension 6 case —which is of direct physical interest as we will see below in Chapter
was also handled in [118].

4. Lemma is based on [197], where Wigner showed that anti-unitary operators on
finite-dimensional Hilbert spaces can be written in a normal form. His crucial observation
is that J? is unitary, allowing for a systematic study of a normal form of J for each of
the eigenvalues of J? (these eigenvalues form a discrete subset of the complex numbers
of modulus one). In our case of interest, J is a real structure on a spectral triple (as in
Definition , so that J? = +1.

5. In the labelling of the nodes in a Krajewski diagram with +-signs, it is important
whether or not we adopt the so-called orientation aziom [63]. In the finite-dimensional
case, this axiom demands that the grading v can be implemented by elements z;,y; € A as
v =Y, ziy;. Hence, this is completely dictated by the operator J and the representation
of A. In terms of our diagrams, this translates to the fact that the grading of a node only
depends on the label (n;,nj). In this book, we will not assume the orientation axiom.

Section 3.4. Classification of irreducible geometries

6. Finite irreducible geometries have been classified by Chamseddine and Connes in [51],
using different methods. We here confront their result with the above approach to finite
spectral triples using Krajewski diagrams and find that they are compatible.
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CHAPTER 4

Noncommutative Riemannian spin manifolds

We now extend our treatment of noncommutative geometric spaces from
the finite case to the continuum. This generalizes spin manifolds to the
noncommutative world. The resulting spectral triples form the key technical
device in noncommutative geometry, and in the physical applications of Part
of this book in particular.

We start with a treatment of Clifford algebras, as a preparation for the
definition of a spin structure on a Riemannian manifold, and end with a
definition of its noncommutative generalization.

4.1. Clifford algebras

Let V be a vector space over a field F (= R,C or H), equipped with a
quadratic form Q : V — F, i.e.

QOw) = XQ)  (AeFweV),
Qv+ w)+ Qv —w) =2Q(v) + 2Q(w); (v,we V).

DEFINITION 4.1. For a quadratic form @ on V, the Clifford algebra
Cl(V,Q) is the algebra generated (over F) by the vectors v € V and with
unit 1 subject to the relation

(4.1.1) v? = Q(v)1.

Note that the Clifford algebra CL(V, Q) is Zs-graded, with grading x
given by

X(v1-vg) = (=DFor - g,
which is indeed compatible with relation . Accordingly, we decompose
CV, Q) =: CI'(V,Q) & C11(V, Q)

into an even and odd part.

EXERCISE 4.1. Show that in C1(V,Q) we have

vw + wu = 2gg (v, w),

where gg is the pairing V- x V — F associated to Q, given by

1

9o(v,w) = 3 (Q(v+w) = Qv) — Q(w)).

We also introduce the following convenient notation for the Clifford alge-
bras for the vector spaces R™ and C" equipped with the standard quadratic

41
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form Qn(z1,...,2,) = 2% + - - - 22:
CLI == CI(R"™, Q,);
Cl, := CI(R", —Qn);
Cl, := CI(C"™, Qy).

Both CI and Cl;; are algebras over R generated by e1, ..., e, with relations
(4.1.2) eie; +eje; = :|:25ij,
for all 4,5 = 1,...,n. Moreover, the even part (C1F)? of CI¥ consists of

products of an even number of e;’s, and the odd part (Cli)1 of products of
an odd number of ¢;’s.

The Clifford algebra Cl,, is the complexification of both CI} and Cl,
and is therefore generated over C by the same e, ..., e, satisfying .

EXERCISE 4.2. (1) Check that Equation indeed corresponds
to the defining relations in Cl,f.
(2) Show that the elements e;, - - €;
form a basis for Cl,f.
(8) Conclude that dimg C1I = 2" and, accordingly, dimc Cl,, = 2",
(4) Find an isomorphism Cl(C",Q,) ~ CI(C", —Q,) as Clifford alge-
bras.

with 1 < i1 <ig < - <i<n

T

PROPOSITION 4.2. The even part (CI;H)O of Cl,_, is isomorphic to
ClL,.
ProOOF. We construct a map ¥ : Cl,, — (Cl +1)0 given on generators
by
(413) ‘11(61) = €n+16€;.
Indeed, for i,j = 1,...,n we have
\I/(ei)\Il(ej) + \If(ej)\IJ(ei) = e;ej +eje; = —20; = \I/(—Q(Sij),

using ejer+1 = —e€rt16; and epqp1€p,41 = —1. Thus, ¥ extends to a homo-
morphism Cl,, + (CL_,,)°. Moreover, since ¥ sends basis vectors in CI, to

n+1
basis vectors in (Cl,,;)° and the dimensions of Cl,; and (Cl, ;)" coincide,

n+1
it is an isomorphism. O

EXERCISE 4.3. Show that the same expression (4.1.3) induces an iso-
morphism from Cl,, to the even part (Cl:{_ﬂ)o and conclude that (Cl:+1)0 ~

(Cl1)°

Next, we compute the Clifford algebras le and Cl,. We start with a
recursion relation:

PROPOSITION 4.3. For any k > 1 we have
Clf @r Cly ~ Cl_,,,
Cl, ®@r Cly ~ CLf,,.
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PRrROOF. The map ¥ : Cl, — Clg ®r Cl; given on generators by

1®e 1=1,2
\Il(ez)—{ ei_o®eiea 1=3,...,1n
extends to the desired isomorphism. O

Let us compute some of the Clifford algebras in lowest dimensions.
PROPOSITION 4.4.
Clf ~RoR, Cl; ~C,
Clf ~ Ms(R), Cl; ~H.
PrOOF. The Clifford algebra C1{ is generated (over R) by 1 and e; with
relation €2 = 1. We map CIl] linearly to the algebra R @& R by sending
1+ (1,1), er — (1,-1).

A dimension count shows that this map is a bijection.
The Clifford algebra Cl;r is generated by 1, eq, eo with relations

6% = 1, e% = 1, €1€g = —egeq.

A bijective map Clj = M»(R) is given on generators by

Lo (Lo (10 (01
0 1) 0 —1)> 1 0/

We leave the remaining Cl; and Cl;r as an illustrative exercise to the reader.
O

EXERCISE 4.4. Show that Cl; ~ C and Cl; ~ H.

Combining the above two Propositions, we derive Table for the Clif-
ford algebras Cl,jlE and Cl,, for n =1,...,8. For instance,

Cli ~ Cl] ®r Cly ~ C ®g M2(R) ~ M(C)
and
Clf ~ Cl; ®r Clf ~ H ®g Ma(R) ~ M(H)
and so on. In particular, we have
ClI @ Clf ~ Clyy4
and
CIZJr8 ~ Clf ® Cl .

With Clf ~ Mj6(R) we conclude that CIZZFS is Morita equivalent to CL (cf.
Theorem . Similarly, Cl,_ ¢ is Morita equivalent to Cl,". Thus, in this

sense Table has periodicity eight and we have determined le for all n.
For the complex Clifford algebras, there is a periodicity of two:

Cl, ®c Clp =~ Clyq2,

so that with Cly ~ M(C) we find that Cl,, is Morita equivalent to Cl,,o.
The (semi)simple structure of Cl,, is further clarified by
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[n] CL} \ CL, \ Cl, |
1 ReR C CeC
2 Ms(R) H M3(C)
3 M(C) H o H M3(C) & M»(C)
4 M (H) M (H) M,y(C)
5 | Ma(H) ® Ma(H) M4(C) M4(C) & My(C)
6 My (H) Ms(R) Ms(C)
7 M;s(C) Ms(R) & Ms(R) | Mg(C) & Ms(C)
8| Mig(R) Mig(R) Mig(C)

TABLE 4.1. Clifford algebras C1¥ and their complexifications
Cl, forn=1,...,8.

DEFINITION 4.5. The chirality operator v,4+1 in Cl, is defined as the
element
Yn+1 = (*Z’)mel *€n,
where n = 2m or n = 2m + 1, depending on whether n is even or odd.

EXERCISE 4.5. Show that
(1) if n = 2m is even, then y,41 generates the center of Cl,,
(2) if n =2m+1 is odd, then vn41 lies in the odd part Cly,,, and the
center of Cl, is generated by 1 and ~ynp11-

4.1.1. Representation theory of Clifford algebras. We determine
the irreducible representations of the Clifford algebras CliE and Cl,,. Let us
start with the complex Clifford algebras.

PROPOSITION 4.6. The irreducible representations of Cl, are given as
c¥, (n =2m),
c¥, ¥, (n=2m+1).
PRrROOF. Since the Cl,, are matrix algebras we can invoke Lemma [2.15
to conclude that in the even-dimensional case the irreducible representation

of Clg,, ~ Mym(C) is given by the defining representation C2". In the
odd-dimensional case we have

(C12m+1 ~ MQm ((C) ) Mgm (C),

so that the irreducible representations are given by two copies of C2", cor-
responding to the two summands in this matrix algebra. O

For the real Clifford algebras ClI¥ we would like to obtain the irre-
ducible representations from those just obtained for the complexification
Cl, ~ CIF @gC. As CIF are matrix algebras over R and H, this leads us to
the following possibilities:

(1) Restrict an (irreducible) representation of Cl,, to a real subspace,
stable under lef;

(2) Extend an (irreducible) representation of Cl, to a quaternionic
space, carrying a representation of le.
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This is very similar to our approach to real algebras in Section In fact,
we will use an anti-linear map J;© on the representation space, furnishing
it with a real ((J:F)? = 1) or quaternionic structure ((J¥)? = —1) to select
the real subalgebra Cli C Cl,. For the even-dimensional case we search
for operators JQim such that on the irreducible Cly,,-representations C>" we
have

(4.1.4) Cl,, = {a € Clyy, : [J5,,a] = 0}

The odd case is slightly more subtle, as only the even part (Cl,f)o of Cl,f
can be recovered in this way:

(4.1.5) (Ch)’ = {aeCl, 1y [Joq,a] =0} .
PROPOSITION 4.7. For any m > 1 there exist anti-linear operators JQim
Cc?" — C*" and JQierl : C?" — C?" such that the Equations (4.1.4) and

[EL3) hold.

PROOF. From Proposition [4.2/and Exercise [4.3| we sce that (Cl3,, _H)O ~
om and (C12m+1) ~ (Cly,, so that the odd case follows from the even case.
By periodicity we can further restrict to construct only Jgim for m =
1,2,3,4. For m = 1 we select the real form ClJ ~ Ms(R) in Cly >~ M(C)

as the commutant of J2+ with

J;':(C2 —>C2;

Cl,

Instead, as in Example [3.16] C1, ~ H can be identified as a real subalgebra
Clp ~ M>(C) with the commutant of J; , where

Jy, : C* = C%

U1 —U2
() ()
For m = 2 the sought-for operator J;” = J; on C* is given by J, @ J; .
For m = 3 we set Ji = (J5 )% to select Clf ~ My(H) inside Clg, and
Jg = (JF5)®* to select Clg ~ Mg(R).
Finally, for m = 4 the operator Ji = Jg = (J5)®® selects the two
isomorphic real forms CléIE c Cls. O

The signs for the squares (J;©)? are listed in Table The isomorphisms
between the odd- and even-dimensional cases are illustrated by the fact that

(Jétm-i-l)z = (JQ_m)2
with periodicity eight. We also indicated the commutation between J* and
odd elements in CI¥ and between JF and the chirality operator 4,.1. For
the derivation of the former note that for n even J commutes with all
elements in lef, whereas for n odd we follow the proof of Proposition
e n=1: J; is equal to J; , which is given by J; (2) =z for z € C,
and selects (Cl7)? ~ R in Cl] ~ C. Thus, the remaining
part (Cl;)! ~ iR so that odd elements x € (Cl;)! anti-commute
with J; .
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| n [ 1[2[3]4[5[6][7]8]
(JH)P=+1 1|1 [-1]-1]-1][-1[1]1
(J)?==+1 1| —1|—-1|—=1|-1] 1 |1]1
Jyr=(£l)zJ,, xzodd|—-1| 1 | 1 [ 1 |-1 1
I 1 = (ED) W1y —1 1 —1 1

TABLE 4.2. The real and quaternionic structures on the irre-
ducible representations of Cl, that select CI* via for
n even and (CLF)0 via for n odd. For later reference,
we also indicated the commutation or anti-commutation of
J, with the chirality operator 7,4+ defined in Definition
and odd elements in (CI5)! ¢ CLE.

e n = 3: Jy is equal to J, , which is given by the standard quater-
nionic structure on C2. It then follows that all of Cly ~HoeH
commutes with J; .

e n = 5: in this case J; is equal to J; , which is two copies of
Jy . This selects (Cl;)% ~ My(H) in Cl; ~ My(C). Again, the
remaining part (Cl)! ~ iMy(H) so that odd elements z € (Cl5)°
anti-commute with J; .

e n="7:J; is equal to Jg , which is given by component-wise com-
plex conjugation of vectors in C®. It follows that all of Cl; ~
Mg(R) & Mg(R) commutes with J; .

Finally, in the even case n = 2m the (anti)-commutation between the chi-
rality operator v,4+1 and the anti-linear operator J, depends only on the
power of the factor ¢"*. Indeed, the even product of e;’s in Definition 4.5
already commutes with .J, so that the signs (—1)™ for n = 2m follow from

Jy i = (=)™ J, .
The last three rows of Table give precisely the sign table that appears for
real spectral triples below, where n is the corresponding KO-dimension, and

hence coincide with Table [3.1] of Definition We will now slowly move to
the spin manifold case, tracing KO-dimension back to its historical roots.

4.2. Riemannian spin geometry

We here give a concise introduction to Riemannian spin manifolds and
work towards a Dirac operator. For convenience, we restrict to compact
manifolds.

4.2.1. Spin manifolds. The definition of Clifford algebras can be ex-
tended to Riemannian manifolds, as we will now explain. First, for com-
pleteness we recall the definition of a Riemannian metric on a manifold.

DEFINITION 4.8. A Riemannian metric on a manifold M is a symmetric
bilinear form on vector fields I'(T'M)

g:T(TM)xT(TM) — C(M)
such that
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(1) g(X,Y) is a real function if X and Y are real vector fields;
(2) g is C(M)-bilinear:

g(fX.Y) =g(X, fY) = fg(X,Y);  (f € C(M));

(8) g(X,X) > 0 for all real vector fields X and g(X,X) = 0 if and
only if X =0.

The non-degeneracy condition (3) allows us to identify I'(T'M) with
QL (M) =T(T*M).

A Riemannian metric g on M gives rise to a distance function on M,
given as an infimum of path lengths

1
(4.2.1) dy(w,y) = inf {/0 g(¥(t), ¥())dt : v(0) = z,~(1) = y} -

Moreover, the inner product that g defines on the fibers T, M of the
tangent bundle allows us to define Clifford algebras at each point in M as
follows. With the inner product at x € M given explicitly by g, (X, Yy) :=
9(X,Y)|, we consider the quadratic form on T, M defined by

Qg(Xx) = g2( Xz, Xz).

We can then apply the construction of the Clifford algebra of the previous
section to each fiber of the tangent bundle. At each point © € M this gives
rise to Cl(T, M, Qg) and its complexification CI(T, M, Q,). When x varies,
these Clifford algebras combine to give a bundle of algebras.

DEFINITION 4.9. The Clifford algebra bundle C1*(T'M) is the bundle
of algebras Cl(T, M, Qg), with the transition functions inherited from T M.
Namely, transition functions on the tangent bundle are given for open U,V C
M by tyy : UNV — SO(n) where n = dim M. Their action on each fiber
T.M can be extended to CY(T,M,Q,) by

V12 v = Loy (Vi) - oy () (v1,...,0p € Ty M).
The algebra of continuous real-valued sections of CIT (T M) will be denoted
by Cliff " (M) = T(C1T (T M)).
Similarly, replacing Qg by —Q4, we define Cliff~ (M) as the space of
sections of C17(T'M).
Finally, we define the complexified algebra
Cliff (M) := Cliff " (M) ®g C,

consisting of continuous sections of the bundle of complezified algebras C1(T M),
which is defined in a similar manner.

Let us determine local expressions for the algebra Cliff ™ (M). If {z#}
are local coordinates on a chart U of M, the algebra of sections of Cliff * (M)

is generated by v, with relations
(4'2'2) Yo Yo + VoV = 29[“/)

with g, = (0, 0,). After choosing an orthonormal basis for I'(TM)|r
with respect to the metric g, at a point of U this relation reduces precisely
to the relation (4.1.2)).
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Let us see if we can import more of the structure for Clifford algebras
explored so far to the setting of a Riemannian manifold. First, recall that

Cl?m = Mam ((C)v (Clngrl = Mom ((C)

Another way of phrasing this is to say that the (even parts of the) Clifford
algebras Cl,, are endomorphism algebras End(C?"). The natural question
that arises in the setting of Riemannian manifolds is whether or not this
holds for all fibers of the Clifford algebra bundle, in which case it would
extend to a global isomorphism of algebra bundles.

DEFINITION 4.10. A Riemannian manifold is called spin® if there exists
a vector bundle S — M such that there is an algebra bundle isomorphism

C(TM) ~End(S) (M even-dimensional),
CTM)? ~End(S) (M odd-dimensional).
The pair (M, S) is called a spin® structure on M.

If a spin® structure (M, S) exists we refer to S as the spinor bundle
and the sections in I'(S) as spinors. Using the metric and the action of
Cliff* (M) by endomorphisms on T'(S) we introduce the following notion.

DEFINITION 4.11. Let (M, S) be a spin® structure on M. Clifford mul-
tiplication is defined by the linear map

c: QL (M) xT(S) — T(S);
(@, ¥) = ™ -y,
where w? is the vector field in T(TM) corresponding to the one-form w €

Q(liR(M) via the metric g. This vector field acts as an endomorphism on
I'(S) via the embedding T' (T M) — Cliff (M) C T End(S).

In local coordinates on U C M, we can write w|y = wyda® with w, €
C(U) so that Clifford multiplication can be written as

c(wlo = elw, Y)lo = wu(VP)lu; - W € T(S)),

with v#* = g"”~, and =, as in but now represented as endomorphisms
on the fibers of S. The appearance of v* comes from the identification of
the basis covector daz# € QL. (M)|y with the basis vector 9, € I'(TM)|y
using the metric, which is then embedded in Cliff " (M). That is, we have

da:;.f = 9(‘%7 ‘)p

as (non-degenerate) maps from T,M to C with p e U C M.
Recall that if M is compact, then any vector bundle carries a continu-
ously varying inner product on its fibers,

(-,) : T(S) xI'(S) = C(M).

EXERCISE 4.6. Use a partition of unity argument to show that any vec-
tor bundle on a compact manifold M admits a continuously varying inner
product on its fibers.
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DEFINITION 4.12. The Hilbert space of square-integrable spinors L?(S)
is defined as the completion of T'(S) in the norm corresponding to the inner
product

(4, 4bn) = /M<¢1,w2><x>¢§dx,

where \/gdx is the Riemannian volume form.

Recall that in the previous subsection we selected the real Clifford alge-
bras CLE as subalgebras in Cl,, that commute with a certain anti-linear op-
erator J¥. We now try to select Cliff* (M) c Cliff (M), considered as endo-
morphisms on I'(S), through a globally-defined operator Jys : T'(S) — T'(S),
so that

() (@) = T (0 (),
for any section ¢ € I'(S), where n = dim M. Such a global operator does
not always exist: this gives rise to the notion of a spin manifold. It is con-
ventional to work with J; to select Cliff ~ (M) C Cliff(M ), making our sign
Table fit with the usual definition of KO-dimension in noncommutative
geometry.

DEFINITION 4.13. A Riemannian spin® manifold is called spin if there
exists an anti-unitary operator Jyr : T'(S) — T'(S) such that:

(1) Jp commutes with the action of real-valued continuous functions
on I'(9);
(2) Ju commutes with CLff ~ (M) (or with Cliff ~(M)° in the odd case).
We call the pair (S, Jar) a spin structure on M and refer to the operator
Jup as the charge conjugation.

If the manifold M is even dimensional, we can define a grading

(Y)(@) = i (P(z)); (¥ € T(5)).

Then, the sign rules of Table for the square of J, and the (anti)-
commutation of J; with 7,41 and odd elements in Cl; hold in each fiber
of I'(S). Hence, we find that also globally

J3 =, Juz =€xdy;  (z e (CLff~ (M), Ivym = € v,

with €,€, €’ € {£1} being the signs in Table with n = dim M modulo
eight. This will be crucial for our definition of a real spectral triple in the
next section, where these signs determine the KO-dimension of a noncom-
mutative Riemannian spin manifold.

4.2.2. Spin connection and Dirac operator. The presence of a spin
structure on a Riemannian manifold allows for the construction of a first-
order differential operator that up to a scalar term squares to the Laplacian
associated to g. This is the same operator that Dirac searched for (with
success) in his attempt to replace the Schrédinger equation by a more gen-
eral covariant differential equation in Minkowski space. The Dirac operator
that we will describe below is the analogue for Riemannian spin manifolds
of Dirac’s operator on flat Minkowski space. In order to allow for differen-
tiation, we will restrict to smooth, rather than continuous sections.
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DEFINITION 4.14. A connection on a vector bundle E — M is given by
a C-linear map on the space of smooth sections:

Vi T(E) — Ql(M) @ T (E)
that satisfies the Leibniz rule
V(fn)=fVm)+df @n;  (f € C*(M),ne'*(E)).
The curvature QF of V is defined by the C°°(M)-linear map
OF 1= V2 . T®(E) = Q*(M) ®coo () T(E).

Finally, if (-,-) is a smoothly varying (i.e. C°°(M)-valued) inner product on
I'*°(E), a connection is said to be hermitian, or compatible if

(Vo.n') + 0, V') = d(n,n'); (n,n € T(E)).

Equivalently, when evaluated on a vector field X € I'*°(T'M) a connec-

tion gives rise to a map
Vx :T®(E) —» T'*°(E).
More precisely, the relation with the above definition is given by
Vx(n) := V(n)(X),

for all X € I'™(T'M) and n € I'*°(E). The corresponding curvature then
becomes
(4.2.3) OF(X,Y)=[Vx,Vy] - Vixy;  (X,Y eI™(TM)),

i.e. it is a measure of the defect of V to be a Lie algebra map.

ExaMPLE 4.15. Consider the tangent bundle TM — M on a Riemann-
ian manifold (M, g). A classical result is that there is a unique connection
on TM that is compatible with the inner product g on T'(T M), i.e.

(VxY, Z) + (Y, Vx Z) = X((V, 2))
and that is torsion-free, i.e.
VxY - VyX =[X,Y]; (X,Y eT®(TM)).
This connection is called the Levi-Civita connection and can be written in
local coordinates {x"}}}_y on a chart U C M as V(9,) = I'},, dzt ® Oy, or
Vo, (0y) =T, 0.
The C*(U)-valued coefficients I':, are the so-called Christoffel symbols and

g
torsion-freeness corresponds to the symmetry Iy, =T'7, .

Recall also the definition of the Riemannian curvature tensor on (M, g)
as the curvature of the Levi—Civita connection, i.e.

R(X, Y) = [Vx,vY] — V[X,Y] S F(EndTM),
which is indeed a C°°(M)-linear map. Locally, we have for its components
R,uz/n)\ = g(aua R(am a)\)au)

The contraction R,y = g'" R\ is called the Ricci tensor, and the subse-
quent contraction s := g"* R, € C>®(M) is the scalar curvature.

Similar results hold for the cotangent bundle, with the unique, compati-
ble, torsion-free connection thereon related to the above via the metric g.
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DEFINITION 4.16. If V¥ is a connection on a vector bundle E, the Lapla-
cian associated to V¥ is the second order differential operator on E defined

by
AF = —Tr(Vol4+10VE)oVE . T%(E) - T(E),

where
Vol+18 VP QL(M)@csmn T™(E)
- QiR(M) Qoo (M) Q}lR(M) Qoo (M) I'>(F)

is the combination of the Levi—Civita connection on the cotangent bun-
dle with the connection V¥ and Tr, is the trace associated to g mapping
Qi (M) @coo(ar) Qin(M) = C=(M).

Locally, we find
E _ v EwFE K E
A" = _g,u (v,u vz/ - F,u,l/v/{ )

If M is a Riemannian spin® manifold, then the above Levi—Civita connection
can be lifted to the spinor bundle. First, choose a local orthonormal basis
for TM|y:

{Ela-"7E7l} for F(TM)’U : g(Eava) :5ab~

The corresponding dual orthonormal basis of T* M|y is denoted by 0¢. We
can then write the Christoffel symbols in this basis, namely by

VE, =: I, di" @ E,
on vector fields, and on one-forms by
Ve = —T", do" @ 6°.

The local orthonormal basis for TM |y allows us to write Clifford relations
for (globally) fixed matrices v“:

(4.2.4) 7P 4 404 = 26%, (a,b=1,...,n).

DEFINITION 4.17. Let M be a spin® manifold. The spin connection V*
on the spinor bundle S — M 1is given as the lift of the Levi—Civita connection
to the spinor bundle, written locally as

1~
S b
Vive) = (8, - {Tharn ) (o)
PROPOSITION 4.18. If M is a spin manifold and Jyy is the corresponding
anti-unitary operator on I'(S), then the spin connection commutes with Jyy.

PROOF. Observe that the product y%y® = —(iv*)(i7?) is in the even
part of the Clifford algebra Cl, since

(i7" (i7") + (i9°) (iy*) = =25,

Since by definition the operator J,, commutes with the even elements in
Cl,, acting fiberwise on the spinor bundle, the result follows. O
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DEFINITION 4.19. Let M be a spin manifold, with spin structure (S, Jar).

The Dirac operator Dy is the composition of the spin connection on S with
Clifford multiplication of Definition [/.11):

s —iC oo
Das : T(S) 55 QL (M) @poe(an) T2(S) =5 ().

In local coordinates, we have

. 1
Dyip(a) = —in* (f% - 4FZW“%> Y(z).
The final result from this subsection forms the starting point for an
operator-algebraic formulation of noncommutative Riemannian spin mani-

folds.

THEOREM 4.20. The operator Dy is self-adjoint on L?(S) with compact
resolvent (i+D) ™!, and has bounded commutators with elements in C>°(M).
In fact

(D, f1 = —ie(df),

so that ||[[Dar, flll = ||f||zip s the Lipschitz (semi)-norm of f:
s {1 S0
Wiy { 707 )

PROOF. See Note [7] on Page O

4.2.3. Lichnerowicz formula. Let us come back to the original moti-
vation of Dirac, which was to find an operator whose square is the Laplacian.
Up to a scalar this continues to hold for the Dirac operator on a Riemannian
spin manifold, a result that will turn out to be very useful later on in our
physical applications. For this reason we include it here with proof.

THEOREM 4.21. Let (M, g) be a Riemannian spin manifold with Dirac
operator Dys. Then

1
D]2W = AS + ZS’
in terms of the Laplacian A° associated to the spin connection V° and the
scalar curvature s.

PROOF. We exploit the local expressions for Dy;, A and s, as the
above formula is supposed to hold in each chart that trivializes S. With
Dy = —i'y“Vﬁ we compute

D3, = —'y”V;f’y”Vf = —’y””y”Vfo — ’y“c(V#dx“)VE
= " (ViVy =T, V).

We then use the Clifford relations ([.2.2) to write v4v* = L[y#,7"] + ",
and combine this with torsion freedom I'j;, = I'j , to obtain

1 1
Dy = =g (ViVy =T, V2) = 50" IV, = A% = oqy R%(9,,8,),

2
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in terms of the Laplacian for V° on S and the curvature R° thereof. The
latter is given by —%RK AW’y”'yA, as one can easily compute from the explicit
local form of V* in Definition Thus,

1 v
Diy = A% = S Ryumay" 7"

Using the cyclic symmetry of the Riemann curvature tensor in the last three
indices, and the Clifford relations (4.2.2)) we find that the second term on the

right-hand side is equal to iRw\g”)‘ = is, in terms of the scalar curvature
defined in Example O

4.3. Noncommutative Riemannian spin manifolds: spectral
triples

This section introduces the main technical device that generalizes Rie-
mannian spin geometry to the noncommutative world. The first step towards
noncommutative manifolds is to arrive at an algebraic characterization of
topological spaces. This is accomplished by Gelfand duality, giving a
one-to-one correspondence between compact Hausdorff topological spaces
and commutative C*-algebras. Let us recall some definitions.

DEFINITION 4.22. A C*-algebra A is a (complex) x-algebra (Definition
that is complete with respect to a multiplicative norm (i.e. |lab]| <
|lal|]|b]| for all a,b € A) that satisfies the C*-property:

la*all = [lall*.

EXAMPLE 4.23. The key example of a commutative C*-algebra is the
algebra C(X) for a compact topological space X . Indeed, uniform continuity
1s captured by the norm

If[I = sup{|f(2)| : = € X}

and involution defined by f*(x) = f(x). This indeed satisfies ||f*f|| = || f]|*.

ExXaAMPLE 4.24. Another key example where A is noncommutative is
given by the x-algebra of bounded operators B(H) on a Hilbert space H,
equipped with the operator norm.

The following result connects with the matrix algebras of Chapter

PRrROPOSITION 4.25. If A is a finite-dimensional C*-algebra, then it is
isomorphic to a matriz algebra:

N
A~ M,,(C).
=1

PRrROOF. See Note [9 on Page [60] O

In Chapter [2| we defined the structure space of a x-algebra A to consist
of (equivalence classes of) irreducible representations of A. Let us extend
this definition to C*-algebras.
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DEFINITION 4.26. A representation of a C*-algebra A is a pair (H,)
where H is a Hilbert space and w is a x-algebra map

m:A— B(H).

A representation (H, ) is irreducible if H # 0 and the only closed subspaces
in H that are left invariant under the action of A are {0} and H.

Two representations (Hi,m1) and (Ha,m2) of a C*-algebra A are unitar-
ily equivalent if there exists a unitary map U : H1 — Ho such that

m1(a) = U*ma(a)U.

DEFINITION 4.27. The structure space A of a C*-algebra A is the set of
all unitary equivalence classes of irreducible representations of A.

In Chapter |4 we considered the commutative matrix algebra CV whose
structure space was the finite topological space consisting of N points. Let us
sketch the generalization to compact Hausdorff topological spaces, building
towards Gelfand duality. As a motivating example, we consider the C*-
algebra C'(X) for a compact Hausdorff topological space X (c¢f. Example
. As this C*-algebra is commutative, a standard argument shows that
any irreducible representation 7 of C(X) is one-dimensional. In fact, any
such 7 is equivalent to the evaluation map ev, at some point x of X, given
by

evy : C(X) — C;
[ f(z).
Being a one-dimensional representation, ev, is automatically an irreducible
representation. It follows that the structure space of C'(X) is given by the
set of points of X. But more is true, as the topology of X is also captured by
the structure space. Namely, since in the commutative case the irreducible
representations are one-dimensional 7 : A — C the structure space can be
equipped with the weak x-topology. That is to say, for a sequence {m, },
in A, 7, converges weakly to  if mn(a) = m(a) for all a € A.

We state the main result, generalizing our finite-dimensional version of
Section to the infinite-dimensional setting.

THEOREM 4.28 (Gelfand duality). The structure space A of a commu-
tative unital C*-algebra A is a compact Hausdorff topological space, and

~

A ~ C(A) via the Gelfand transform

aceA—acd  an) =nla).
Moreover, for any compact Hausdorff topological space X we have
C/()?) ~ X.
PRroOOF. See Note [10]on Page O

The next milestone which we need to reach noncommutative Riemannian
spin geometry is the translation of the Riemannian distance on a
compact Riemannian spin manifold into functional analytic data. Indeed,
we will give an alternative formula as a supremum over functions in C*°(M).
The translation from points in M to functions on M is accomplished by
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FI1GURE 4.1. The translation of the distance between points
x,y in M to a formulation in terms of functions of slope < 1.

imposing that the gradient of the functions is less than 1 (see Figure .
This is a continuous analogue of Theorem [2.18

PROPOSITION 4.29. Let M be a Riemannian spin®-manifold with Dirac
operator Dyr. The following formula defines a distance between points in
C(M)~ M:

d(z,y) = sup A{|f(x) = W)l [I[Dn, [} <15
feC>=(M)

Moreover, this distance function d coincides with the Riemannian distance
function dg.

PRrROOF. First, note that the relation || f||lLip, = ||[Da, f]|| <1 (¢f. The-
orem already ensures that d(x,y) < dy(x,y). For the opposite in-
equality we fix y € M and consider the function f;,(2) = d4(2,y). Then
1fg.yllLip < 1 and

d(z,y) > |fou(®) = fou(y)| = dg(z,9),
as required. O

Thus, we have reconstructed the Riemannian distance on M from the
algebra C'°°(M) of functions on M and the Dirac operator Dy, both act-
ing in the Hilbert space L?(S) of square-integrable operators. Note that
the triple (C°°(M), L%(S), D)) consists of mere functional analytical, or
‘spectral’ objects, instead of geometrical. Upon allowing for noncommuta-
tive algebras as well, we arrive at the following spectral data required to
describe a noncommutative Riemannian spin manifold.

DEFINITION 4.30. A spectral triple (A, H, D) is given by a unital *-
algebra A represented as bounded operators on a Hilbert space H and a
self-adjoint operator D in H such that the resolvent (i + D)™' is a compact
operator and [D, a] is bounded for each a € A.

A spectral triple is even if the Hilbert space H is endowed with a Zs-
grading v such that vya = ay and yD = —D~.

A real structure of KO-dimension n € Z/8Z on a spectral triple is an
anti-linear isometry J : H — H such that

J?=¢, JD =¢'DJ, Jy=¢"yJ (even case),
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(n]O 1 2 3 4 5 6 7|
e[l 1 -1 -1 -1 -1 11
i1 -1 1 1 1 -1 11
e’ |1 —1 1 —1

TABLE 4.3. The KO-dimension n of a real spectral triple is
determined by the signs {e, €, ¢’} appearing in J2 =¢,.JD =
e'DJ and Jvy = &"~J.

where the numbers e,&', " € {—1,1} are given as a function of n modulo 8,
as they appear in Table[].3

Moreover, with b° = Jb*J ! we impose the commutant property and the
order one condition:

(4.3.1) [a,0"] = 0, ([D,al],b°] = 0; (a,b € A).
A spectral triple with a real structure is called a real spectral triple.

REMARK 4.31. The notation (A, H, D) is chosen to distinguish a general

spectral triple from the finite spectral triples considered in Chapter[3 and|[3,
which were denoted as (A, H, D).

The basic example of a spectral triple is the canonical triple associated
to a compact Riemannian spin manifold:

e A= (C(M), the algebra of smooth functions on M:;

e H = L?(S), the Hilbert space of square integrable sections of a
spinor bundle S — M;

e D = D);, the Dirac operator associated to the Levi—Civita connec-
tion lifted to the spinor bundle.

The real structure J is given by the charge conjugation Jj; of Definition [4.13
If the manifold is even dimensional then there is a grading on H, defined
just below Definition Since the signs in the above table coincide with
those in Table the KO-dimension of the canonical triple coincides with
the dimension of M.

EXAMPLE 4.32. The tangent bundle of the circle S' is trivial and has
one-dimensional fibers, so that spinors are given by ordinary functions on
St. Moreover, the Dirac operator D is given by —id/dt where t € [0,27),
acting on C*°(SY) (which is a core for Dg1). The eigenfunction of Dg1 are
the exponential function €™ with eigenvalues n € Z. As such, (i + Dgi)™1
is a compact operator. Moreover [Dg1, f] = df /dt is bounded. Summarizing,
we have the following spectral triple:

<C°°(Sl),L2(Sl), —ii) .

Note that the supremum norm of a function f € C(S') coincides with the
operator norm of f considered as multiplication operator on L*(S'). A real
structure is given by complex conjugation on L*(S'), making the above a real
spectral triple of KO-dimension 1.
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EXAMPLE 4.33. Since the tangent bundle of the torus T? is trivial, we
have Cliff (T?) ~ C(T?)®Cly. As a consequence, the spinor bundle is trivial,
S =T?xC?, and L*(S) = L*(T?)®C2. The generators y' and v* are given

by
L (0 =i s (01
7_<z'0’ 7=\ o)

which satisfy (4.2.4]). The chirality operator is then given by

. ~1 0
yr2 = —iv'y" = ( 0 1) :

and the real structure Jr2 that selects Cl, C Cly is

w(2)-(3)

Finally, the Dirac operator on T? is

. 0 —01 —i0
D2 = —in"'0y, = <al — By K 2) ‘

The eigenspinors of Dr2 are given by the vectors

ei(n1t1+n2t2)
gi)ffhnz (t1,t2) == \ﬁ 4 tmtne gi(niti+nats)

A/ n% +n§

3 (nlan EZ))

with eigenvalues £+/n? +n3. Again, this ensures that (i + Dp2)"' is a
compact operator. For the commutator with a function f € C*(T?) we

compute
B 0 —Ovf —idsf
[DT27f]_<81f_i82f ! 0 2 >7

which is bounded because 01 f and Jof are bounded. The signs in the com-
mutation between Jp2, Dp2 and yp2 makes the following a spectral triple of
KO-dimension 2:

(C>(T?), L*(T?) ® C?, Dy2; Jyz, vp2) -

Other examples are given by finite spectral triples, discussed at length
—and classified— in Chapter 2l Indeed, the compact resolvent condition is
automatic in finite-dimensional Hilbert spaces; similarly, any operator such
as [D,a] is bounded as in this case also D is a bounded operator.

Definition [2.24] encountered before in the context of finite spectral triples
can be translated verbatim to the general case:

DEFINITION 4.34. Two spectral triples (A1, H1, D1) and (Az, Ha, D2) are
called unitarily equivalent if Ay = As and if there exists a unitary operator
U :Hy — Ho such that

Um(a)U* = ma(a); (a € Ay),
UD\U* = Do,

where we have explicitly indicated the representations m; of A; on H; (i =
1,2).
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Corresponding to the direct product of manifolds, one can take the prod-
uct of spectral triples as follows (see also Exercise . Suppose that
(A1, Hi, D157, J1) and (Ag, Ha, Do;v2, J2) are even real spectral triples,
then we define the product spectral triple by

A=A ® As;
H="H1 @ Hs;
D=D1®1+ v ® Do;
Y =7 & 2;
J=J1® Jo.

If (Ag, Ha, D2; Jo) is odd, then we can still form the product when we leave
out 7. Note that D? = D? ® 1 4+ 1® D3, since the cross-terms vanish due to
the fact that vy D1 = —D171.

ExXAMPLE 4.35. In the physical applications later in this book (Chapter@
and afterwards) we are mainly interested in almost-commutative manifolds
which are defined as products of a Riemannian spin manifold M with a finite
noncommutative space F'. More precisely, we will consider

M x F := (C™(M), L*(S), Das; Jar, vm) ® (Ap, Hp, Dp; Jp, vF),
with (Ap, Hp, Dp; Jp,vr) as in Definition . Note that this can be iden-
tified with:
MxF = (C™(M, Ap), L*(S&(M x Hp)), Dy@14+ym@Dp; Ju @ Jp, yn @r),
in terms of the trivial vector bundle M x Hp on M.

Returning to the general case, any spectral triple gives rise to a dif-
ferential calculus. This generalizes our previous Definition for the
finite-dimensional case. Again, we focus only on differential one-forms, as
this is sufficient for our applications to gauge theory later on.

DEFINITION 4.36. The A-bimodule of Connes’ differential one-forms is
given by

Oh(A) := {Z ax[D, by] : ag, by € A} ,

k
and the corresponding derivation d : A — Q(A) is given by d = [D,-].
EXERCISE 4.7. (1) In the case of a Riemannian spin manifold M,
verify that we can identify QIDM (C(M)) ~ QL. (M), the usual De
Rham differential one-forms.

(2) In the case of an almost-commutative manifold M x F, verify that
we have

Q1DM®1+’VM®DF (COO<M7 AF)) = QfliR(Mv AF) D COO(Ma QlDF (AF))

4.3.1. Commutative subalgebra. In general, given a real spectral
triple (A, H, D; J) we can construct a spectral triple on some commutative
subalgebra of A, derived from this data. Indeed, set

Aj:={a€A:aJ =Ja"}.
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As we will see shortly, this is a complex subalgebra, contained in the center
of A (and hence commutative). Later, in Chapter [8] this subalgebra will
turn out to be very useful in the description of the gauge group associated
to any real spectral triple.

PROPOSITION 4.37. Let (A, H,D;J) be a real spectral triple. Then

(1) Ay defines an involutive commutative complex subalgebra of the
center of A.

(2) (Aj,H,D;J) is a real spectral triple.

(8) Any a € Ay commutes with the algebra generated by the sums
Zj CLj[D,bj] S QID(A) with aj,bj € A

PROOF. (1) If a € Ay then also Ja*J ! = (JaJ 1)* = a, since J is
isometric. Hence, Aj is involutive. Moreover, for all a € Ay and b € A we
have [a,b] = [Ja*J~!,b] = 0 by the commutant property (4.3.1). Thus, A,
is in the center of A.

(2) Since A is a subalgebra of A, all conditions for a spectral triple are
automatically satisfied.

(3) This follows from the order-one condition (4.3.1)):

[a,[D,b]] = [Ja*J 1, [D,b]] =0,
forae Ay and b € A. O

EXAMPLE 4.38. In the case of a Riemannian spin manifold M with real
structure Jyr given by charge conjugation, one checks that

COO(M)JM - COO(M)

More generally, under suitable conditions on the triple (A, H, D; J) the
spectral triple (As, H, D) is a so-called commutative spin geometry. Then,
Connes’ Reconstruction Theorem (cf. Note [13| on Page establishes the
existence of a compact Riemannian spin manifold M such that there is
an isomorphism (A, H, D) ~ (C*(M), L>(S® E), Dg). The spinor bundle
S — M is twisted by a vector bundle £ — M and the twisted Dirac operator
is of the form Dy = Dys + p with p € I'*°(End(S ® E)).

Notes

Section 4.1. Clifford algebras

1. In our treatment of Clifford algebras, we stay close to the seminal paper by Atiyah,
Bott and Shapiro [8], but also refer to the standard textbook [I35] and the book [103]
Chapter 5]. We also take inspiration from the lecture notes [190] and [134].

2. The definition of a quadratic form given here is equivalent with the usual definition,
which states that @Q is a quadratic form if Q(v) = S(v,v) for some symmetric bilinear
form S (cf. Exercise [.1)). This is shown by Jordan and von Neumann in [115].

3. The periodicity eight encountered for the real Clifford algebras le is closely related
to the eightfold periodicity of KO-theory [6]. The periodicity two encountered for the
complex Clifford algebras Cl, is closely related to Bott periodicity in K-theory [14].

Section 4.2. Riemannian spin geometry

4. A standard textbook on Riemannian geometry is [116]. For a complete treatment of
Riemannian spin manifolds we refer to e.g. [135], [27]. A noncommutative approach to
(commutative) spin geometry can be found in [I03] Chapter 9] or [189), [190].
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5. In Deﬁnitiona Riemannian manifold is said to be spin® if CI(T'M) ~ End(S) (even
case). Glancing back at Chapter [2f we see that Cl, is Morita equivalent to C (n even).
With Definition [6.9] of the next Chapter, we conclude that a manifold is spin® precisely if
Cliff (M) is Morita equivalent to C'(M). This is the algebraic approach to spin® manifolds
laid out in [I03] Section 9.2].

6. Just as for the Levi—Civita connection on the tangent bundle, there is a uniqueness
result for the spin connection on spin manifolds, under the condition that V% commutes
with Jps for real vector fields X and that

Vo (e(w)p) = c(Vw)yp + c(w)Vi;  (w € Qin(M),9 € T™(S)),

where V is the Levi-Civita connection on one-forms. See for example [103], Theorem 9.8].

7. A proof of Theorem can be found in [60, Section VI.1] (see also [103] Theorem
11.1].

Section 4.3. Noncommutative Riemannian spin manifolds: spectral triples

8. A complete treatment of C*-algebras, their representation theory and Gelfand duality
can be found in [31] or [183].

9. A proof of Lemma can be found in [I83] Theorem 11.2].

10. A proof of Theorem can be found in e.g. [31 Theorem I1.2.2.4] or [183] Theorem
3.11].

11. Spectral triples were introduced by Connes in the early 1980s. See [60] Section IV.2.4]
(where they were called unbounded K-cycles) and [62].

12. The distance formula appearing in Proposition {29} as well as the proof of this
Proposition can be found in [60, Sect. VI.1]. Moreover, it extends to a distance formula
on the state space S(A) of a C*-algebra A as follows. Recall that a linear functional
w: A — Cis a state if it is positive w(a*a) > 0 for all non-zero a € A, and such that
w(1) = 1. One then defines a distance function on S(A) by [62]

d(wr,wz) = sup {|wi(a) = wa(a)] : [|[D;all| < 1}

It is noted in [167, [74] that this distance formula, in the case of locally compact complete
manifolds, is in fact a reformulation of the Wasserstein distance in the theory of optimal
transport. We also refer to [75, 147, [148].

13. Proposition [4.29| establishes that from the canonical triple on a Riemannian spin
manifold M one can reconstruct the Riemannian distance on M. As a matter of fact,
there is a reconstruction theorem for the smooth manifold structure of M as well [69].
It states that if (A, H, D;J,v) is a real spectral triple with A commutative, then under
suitable conditions [63] there is a Riemannian spin manifold (M,g) with spin structure
(S, Jar) such that (A, H,D;J,7) is given by (C°°(M), L*(S), Dar; Jar, var) (see also the
discussion in [103] Section 11.4]).

14. Real spectral triples as defined in Definition [£.30] are noncommutative generalization
of Riemannian spin manifolds. An immediate question that arises is whether noncommu-
tative generalizations of Riemannian spin® manifolds, or even just Riemannian manifolds
can be defined. In fact, building on the algebraic approach to defining spin® manifolds
as in [I03] (as also adopted above) the authors [140] introduce such noncommutative
analogues. For earlier attempts, refer to [94].

15. Products of spectral triples are described in detail in [188], and generalized to include
the odd case as well in [73].

16. The differential calculi that are associated to any spectral triple are explained in [60],
Section VI.1] (see also [131] Chapter 7]).

17. The definition of the commutative subalgebra A; in Section is quite similar
to the definition of a subalgebra of A defined in [54, Prop. 3.3] (¢f. [65] Prop. 1.125]),
which is the real commutative subalgebra in the center of A consisting of elements for
which aJ = Ja. Following [186] we propose a similar but different definition, since this
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subalgebra will turn out to be very useful for the description of the gauge group associated
to any real spectral triple.
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CHAPTER 5

The local index formula in noncommutative
geometry

In this chapter we present a proof of the Connes—Moscovici index for-
mula, expressing the index of a (twisted) operator D in a spectral triple
(A,H,D) by a local formula. First, we illustrate the contents of this chap-
ter in the context of two examples in the odd and even case: the index on
the circle and on the torus.

5.1. Local index formula on the circle and on the torus

5.1.1. The winding number on the circle. Consider the canonical
triple on the circle (Example [4.32]):

<C’°°(Sl),L2(Sl),DS1 = —ii) .

The eigenfunctions of Dg1 are given for any n € Z by e,(t) = ™, where
t € [0,27). Indeed, Dgie,, = ne, and {e,}nez forms an orthonormal basis
for L?(S'). We denote the projection onto the non-negative eigenspace of

Dg1 by P, i.e.
e, ifn>0
Pen = { 0  otherwise
This is equivalent to defining P = (14 F)/2, where F' = Dg1|Dg1|~! (defined
to be +1 on ker Dg1). Concretely, F' is the Hilbert transform:

nez n<0 n>0

with complex coefficients v, (n € Z).

Let u be a unitary in C*°(S!), say u = e, for some m € Z. The index
we are interested in is given by the difference between the dimensions of the
kernel and cokernel of PuP : PL%(S') — PL?(S'):

index PuP = dim ker PuP — dim ker Pu*P.

Indeed, Im T+ = ker T* for any bounded operator. We wish to write this
index as a local, integral expression. First, we check that the index is well
defined by noting that PuP has finite-dimensional kernel and cokernel. In
fact, the kernel of PuP (with u = e;,) consists of ¢ = >, <, ¥nen, € PL*(S!)
such that -

P Z wn Em+n | = 0.

n>0

63
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In other words, the kernel of PuP consists of linear combinations of the
vectors eq, . . ., €_m+1 for m < 0. We conclude that dim ker PuP = m if m <
0. If m > 0 then this dimension is zero, but in that case dim ker Pu*P = m.
In both cases, and also in the remaining case m = 0, for u = e, we find
that

index PuP = —m.

EXERCISE 5.1. In this exercise we show that index PuP is well defined
for any unitary u € C>(St).

(1) Show that [F,ey] is a compact operator for any m € Z.

(2) Show that [F, f] is a compact operator for any function f =, fnen
C>=(S') (convergence is in sup-norm,).

(8) Atkinson’s Theorem states that an operator is Fredholm (i.e. has
finite kernel and cokernel) if it is invertible modulo compact oper-
ators. Use this to show that PuP s a Fredholm operator.

On the other hand, we can compute the following zeta function given by
the trace (taken for simplicity over the complement of ker Dg1):

Tr (u*[Dg1,u)| Dgi|"#71) = mTr |[Dgi |71 = 2m((1 + 22),

since [Dg1,u] = mu for u = e,,. Here ((s) is the well-known Riemann zeta
function. Since ((s) has a pole at s = 1, we conclude that

index PuP = —tes.o Tr (u'[Day, | Da | ).

This is a manifestation of the noncommutative index formula in the simple
case of the circle, expressing the winding number m (c¢f. Figure of the
unitary u = e, as a ‘local’ expression. In fact,
1
res,—o Tr (u*[Dg1,u]| D1 |~%71) = / u*du
2=0 ( [ St ” St ’ ) 27TZ st )
as one can easily check. The right-hand side is indeed a local integral ex-
pression for the (global) index of PuP.
In this chapter, we generalize this formula to any (odd) spectral triple,
translating this locality to the appropriate algebraic notion, namely, in terms
of cyclic cocycles.

EXERCISE 5.2. Prove the following index formula, for a unitary u = ep,,
say, with m < 0:

1
index PuP = 2 Tr F[F, u*|[F,ul.

5.1.2. The winding number on the torus. The same winding num-
ber —mow in one of the two circle directions— can also be obtained as an
index on the two-dimensional torus, as we will now explain.

Consider the even canonical triple on the 2-dimensional torus (Example
4.33)):

0o (m2y T2 (2 2 _ 0 —01 — 107
(e o e, 1, M)
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FIGURE 5.1. The map e, : t € [0,27) + ™ winds m times
around the circle; this winding number is (minus) the index
of the operator Pe,, P.

The eigenspinors of D2 are given by the vectors

N 1 i(n1t1+n2t2)
¢n1 no (t17 t2) = + ini+no 'L(n1t1+n2t2) N (nl, Nng € Z),
) \/5 m@

with eigenvalues ++/nf + n3.

Instead of unitaries, we now consider projections p € C*°(T?) or rather,
projections in matrix algebras with entries in C°°(T?). Indeed, there are no
non-trivial projections p in C(T?): a continuous function with the property

p? = p is automatically 0 or 1. Thus, we consider the following class of
projections in My (C>(T?)):

_ f g+ hU*
(5.1.1) p= <g—|—hU 1—f )

where f, g, h are real-valued (periodic) functions of the first variable ¢, and
U is a unitary depending only on the second variable to, say U(t2) = em(t2).
The projection property p? = p translates into the two conditions

gh=0,  ¢Z+n*=f-f
A possible solution of these relations is given by

0<f<1 suchthat f(0)=1, f(m)=0,

and then g = XV /f — f2 and h = Xr ﬂ\/ — f2, where yx is the

indicator functlon for the set X (see Figure [5.2)
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FIGURE 5.2. Functions f, g, h that ensure that p in (5.1.1))
is a projection.

The Fredholm operator we would like to compute the index of is p(Dp2 ®
I5)p, acting on the doubled spinor Hilbert space L?(S)®C? ~ L*(T?)®C?*®
C2. This doubling is due to the fact that we take a 2 x 2 matricial projection.
To avoid notation cluttery, we will simply write D2 for Dp2 ® Is.

The local index formula which we would like to illustrate on the torus is

indexpDyzp = —res.—o Tr (v (p — 3) [Dr2, pl[Dr2, p]| Dy | 7 7%)

9

where the trace is both over the matrix indices of p and over the spinor
indices.

PROPOSITION 5.1. With U(ta) = en(ta) and p of the above form, we
have

res;—o Ir (’}’ (P - %) [Dr2, p] [DT%PHDT?V%QZ) =m.
PRrROOF. We first prove the following formula, which holds for any F' €
C>(T?):
(5.1.2) Tr F|Dy2 |7 = 2F(0,0)¢a(s),

where the trace is over spinor indices, and where (g is the Epstein zeta
function, defined by

pls)= 3 (i4nd).

ni,n2€EZL

Equality (5.1.2)) will be proved in Exercise Since (g has a pole at s =1

with residue m, we conclude that
res,—o Tr F|D|27%* = 27 F(0,0).
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Returning to the claimed equality, we compute the trace over spinor indices:

0 —ip — idhp\’
Try (p = 5) [Dreop) = Tr(p = 3) (0129 — ifyp 0 )

= 2i(p — 3) (O1pap — Dapdip) .
Since g and h in (5.1.1)) have disjoint support, g’h = 0, we have

) —hb' f'RU*
61]982]7 = _82p61p = —tm (f/hU fhh/ )

Hence, taking the remaining trace over the indices of the projection, we find
Tr 2i(p - %) (611)82]9 — 621)81]9) =4m (—thh/ + hh, + 2f/h2) .

Inserting this back in (5.1.2) we see that we have to determine the value of
—2fhh/ +hh 4 2f'h? at 0 or, equivalently, integrate this expression over the
circle. A series of partial integrations yields

1 1
(=2fhh + hh' +2f'h?) (0) = 5 / —2fhh + hh +2f'h? = 7 /3f’h2.
T s

Inserting the explicit expression of h, we easily determine

/f’h2 = /:W(f—ﬂ)f’ = /Ol(x—x?)da:: %

Combining all coefficients, including the residue of Epstein’s zeta function,
we finally find
31

res,—o Tr (v (p — 3) [Dr2, p)*|Dp2| 27 %) = 4m%67r =m,

as required. O

Thus, we recover the winding number of the unitary U, winding m times
around one of the circle directions in T2, just as in the previous subsection.
The case m = 2 is depicted in Figure [5.3} it shows the winding of the range
of p in C? at t; = 37 /4 and with t5 varying from 0 to 27.

The fact that the index of pDyep is also equal to (minus) this winding
number is highly non-trivial and much more difficult to prove. Therefore,
already this simple example illustrates the power of the Connes-Moscovici
index formula, expressing the index by a local formula. We will now proceed
and give a proof of the local index formula for any spectral triple.

EXERCISE 5.3. Prove Equation (5.1.2)) and show that for any function
F € C*(T?) we have

s

Tr F|Dp2| ™% = CE(‘o’)/ F.
T2

5.2. Hochschild and cyclic cohomology

We introduce cyclic cohomology, which can be seen as a noncommutative
generalization of De Rham homology.
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Ficure 5.3. Winding twice around one of the circle di-
rections on the torus. Let the range of the projection p
be v(ty,ta)s with s € C and v(t;,ty) € C? varies with
(t1,t2) € T2. We have drawn the real and imaginary parts
of the first component v (t; = 37/4,t2)s with 0 < t5 < 27
and —1 < s < 1. The other component vo(t; = 37/4,t2) is
constant.

DEFINITION 5.2. If A is an algebra, we define the space of n-cochains,
denoted by C™(A), as the space of (n + 1)-linear functionals on A with the
property that if ' = 1 for some j > 1, then ¢(a°,...,a") = 0. Define
operators b: C"(A) — C"T1(A) and B : C"T1(A) — C"(A) by

n
bp(a®,al, ... a" ) = Z(—l)j¢(a0, N AN L
j=0
D)o@ ),
n
Bo(d®,at,. .. a") = Z(—l)"j¢(1, a0,
j=0

EXERCISE 5.4. Show that b¥*> =0, B> =0, and bB + Bb = 0.

This means that a cochain which is in the image of b is also in the kernel
of b, and similarly for B. We say that b and B define complezxes of cochains

st o) b o) 2

< Boon) < B oty E—

Y

where the maps have the (complex) defining property that composing them
gives zero: bob =0 = B o B. This property of b and B being a differential
is a crucial ingredient in cohomology, where so-called cohomology groups are
defined as the quotients of the kernel by the image of the differential. In our
case, we have
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DEFINITION 5.3. The Hochschild cohomology of A is given by the quo-

tients
_kerb: C"(A) —» C"TH(A)

~ Imb: O 1(A) — Cn(A)’
Elements in kerb : C"(A) — C"1(A) are called Hochschild n-cocycles, and
elements in Tm b : C"1(A) — C"(A) are called Hochschild n-coboundaries.

EXERCISE 5.5. (1) Characterize the cohomology group HHC(A) for
any algebra A.

(2) Compute HH™(C) for any n > 0.

(8) Establish the following functorial property of HH™: if ¢ : A — B
is an algebra map, then there is a homomorphism of groups ¥* :
HH"(B) - HH™(A).

EXAMPLE 5.4. Let M be a compact n-dimensional manifold without
boundary. The following expression defines an n-cochain on A = C*>°(M):

Mmﬂm%hAﬂ%m%.

In fact, one can compute that b = 0 so that this is an n-cocycle which
defines a class in the Hochschild cohomology group HH"™(C*(M)).

EXERCISE 5.6. Check that b = 0 in the above example.

HH"(A)

(n>0).

Next, we turn our attention to the differential B, and its compatibility
with b. Namely, b and B define a so-called double complex:

b b bT b
o) L cra) B ol (a) B 00(A)
(

b b b

B2y B o1 (a) B 00 a)

= C(A)

The totalization of this double complex by definition consists of the even
and odd cochains:

™ (A) = €D C*(A);
k

COdd(A) — @02k+1(A),
k

and these also form a complex, now with differential b + B:

B ev( gy PR godd( gy B gev )P
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DEFINITION 5.5. The periodic cyclic cohomology of A is the cohomol-
ogy of the totalization of this compler. That is, the even and odd cyclic
cohomology groups are given by

kerb+ B : C®V(A) — C°(A)
Imb+ B : Codd(A) — Cev(A)’
kerb+ B : C°Y(A) — CV(A)
Imb+ B: Cv(A) — C°d(A)"

Elements in ker b+ B are called (even or odd) (b, B)-cocycles, and elements
in Imb+ B are called (even or odd) (b, B)-coboundaries.

HCOP(A) =

HCPY(A) =

Explicitly, an even (b, B)-cocycle is given by a sequence

(¢0>¢)27¢4>"')>
where ¢or, € C?¢(A), and

bpor, + Boopyo = 0,

for all £ > 0. Note that only finitely many ¢9;, are non-zero.
Similarly, an odd (b, B)-cocycle is given by a sequence

(¢1, 03,05, ...),

where ¢opy1 € C2F1(A) and

bpopi1 + Bpagyz =0,

for all £ > 0, and also B¢y = 0. Again, only finitely many ¢o;41 are
non-zero.

The following result allows us to evaluate an even (odd) (b, B)-cocycle
on a projection (unitary) in a given *-algebra A.

PROPOSITION 5.6. Let A be a unital x-algebra.
o If o = (¢1,03,...) is an odd (b, B)-cocycle for A, and u is an
unitary in A, then the quantity

[e.e]

1 . i}
(=D ko1 (U, u, ..., u*, )

o) =

N[ —

)i

only depends on the class of ¢ in HCP°(A).
o If ¢ = (¢o,p2,...) is an even (b, B)-cocycle for A, and p is an
projection in A, then the quantity

<¢7p _¢0 Z 2k (p_%apvpa"-vp)

only depends on the class of ¢ in HCP®(A).

PROOF. We show that ((b+B)O, u) = 0 for any even cochain (Og, Oa, . ..)
and that ((b+ B)O,e) = 0 for any odd cochain (01,03, ...).
The former equation would follow from

(=) O (u*, u, ... u*,u) + (—1)*(k — 1)!BOg(u*, u, . .., u*,u) =0,
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for any k£ > 0. Using the definition of b and B, we compute that indeed:
(—1)F1k! [@%(1, . ut ) + (=1)2 0y (1, uut, ., u*)]
+ (=1)*(k — D! O (1, u*, u, ..., u*, 1) — kOgp(1,u,u*, ... u,u*)] = 0.

The second claim would follow from

(- 1)k+1((2kk_:_2))b@2k+1(p g p) (1)

for any k£ > 1, and indeed
—2001(p — 3,p,p) + BO1(p) = 0.
Let us start with the latter, for which we compute
—-2[201(p— 5p,p) —©1(p— 5,p)] +©1(1,p) =
—201(p,p) +201(p, p) — ©1(1,p) + O1(1,p) = 0.

The same trick applies also to the first expression, for any k > 1:

K (2F)!

Ll B®2k+1(p 27p7 ce 7p) =0,

2k + 2)!
—1k+1(7 20 - -0 —Lp..
( ) (k‘+ 1) [ 2k‘+1(p 2P, Dy ap) 2k+1(p 2: D) 7p)]
2k
0 Y ok )0s(Lp. ] =0,
which follows directly from the identity
1(2k + 2) (2k:)

EXERCISE 5.7. Let ¢ € C’k(.A) be a b-cocycle (i.e. by = 0) that also

satisfies the following condition:
p(a®,al, ... aF) = (=Dke(a*,d, al, .. a7,

for all a®,a",...a* € A. Show that (0,...,0,0,0,...) (with ¢ at the k’th
position) is a (b, B)-cocycle.

EXERCISE 5.8. In the example of the circle, show that the odd cochain
(¢',0,...) on C®(SY) with (cf. Exc. (5.2))

OO =T FIESIE S (0 e 0=(sh),

is an odd (b, B)-cocycle.

5.3. Abstract differential calculus

Starting with a spectral triple, we now introduce a differential calculus.
In the case of the canonical triple of a spin manifold M, this will agree with
the usual differential calculus on M.
Let (A, H, D) be a spectral triple; we assume that D is invertible. We
introduce Sobolev spaces H*® as follows:
H?® := Dom |D|? (s e R).
These spaces are naturally normed by

I&l1E = llel® + 11DI¢1?,

and are complete in this norm. Moreover, for s > t the inclusion H* — H*
is continuous.
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EXERCISE 5.9. Prove this last statement.

Obviously H? = H, while at the other extreme we have the intersection
H® = ﬂ H.
s>0
DEFINITION 5.7. For each v € R we define operators of analytic order

< r to be operators in H*™ that extend to bounded operators from H® to
H5T" for all s > 0. We denote the space of such operators by op’.

In order to find interesting differential operators coming from our spec-
tral triple, we introduce some smoothness conditions. The first is that the
spectral triple is finitely summable, i.e. there exists p so that |D|™? is a
trace class operator.

DEFINITION 5.8. A spectral triple (A, H,D) is called regular if A and
[D,A] = {[D,a] : a € A} belong to the smooth domain of §(-) = [|D],].
That is, for each k > 0 the operators 6*(a) and 6*([D,a)) are bounded.

We will denote by B the algebra generated by 6*(a), 6*(|D,a)) for all
ae Aandk > 0.

DEFINITION 5.9. Let (A, H,D) be a finitely-summable reqular spectral
triple. The dimension spectrum Sd is the subset of {z € C : R(z) > 0} of
singularities of the analytic functions

G(z) = Trd| D% (b e B).

We say the the dimension spectrum is simple when the functions (, have at
most simple poles.

In our treatment we restrict to finitely-summable, regular spectral triples
with simple dimension spectrum and for which there is a finite number of
poles in Sd.

LEMMA 5.10. The algebra B maps H™ to itself.
ProoF. This follows by induction from the identity
IT€|IZ = T + || DT
= T2l + (11D~ a(T)el| + |1 DI~ TIDE])
for any operator T in the smooth domain of § and any s > 0. U

We will regard the elements in B as pseudodifferential operators of order
0, according to the following definition.

DEFINITION 5.11. A pseudodifferential operator of order k € Z associ-
ated to a regular spectral triple (A, H, D) is given by a finite sum:

bi| DI¥ + bp_1|DF

where by, bp_1,--- € B. We denote the space of pseudodifferential operators
of order k by W*(A, H, D), or simply U*(A).

LEMMA 5.12. The subspaces W*(A) (k € Z) furnish a Z-filtration on the
algebra W(A) of pseudodifferential operators.
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Proovr. This follows directly from the expression:

k1
k . )
bi| D" - by| D> =) ( ?)blaﬂ(@)\mkﬁkw. O
j=0 \J
On this algebra, the map 6(-) = [|D|, ] acts as a derivation, preserving

the filtration. For any operator 7" in H we also define the following (iterated)
derivation,

V(T)=[D%T); T® .= VD).
EXERCISE 5.10. Prove that for any P € U(A) we have
V(P) = 26(P)|D|? + §*(P).
Conclude that V : WF(A) — UkT1(A).

PROPOSITION 5.13. Let P € W*(A). Then P : H*tF — H® is a continu-
ous map. Hence, such a P has analytic order < k and we have V¥(A) C op”.

Using this abstract pseudodifferential calculus, we now introduce the
functionals of relevance for the index formula.

DEFINITION 5.14. Let (A, H, D;~y) be a reqular spectral triple. For pseu-
dodifferential operators X°, X1, ... XP € U(A) and R(z) > 0 define

(X0 x1 ... XxP), =
(_1)10@

2mi
Let us show that this expression is well defined, i.e. that the integral is
actually trace class. We first practice with this expression in a special case.

—z. w0y _ p2y-1yvl/y _ p2y-1. .. vpry _ D2y—1
Tr</)\ vXO(\ = D)1 XY (A — D?) XP(A D)d)\>.

EXERCISE 5.11. Assume that X7 € Wki(A) commutes with D for all
7=0,...,p.
(1) Use Cauchy’s integral formula to show that
I'(z +p)
p!
(2) Show that this expression extends to a meromorphic function on C.

(X0 x1 ... xP), = Tr(yX°... XP|D|~%-2%).

This exercise suggests that, in the general case, we move all terms (\ —
D*)~1in (X% X' ..., XP), to the right. This we will do in the remainder
of this section. First, we need the following result.

LEMMA 5.15. Let X € W9(A) and let n > 0. Then for any positive
integer k, we have
A=D*>™"X = X(A— D?) " + nXW(\ = p?)~(n+1)

+ 7”L(712+1)X(2)()\ — D)~ H2)

nn+1)---(n+k)
+
k!
where the remainder Ry, is of analytic order ¢ —2n — k — 1 or less.
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Proovr. This follows by repeatedly applying the formula
A-D)'X=X\-D*)""+[A- D" X]
= XA\ =D*)"'+(\-D*»7D? X](\ - D*) L.
This yields an asymptotic expansion
(A= D)LY ~ ZX(i)()\ _ pAyii
i>0

so that for each m < 0 every sufficiently large finite partial sum agrees with
the left-hand side up to an operator of analytic order m or less. Indeed,
truncating the above sum at i = k, we find that the remainder is

()\ _ D2)71X(k+1)()\ . D2)717k,

which is of analytic order =2+ (¢+k+1) —2(k+1) = ¢ — k — 3 or less.
More generally for any positive integer n one has:

()\ i DQ)—nX ~ Z(fl)k <_n>X(k)(>\ . D2)—n—k‘
k
k>0
Estimates similar to those above show that the remainder has the claimed

analytic order. O

We now arrive at the final result of this section which will form the main
ingredient in the next section, where we will introduce the (b, B)-cocycles
relevant for the index formula.

PROPOSITION 5.16. The expression (XY,..., XP), in Definition
seen as a function of z extends meromorphically to C.

PrOOF. We use Lemma to bring all (A — D?)~! to the right. We
first introduce the combinatorial quantities:

(k14 -+ kj + )t
]ﬁ!...kj!(]ﬁ+1)...(k1_|_...kj+j)’
for non-negative integers k1, ..., k;. These satisfy
(ki +---+kj1+7) (k1 4+ +k+j—1)
k;! ’

C(]{Il,...,kj) =

C(k?l, .. .,k‘j) = C(lﬁ, .. .,k‘jfl)

while ¢(k1) =1 for all k.
From Lemma we know that there is the following asymptotic ex-
pansion:
()\ _ D2)—1X1 ~ Z C(kl)Xl(kl)(A _ DQ)_kl.

k1>0

Then, in the subsequent step we find

(A= D)X A= D)X~ Y (k) XA - D) it X2
k1>0

- Z C(kl,kQ)Xl(kl)X2(k2)(>\ _ Dz)—(k1+k2+2)’
k1,k2>0
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and finally

A=D*>)"Ixl...(A=DH1XP ~ ZC(k)Xl(kl) . .Xp(kp)()\ _ D2)—(|k|+p)7
k>0

where k = (k1,...,kp) is a multi-index and |k| = k1 + ... + k.
Multiplying this with vXy and integrating as in Definition this
yields

(_1)p1;(z.)/)\z’yX0()\ — DQ)*lX1 (A= DQ)lep()\ _ DZ)fld/\
e
3 el XX et (e / A2 (n = D2)=(kF+p+1) gy
k>0 i
= ek xOx1 Xp(kp)(—l)pl“(z)< o )D|2<z+|k|+p)7
k>0 k[ +p

where we have used the integral formula, valid for real Ag:

1 ATF —Z )\ —(N+z)
3.1 — | —d\ = .
(5:3.1) 27i / (A — AO)NHdA (N)AO

Finally, using the functional equation for the gamma function,

e 7 ) = Lk EE o+ R
=1 F”<|k+p>‘( R (=T

we obtain an asymptotic expansion

ik L'z +p+ [k[)
(|k] + p)!

« Tr (7X0X1(’“1) e Xp(kp)’D‘—2(Z+\k\+p)) .

(5.3.2) (Xo,...,Xp)z~ Y (—1)

k>0

c(k)

As |k| becomes large the remainder in the truncated expansion on the right-
hand side becomes trace class. (]

EXERCISE 5.12. Use Cauchy’s integral formula to prove Equation (5.3.1)).

5.4. Residues and the local (b, B)-cocycle

In this section we derive even and odd (b, B)-cocycles on a given algebra
A from the functionals (X% X! ..., XP?), defined in the previous section.
First, we derive some useful relations between them. We denote the Zo-
grading of an operator X by (—1)¥, according to the grading v on H.
Moreover, for such an operator X we denote the graded commutator by
[D,X] = DX — (—1)X X D. Note that with these conventions we have

[D’ [DaT]] = [DQ,T] = V(T)v

for any even operator T
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LEMMA 5.17. The meromorphic functions (X°, ..., XP), satisfy the fol-
lowing functional equations:

(a) (X, XP), = (—1)*"(XxP, X, ..., XxP7h);
p

(b) <X0a' 7 z+1 Z '7Xj_1717Xj7"'7Xp>z;
7=0

(¢)  (X°...,[D*X7),...,XP), =(XO ... XI7IXJ .. XP),
— (XY XX XY

p
() D =DXTHXO LD X)L XP), =0,
7=0

PROOF. (a) follows directly from the property of the trace in (X°,..., XP)_,
taking into account the commutation of X? with the grading 7. For (b),
note that the integral of the following expression vanishes:

% (A*X%(A = D*H~... XP(A - D*)7)
= 227X\ - D). XP(\ - D?)7!
p
=) A=x'A-D*) - XI(A =D XP(A = D) !
j=0

Equation (c) follows from
(A= D?)7D? XA = D?)"' = (A= D*)71X7 - X/(\ - D?)7!

Finally, (d) is equivalent to
Trry [D,/)\_ZXO()\ — DY)t XP(A = D?)7tdA

which is the supertrace of a (graded) commutator. (]

DEFINITION 5.18. For any p > 0, define a (p + 1)-linear functional on
A with values in the meromorphic functions on C by

T, ... aP) = (a°, [D,a'],...,[D,a"]),_p

PROPOSITION 5.19. The even (b, B)-cochain ¥ = (Vq, Vs, ...) is an (im-
proper) even (b, B)-cocycle in the sense that

bWor + BUspo = 0.

Similarly, the odd (b, B)-cochain ¥ = (Vq1,Vs,...) is an (improper) odd
(b, B)-cocycle.
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PRrOOF. It follows from the definition of B and a subsequent application
of (a) and (b) of Lemma [5.17 that

2k+1
B\Ij2k+2(aoa s >a2k+1) = Z (_1)]<17 [Dv (L]], s [D7 aj_lbs—(k—i-l)
=0
2k+1
= Z D a’ aj 1]5 7[D CL]] [D>a2k+1]>87(k+1)
_ <[D,a Lo (D, )y

Also, from the definition of b and the Leibniz rule
[D,d’a’ ™ = /|D,a? ™| + [D, a?]a’

it follows that

bWor(al, ..., a® ) = (a%', [D,a?],...[D,a®* 1)}
—(a,a'[D,a?],...[D, a1,
<CL0,[ ] 2 [D a2k‘+l]> _k
+(a’,[D,a'),a [D a’],...[D,a®**])s
<a0,[ a'l,[D,a*a’,...[D,a* 1)),y

- <a2k+1a0¢ [D7 al]a s [Da a2k]>8—ka

which, by Lemma [5.17|c), becomes

2k+1 ‘ ‘
> (-1 e (D', [D? 6], (D, a® )
3=0

Combining these expressions for BWUsr o and bWs, and writing X 0 = ¢,

and X7 = [D, a’] for j > 1, we obtain

qu?k‘-ﬁ-?(aov s 7a2k+1) + b\Il2k(a07 s 7a2k+1)

2k+1 . '
= > (=) NNUXO D X)L X

which vanishes because of Lemma [5.17(d).
In the odd case, a similar argument shows that bWo,_1+ BV, = 0. O

The above cocycles have been termed improper because all ¥,, might be
non-zero, on top of which (rather than in C) they take values in the field
of meromorphic functions on C. By taking residues of the meromorphic
functions ¥, we obtain a proper even or odd (b, B)-cocycle. This is the
residue cocycle that was introduced by Connes and Moscovici.

THEOREM 5.20. For any p > 0 and all a°,...,a? € A the following
formulas define an even or odd (b, B)-cocycle:

ress—oWo(a®) = Trya®|D|~2%|s=0,
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and
resSZO\I/p(aO, o, ab)
= 3" cpures,mo Tr (1a’[D,a!] ") .- [D, a?] ) D] 2k=25)
k>0

for p > 1, where the constants c,, are given in terms of the (non-negative)
multi-indices (ki, ..., kp) by

(=D Dkl +§)
PR e+ D) (ki + ko4 2) (k14 ky+p)
PRrROOF. We use the asymptotic expansion ([5.3.2)). Indeed, setting z =
s — £ in that expression and taking residues at s = 0 gives the desired
expansion, with the coefficients ¢, ;, appearing because
_ k p, c(k)
cpe = (~D)MT(k] +5)

2°(p+ [k

5.5. The local index formula

Let (A,H,D) be a regular spectral triple, as above. The local index
formula expresses the index of twisted Dirac operators in terms of cocycles
in the (b, B) bicomplex, which are easier to compute. We are interested in
the indices of the following two Fredholm operators.

Suppose that (A, H, D) is even. If p € Ais a projection, then D, = pDp
is a Fredholm operator on the Hilbert space H. This follows from the fact
that D, is essentially a finite-dimensional extension of the Fredholm operator
D. We are interested in the index of this so-called twisted Dirac operator
D,.
In case that (A, H, D) is an odd spectral triple, we take a unitary u € A
and define D,, = PuP, where P = %(1 + Sign D). Again, D, is a Fredholm
operator on H and we are interested in the index of D,,.

THEOREM 5.21. Let (A, H, D) be a reqular spectral triple with simple and
finite dimension spectrum Sd and let ress—oU be the (even or odd) (b, B)-
cocycle derived previously.

o If (A, H,D) is even and p is a projection in A, then
index D), = (ress—oV, p).
o If (A,H,D) is odd and u is a unitary in A, then
index D,, = (ress—oV, u).
REMARK 5.22. Sometimes a projection or a unitary is given in My (A)
instead of A. The above result can be extended easily to this case, namely

by constructing a spectral triple on My (A) and doing the index computation

there. Indeed, it would follow from Theorem that if (A,H,D) is a
spectral triple, then so is (My(A),H @ CYN, D ®Iy).

PRrROOF OF THEOREM [.21]1 We will prove the even case in two steps
(for the odd case see Note (13| on Page ,
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(1) the Atiyah-Bott formula for the index:
index D,, = res,—I'(s) Try|D,| 2.
(2) Change the representative of the class ress—o¥ in HCP®'(A) to
reduce to the case that D commutes with p, so that
(ress—oW, p) = res,—oI'(s) Tryp|D| 2.
For (1) let us first prove another well-known formula.

LEMMA 5.23 (McKean—Singer formula). Let (A, H, D) be an even spec-

tral triple. Then
index D = Tr fye*tDQ .

PRrROOF. Since D is odd with respect to 7, its spectrum lies symmetrically
around 0 in R, including multiplicities. If we denote the A-eigenspace in H
by H, we therefore have dim H) = dim H_) for any non-zero eigenvalue \.
Including also the kernel of D, we have

Tr 'ye*tD2 = Z (dimHy — dimH_y) et 1 Tray ¥ = Trker 0 s
A>0
which is nothing but the index of D. U
Note that the McKean-Singer formula tells us in particular that Tr ye " :

does not depend on t. Using the integral formula of the gamma function,
we can write:

—2s 1 > —tD?5—1
Try|D|™ % = — Trye " % dt.
0

I'(s)
We analyze the behaviour of the right-hand side as s — 0. For this, we use
1
T(s) ~ S, s — 0.

Thus, only the pole part of the above integral contributes to the zeta function
evaluated at s = 0. This is given by

1
1
/ Tr ve_tD2tS_1dt = —index D,
0 S

where we have used the McKean—Singer formula. The remaining integral
from 1 to co gives an entire function of s, because by finite summability the
eigenvalues of D grow as j'/? for some p > 0. In other words,

index D = Tr~|D| ™%,

which proves (1).
Let us then continue with (2). Consider the family of operators

Dy =D +t[p,[D,p]l;  (tel0,1]).

We have Dy = D and D; = pDp + (1 — p)D(1 — p) so that [Di,p] = 0.
Moreover, index D; depends continuously on ¢, and (being an integer) it is
therefore constant in t.

Next, we consider a family of improper cocycles ! which are defined by
replacing D by D, in Definition [5.18].
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LEMMA 5.24. The derivative of W' is an (improper) even cyclic cobound-
ary, i.e. there exists a cochain O such that
d

a\If;f,qLBetH +b0) =0,

which is explicitly given by

ptl,

ST

p
@t Z 7-"[D7aj]’D’[Daaj+1]""[D7ap]>
7=0

with D = 4D, = [p, (D, p]).

PROOF. Imitating the proof of Proposition [5.19 one can show the fol-
lowing identity (see also Note |15| on Page .

BOY,., 1 (a ..., a%) + 0L, 1 (d®,... a%*)
72 ..[D,d’),[D,D),...,[D,a*])s s
2k ) '
—> (a°,[D,a"],...[D,dl],,...,[D,a*])ss.
j=1

The fact that %\Ilt coincides with the right-hand side follows from

d

Z( =D = (=D (DD + DD) (A — D271, O

Continuing the proof of the theorem, we integrate the resulting cobound-
ary to obtain

1 1
B/o Ohpq1dt + b/o Oh_1dt = Wy — Uy,

In other words, res,—oU" and res,_oW¥' define the same class in even cyclic

cohomology HC PV (A). So, with the help of Proposition we can com-
pute (ress—oV, p) using ! instead of ¥° = ¥, with the advantage that Dy
commutes with p. Indeed, this implies that

\Ijék(p_ %71)7“ . 7p) = 07

for all £ > 1, so that

(ress—o !, p) = res,—o W (p) + Z
k>1

resS O\I/ w(p— %,p,...,p)

= res;—oVj(p)
= ress—ol'(s) Tr ’YP|D1|_25'

This completes the proof of Theorem as by the Atiyah—Bott formula
the latter expression is the index of D), O
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Notes

1. The local index formula was obtained by Connes and Moscovici in [66]. In our proof
of the local index formula, we closely follow Higson [109]. More general proofs have been
obtained in [46), [47, [48], see Note[12] of this Chapter.

Section 5.1. Local index formula on the circle and on the torus

2. The Theorem of Atkinson that appears in Exercisecan be found in [160], Proposition
3.3.11).

3. The index formula on the circle of Exercise is a special case of [58, Theorem 5.

4. In Section we follow [141], where a class of projections on the torus was con-
structed, much inspired by the so-called Powers—Rieffel projections on the noncommuta-
tive torus [165].

5. The zeta function (g that appears in (5.1.2)) is a special case of an Epstein zeta function,
introduced and analyzed in [87]. It turns out that (z has a pole at s = 1 with residue 7.
That (5.1.2)) holds also follows from the general result [66] Theorem 1.2].

Section 5.2. Hochschild and cyclic cohomology

6. In [58] Connes introduced cyclic cohomology as a noncommutative generalization of
De Rham homology, and showed that for the algebra C°°(M) cyclic cohomology indeed
reduces to De Rham homology. Besides the original article there are many texts in which
this is worked out in full detail (e.g. [60], 03], 123}, 139]).

7. Example is a special case of the fact that HH"(C*(M)) ~ Qi(M), the space of
De Rham k-currents. The latter are by definition continuous linear forms on the space of
De Rham differential k-forms Q% (M). This isomorphism is proved in [58].

8. Proposition was established in [60]. The statement can be slightly enhanced.
Namely, the quantities in Proposition also only depend on the classes of u and p in
the (odd and even) K-theory of A. We refer to [60] Section IV.1.7] for more details.

9. Originally, Connes introduced cyclic cohomology by means of cocycles satisfying such a
cyclic condition, explaining the terminology. It turns out that this is equivalent to taking
an even/odd cocycle in the (b, B)-bicomplex. For more details we refer to [58, Theorem
I1.40] (or [60, Theorem III.1.29]).

Section 5.3. Abstract differential calculus

10. In our development of an abstract differential calculus we closely follow Connes and
Moscovici [66]. In the case of the canonical triple of a spin manifold M, this will reproduce
(part of) the usual differential calculus on M. We refer to [109] for a more detailed
treatment. Note that the hypothesis that D is invertible can be removed, as described in
[109] Section 6.1].

11. The notion of finite summability for spectral triples was introduced in [60], Section
IV.2.4] (see also [103], Definition 10.8]).

12. Even though we restrict to finitely-summable, regular spectral triples with simple
dimension spectrum and for which there is a finite number of poles in Sd, the index
formula can be proved in the presence of essential and infinitely many singularities as well
[46], 47, [48].

Section 5.5. The local index formula

13. In our proof of Theorem we follow Higson [109]. For the odd case, we refer to
the original paper by Connes and Moscovici [66] (see also the more general [46]).

14. The McKean-Singer formula is due to [149].
15. For more details on the ‘transgression formula’ that is essential in the proof of Lemma
we refer to the discussion resulting in [103] Eq. 10.40].
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16. It is noted in [66, Remark II.1] that if (A, H, D) is the canonical triple associated to
a Riemannian spin manifold M, then the local index formula of Connes and Moscovici
reduces to the celebrated Atiyah—Singer index theorem for the Dirac operator [12} [13].
Namely, the operator D, is then the Dirac operator with coefficients in a vector bundle
E — M. The latter is defined as a subbundle of the trivial bundle M x CV using the
projection p € My (C(M)): one sets the fiber to be E, = p(z)CY at each point = € M.
We then have

index D, = (2mi)” 2 / A(R) A ch(E),

where A(R) is the A-form of the Riemannian curvature of M and ch(E) is the Chern
character of the vector bundle E (cf. [27]). The proof exploits Getzler’s symbol calculus
[97, 98, [99], as in [33]. See also [162].
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Noncommutative geometry and
gauge theories






CHAPTER 6

Gauge theories from noncommutative manifolds

In this Chapter we demonstrate how every noncommutative (Riemann-
ian spin) manifold, viz. every spectral triple, gives rise to a gauge theory
in a generalized sense. We derive so-called inner fluctuations via Morita
equivalences and interpret these as generalized gauge fields. This is quite
similar to the construction in the finite case in Chapters [2] and |3} We then
interpret our generalized gauge theory in terms of a C*-bundle on which the
gauge group acts by vertical automorphisms.

6.1. ‘Inner’ unitary equivalences as the gauge group

In Chapter [2| we already noticed the special role played by the unitary
elements in the matrix algebras, and how they give rise to equivalences of
finite noncommutative spaces (c¢f. Remark . We now extend this to
general real spectral triples (A, H, D; J, ).

DEFINITION 6.1. A x-automorphism of a x-algebra A is a linear invert-
ible map o : A — A that satisfies

a(ab) = ala)a(b), ala’) = ala)”.

We denote the group of automorphisms of the x-algebra A by Aut(A).
An automorphism « is called inner if it is of the form a(a) = uwau* for
some element u € U(A) where

UA) ={uec A:wu* =u'u =1}

is the group of unitary elements in A. The group of inner automorphisms
is denoted by Inn(.A).
The group of outer automorphisms of A is defined by the quotient

Out(A) := Aut(A)/Inn(A).
Note that Inn(.A) is indeed a normal subgroup of Aut(.A) since
Boayopfl(a)=B(uf™ (a)u") = Bu)aB(u)* = ap)(a),

for any 5 € Aut(A).

An inner automorphism «, is completely determined by the unitary
element u € U(A), but not in a unique manner. In other words, the map
¢: U(A) — Inn(A) given by u +— «, is surjective, but not injective. The
kernel is given by ker(¢) = {u € U(A) | vau* = a, a € A}. In other words,
ker ¢ = U(Z(A)) where Z(.A) is the center of A. We conclude that the group
of inner automorphisms is given by the quotient

(6.1.1) n(A) = U(A) JU(Z(A)).
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This can be summarized by the following exact sequences:
1 ——TInn(A) — Aut(A) —— Out(A) ——=1,
1—U(Z(A)) —U(A) —Inn(A) — 1.

EXAMPLE 6.2. If A is a commutative x-algebra, then there are no non-
trivial inner automorphisms since Z(A) = A. Moreover, if A = C*(X)
with X a smooth compact manifold, then Aut(A) ~ Diff(X), the group of
diffeomorphisms of X. Explicitly, a diffeomorphism ¢ : X — X yields an
automorphisms by pullback of a function f:

" (f)(x) = f(o(x));  (zeX).

Compare this with the discussion in the case of finite discrete topological
spaces in Section [2.1l More generally, there is a continuous version of
the above group isomorphism, relating Aut(C(X)) one-to-one to homeomor-
phisms of X. This follows from functoriality of Gelfand duality. Namely,
the Gelfand transform in Theorem[{.28 naturally extends to homomorphisms
between commutative unital C*-algebras, mapping these to homeomorphism
between the corresponding structure spaces.

The fact that all automorphisms of C*°(X) come from a diffeomorphism
of X can be seen as follows. Consider a smooth family {au}ici01) of auto-
morphisms of C*°(X) from ay—g = id to ay—1 = . The derivative at t =0
of this family, & := day/dt|i—o, is a *x-algebra derivation, since

a(fifz) = %at(f1f2)’t:0 = %at(fﬂat(fzﬂt:o = a(f1)fe + fra(f2).

As such, & corresponds to a smooth vector field on X and the end point
¢1—1 of the flow ¢¢ of this vector field is the sought-for diffeomorphism of
X. Its pullback ¢;_, on smooth functions coincides with the automorphism
Q=1 = Q.

EXAMPLE 6.3. At the other extreme, we consider an example where all
automorphisms are inner. Let A = My(C) and let u be an element in the
unitary group U(N). Then u acts as an automorphism on a € My (C) by
sending a — uau*. If u = Ny is a multiple of the identity with A € U(1),
this action is trivial, hence the group of automorphisms of A is the projective
unitary group PU(N) = U(N)/U(1), in concordance with (6.1.1).

The fact that all automorphisms are inner follows from the following ob-
servation. First, any x-algebra map o : Mn(C) — My(C) can be considered
a representation of A on C. As the unique irreducible representation space
of Mn(C) is given by the defining representation (Lemma we conclude
that the representation « is unitarily equivalent to the defining representa-
tion on CN. Hence, a(a) = uau* with u € U(N).

EXERCISE 6.1. Show that Aut(My(C) @My (C)) = (U(N)xU(N)) x.S2
with the symmetric group So acting by permutation on the two copies of
U(N).

Inner automorphisms «,, not only act on the x-algebra A, via the rep-
resentation 7 : A — B(H) they also act on the Hilbert space H present in
the spectral triple. In fact, with U = 7(u)Jm(u)J !, the unitary u induces
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a unitary equivalence of real spectral triples in the sense of Definition [3.4
as the following exercise shows.

EXERCISE 6.2. Use Definition [{.30 to establish the following transfor-
mation rules for a unitary U = m(u)Jm(u)J 1 with u € U(A):

(6.1.2) Ur(a)U* = 7 o ay(a);
Uy =U;
UJu* = J.

We conclude that an inner automorphism «, of A induces a unitary
equivalent spectral triple (A, H,UDU*;.J,~y), where the action of the *-
algebra is given by 7 o . Note that the grading and the real structure
are left unchanged under these ‘inner’ unitary equivalences; only the opera-
tor D is affected by the unitary transformation. For the latter, we compute,

using (4.3.1)),
(6.1.3) D UDU* = D +u[D,u*] + € Ju[D,u*]J !,

where as before we have suppressed the representation 7. We recognize the
extra terms as pure gauge fields udu® in the space of Connes’ differential
one-forms O} (A) of Definition m This motivates the following definition

DEFINITION 6.4. The gauge group & (A, H;J) of the spectral triple is
&(AH; J) = {U=uJuJ ' |uclU(A)}.

Recall (from Section [4.3.1)) the construction of a complex subalgebra A ;
in the center of A from a real spectral triple (A, H, D; J), given by

Aj:={aceA:aJ =Ja"}.
PROPOSITION 6.5. There is a short exact sequence of groups
1—->U(A;) - UA) — S(AH; J) — 1.
Moreover, there is a surjective map &(A, H; J) — Inn(A).

PRrOOF. Consider the map Ad: U(A) — &(A, H; J) given by u — uJuJ L.
This map Ad is a group homomorphism, since the commutation relation

[u, JuJ~1] = 0 of (4.3.1)) implies that

Ad(v) Ad(u) = vJoJ tuJu = vuJou 7t = Ad(vu).
By definition Ad is surjective, and ker(Ad) = {u € U(A) | uJuJ ! = 1}.
The relation uJuJ ! = 1 is equivalent to uJ = Ju* which is the defining
relation of the commutative subalgebra A;. This proves that ker(Ad) =

U(Ay). The map &(A,H;J) — Inn(A) is given by (6.1.2), from which
surjectivity readily follows. O

COROLLARY 6.6. IfU(A;) = U(Z(A)), then B(A, H; J) ~ Inn(A).

ProoFr. This is immediate from the above Proposition and (6.1.1). U
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We summarize this by the following sequence, which is exact in the
horizontal direction:

1—=U(Ay) U(A) (A H;J) —1
1 Hu(Zi(A)) U(A) Inni(/l) 1

6.1.1. The gauge algebra. A completely analogous discussion applies
to the definition of a gauge Lie algebra, where instead of automorphisms we
now take (inner and outer) derivations of .A. The following definition
essentially gives the infinitesimal version of &(A, H; J).

DEFINITION 6.7. The gauge Lie algebra g(A, #H;J) of the spectral triple
18

g AH )= {T=X+JXJ | X eculA)},
where u(A) consists of the skew-hermitian elements in A.
One easily checks using the commutant property,
T, 7] = [X, X'+ J[X, X'|J 1,
so that g(A, H; J) is indeed a Lie algebra.
PROPOSITION 6.8. There is a short exact sequence of Lie algebras
0—=u(Ay) > u(Ad) — g(A,H; J) = 0.

There are also inner derivations of A that are of the form a — [X,al;
these form a Lie subalgebra Derp,,(A) of the Lie algebra of all derivations
Der(A). If u(Ay) = u(Z(A)) then

9(A, H; J) ~ Derpy (A),
which essentially is the infinitesimal version of Corollary
EXERCISE 6.3. Show that Der(My(C)) ~ su(N) as Lie algebras.

6.2. Morita self-equivalences as gauge fields

We have seen that a non-abelian gauge group appears naturally when
the unital x-algebra A in a real spectral triple is noncommutative. Moreover,
noncommutative algebras allow for a more general — and in fact more nat-
ural — notion of equivalence than automorphic equivalence, namely Morita
equivalence. We have already seen this in Chapter Indeed, let us imi-
tate the construction in Theorem [2.26] and Theorem [B.6] and see if we can
liftt Morita equivalence to the level of spectral triples in this more general
setting.

Let us first recall some of the basic definitions. We keep working in the
setting of unital algebras, which greatly simplifies matters (See Note [4] on

Page [97).
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6.2.1. Morita equivalence. Recall Definition [2.§ of algebra modules.
For two right A-modules £ and F we denote the space of right .A-module
homomorphisms by Homy (€, F), i.e.

(6.2.1) Homu(E,F):={¢:E — F:¢p(na) =p(n)a foralln e € ,a € A}.

We also write End 4(€) := Hom (€, £) for the algebra of right .A-module
endomorphisms of £.

DEFINITION 6.9. Two unital algebras A and B are called Morita equiv-
alent if there exists a B — A-bimodule £ and an A — B-bimodule F such
that

ERqF =B, Fop€~A,

as B and A-bimodules, respectively.

EXERCISE 6.4. Taking inspiration from Ezercise show that Morita
equivalence is an equivalence relation.

EXERCISE 6.5. Define AN = A®-- @ A (N copies) as an A— My (A)-
bimodule.
(1) Show that AN @4 AN ~ My(A), as My(A) — My (A)-bimodules.
(2) Show that AN @y, 4y AY ~ A, so that My (A) is Morita equivalent
to A.

A convenient characterisation of Morita equivalent algebras is given by
the concept of endomorphism algebras of so-called finitely generated projec-
tive modules, as we now explain.

DEFINITION 6.10. A right A-module is called finitely generated projec-
tive (or, briefly, finite projective) if there is an idempotent p = p? in My (.A)
for some N such that & ~ pAN.

LEMMA 6.11. A right A-module is finitely generated projective if and
only if
Endy(€) ~ & ® 4 Homy (€, A).
PROOF. First note that the right-hand side can be considered to be a

two-sided ideal in End4(€). Namely, we consider an element n ® 4 ¢ in
E @4 Homy(€, A) as an element in End 4(€) by mapping

Emrno&);  (E€8).

That this map is injective and that its image forms an ideal in End 4(€) is
readily checked. Hence, the above isomorphism is equivalent to the existence
of an element in £ ® 4 Hom4 (€, A) that acts as the identity map idg on €.

Suppose that & is finite projective, & ~ p AN for some idempotent p €
My (A). We identify two maps

A:E— AN,
p: AN = €,

which are injective and surjective, respectively. These maps are related to
the identification of & with a direct summand of A", via the obvious direct
sum decomposition AN = p AN @ (1 — p)AN. Namely, ) identifies £ with
pAN c AN, whereas p projects AN onto the direct summand p.AY and then
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identifies it with £. Let us write A\; for the k’th component of A mapping
£ to AN; thus, A\, : € — A is right A-linear for any k = 1,...,N. We
write p := plex) € &, where {ex}Y_, is the standard basis of AN. The
composition Z]kV:1 Pr ® A then acts as the identity operator on &£.
Conversely, suppose idge can be written as a finite sum

N
(6.2.2) > ok ® X € € @4 Homy(€, A).

k=1
Reversing the construction in the previous paragraph, we are now going to
define an idempotent p € My (A) such that & ~ pAN. Thus, we define maps

A€ — AY; ne (M), An (),
p: AN 5 & (a1,...,anN) = pra1 + -+ pyan.

From their very definition, these maps satisfy po A =idg, so that p = Aop
is the sought-for idempotent in My (A). O

EXERCISE 6.6. In this exercise we are going to analyze the ambiguity
due to the balanced tensor product that appears in the decomposition (6.2.2)

of idg.
(1) If E = A thenide =1®1 C & @4 Homy (€, A) but also
de=1®1+a®1+1® (—a),

for any a € A. Show that the projection corresponding to the latter
decomposition of idg is

1 1 -—a
p=|a a —a®
1 1 —a
(2) Show that there is a similarity transformation S such that
100
SpSTt=10 0 0
0 00

Therefore, the projection corresponding toide = 1®1 appears as the
first diagonal entry, and we can conclude that both decompositions
give isomorphic projective modules pA3 ~ A.

(8) Extend this argument to any finite projective € to show that the
construction of a projection p from is well defined.

PROPOSITION 6.12. Two unital algebras A and B are Morita equivalent
if and only if B ~ End4(&), with € a finite projective A-module.

PROOF. If B ~ End 4(&) for some finite projective £, then F = Hom4 (€, A)

is the required A — B-bimodule implementing the desired Morita equivalence,
with bimodule structure given by

(623)  (a-¢-b)m) =ag(b-m; (¢ € Homa(€,.A)).
The property &€ ® 4 F =~ B follows from Lemma [6.11] and the isomorphism
F ®p € ~ A is implemented by the evaluation map, that is,

(¢ ®@n) € Homy (€, A) @ € — ¢(n) € A.
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Conversely, suppose A and B are Morita equivalent. If B ~ £ ® 4 F, then
B ~ Endp(B) ~ Endg(€ ®4 F), and there is an algebra map

End4(€) — Endg(€ @4 F);
P o 1F.
On the other hand, End4(B®p3 E) ~ End 4(€), and there is an algebra map

Endg(B) — End4(B 5 &);
¢ ¢ @l

Identifying € ® 4 F ~ B and F ®p € ~ A, one readily checks that these two
maps are each other’s inverses. This shows that B ~ End4(&).

Finally, the fact that the right A-module £ is finitely generated and pro-
jective follows mutatis mutandis from the proof of Lemma after realiz-
ing that the isomorphism F ®p & ~ A associates an element in Hom 4(&, .A)
to any element in F. O

EXERCISE 6.7. Show that (6.2.3)) is a well-defined A— B-bimodule struc-
ture on Hom4 (&, A), i.e. show that it respects the right A-linearity of the
map ¢ : £ — A.

We conclude this subsection by specializing from algebras to *-algebras.
The above results on Morita equivalence still hold, with the additional re-
quirement that in the definition of finite projectivity the idempotent p €
Mp(C) needs to be self-adjoint: p* = p. That is to say, p is an orthogonal
projection.

As in Definition [3.5] we define the conjugate module £° to a right
A-module £ as

£ ={g:¢ee,
equipped with a left A action defined by aé = £a* for any a € A.

PROPOSITION 6.13. If A is a x-algebra and £ is a finite projective right
A-module, then we can identify Hom4(E, A) as a left A-module with the
conjugate module E°,

PROOF. If & ~ pAYN then End4(€) ~ pMy(A)p, as one can easily show
using the maps A and p from the first part of the proof of Lemma [6.11
Hence £ ® 4 Hom4(€, A) ~ pMy(A)p. But also pAY @4 ANp ~ pMy(A)p
(cf. Exercise, so Homy (€, A) ~ AVp as left A-modules. We now show
that £° ~ AV p as well.

For that, write £ € £ ~ pAY as a column vector:

N
> j=1DP150;

v
> j=1 PNja;
The corresponding element & in £° is identified with

N N«
(Zj:l ajpji v liny ajij> g
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written as a row vector in A~ p. Note that the relation between ¢ and this
row vector is essentially given by the involution on A", exploiting the self-
adjointness of p, that is, p;-i = p;j. Consequently, the element af = &a* is
mapped to

N N
a (Ej:1 ajpjn o Y a;?ij) :
as required. O

PROPOSITION 6.14. Let A be a x-algebra and £ a finite projective right
A-module. Then there exists a hermitian structure on £, that is to say, there
is a pairing (-,-)g : € x € — A on € that satisfies (as in Definition [2.9)

(m,m2 - a)e = (m,m2)ea; (m,me € &,a € A),
(m,m2)e = (M2, m)e; (m,m2 € ),
(n,me >0, with equality if and only if n = 0; (neé).

ProoF. On A" we have a hermitian structure given by
N
(n,€) = ni&;,
j=1

which satisfies the above properties. By restriction to pAYN we then obtain
a hermitian structure on £ ~ pAYN. O

6.2.2. Morita equivalence and spectral triples. For a given spec-
tral triple (A, H, D) and for a given finite projective right A-module £, we
try to construct another spectral triple (B, H’, D’) where B = End4(€).
This generalizes the finite-dimensional constructions of Chapters [2| and
Naturally,

H =EQUH
carries an action of ¢ € B:
pneY) =om) @v;  (ne&, P EH).
Moreover, by finite projectivity of £, H is a Hilbert space. Indeed, we have
H =~ pAN @ H = pHY,
and since p is an orthogonal projection it has closed range.
However, the naive choice of an operator D’ by D'(n ® ¢) = n ® D

will not do, because it does not respect the ideal defining the tensor product
over A, which is generated by elements of the form

na®Y —n ay; (me&aec A eH).
A better definition is
D'(n® 1) =n® D+ V().

where V : € — € @4 Q5(A) is a connection associated to the derivation
d:a— [D,a] (a € A). This means that V is a linear map that satisfies the
Leibniz rule:

V(na) = (Vn)a+n @4 da; (ne&acA.
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EXERCISE 6.8. (1) Let V and V' be two connections on a right A-
module €. Show that their difference V — V' is a right A-linear
map € — € @4 N4 (A).

(2) Show that the following map defines a connection on & = p AN :
V=pod,

with d acting on each copy of A as the commutator [D,-]. This
connection is referred to as the Grassmann connection on £.

THEOREM 6.15. If (A, H, D) is a spectral triple and V is a connection
on a finite projective right A-module &, then (B, H', D') is a spectral triple,
provided that V is a hermitian connection, i.e. provided that
(6.2.4) (M, Vna)e — (Vni,m)e = d(n1, m2)e; (1,2 € E).

PROOF. Suppose £ = pAY, so that B = End4(&£) ~ pMy(A)p and
E@AH ~ pHY. The boundedness of the action of B on £ ® 4 H then follows
directly from the boundedness of the action of A on H. Similarly, for ¢ € B
the commutator [D, ¢] can be regarded as a matrix with entries of the form
[D,a] with a € A. These commutators are all bounded, so that [D,¢| is
bounded. Let us prove compactness of the resolvent. By Exercise [6.8] any
connection can be written as V = po [D, ] + w for a right A-linear map
w: & — E®a0H(A). Hence, after making the above identifications we see
that the operator V® 14+ 1® D coincides with pDp + w. The action of w is

as a bounded operator, which by (6.2.4)) is self-adjoint. Moreover, it is given
by a matrix acting on pH” with entries in Q1,(A). Since for any self-adjoint
operator T' we have

(+T+w) ' =0G+D)""(1-wi+T+w)™"),

with (1 —w(@+T+ w)_l) bounded, compactness of the resolvent of pDp-+w
would follow from compactness of (ip + pDp)~! (note that p is the identity
on the Hilbert space pH™). The required compactness property is a conse-
quence of the identity

(ip + pDp)p(i + D) ~'p = pli + D, p|(i + D) "'p + p.
Indeed, when multiplied on the left with (ip+pDp)~! we find that on pH:
(ip + pDp)~" = p(i + D)~'p — (ip + pDp)~'p[D, pl(i + D)~ 'p,

which is compact since (i + D)~! is compact by definition of a spectral
triple. O

Analogously, for a given real spectral triple (A, H, D, J) we define an-
other real spectral triple (B, H', D', J’) by setting

H =EQUHR4E.
Then, ¢ € B acts on H' by
dm@Y®E) =) ®Y @,

and the operator D’ and J’' may be defined by

D'n@y®&) = (VN @E&+n® DY ® & +n o p(VE),
Jeye) =Y.
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Finally, for even spectral triples one defines a grading 7 on £ ® 4 H ®4 £°
by v/ = 1® v ® 1. We have therefore proved:

THEOREM 6.16. If (A, H,D;J,7v) is a real spectral triple and V is a
hermitian connection, then (B,H',D’; J',~") is a real spectral triple.

We now focus on Morita self-equivalences, for which B = A and

&€ = A so that End 4(€) ~ A. Let us look at connections
V:A—=Qh(A).

Clearly, by the Leibniz rule we must have V = d +w (see also Exercise ,
where w = V(1) = 3, a,[D, b;] is a generic element in Q5 (A) acting as a
bounded operator on H. Similarly, yVa = (¢'JdaJ ! + ¢ JwaJ1)1. Since
‘H' ~ H, under this identification we have,
D'()=D' 1@y 1) =V(1)+¢V(I) + Dy = DY + wip + € Jw 1ip.

In other words, D is ‘innerly perturbed’ by the given Morita self-equivalence
to
Dy,:=D+w+¢eJwJ !,

where w* = w € Q}(A) is called a gauge field, alternatively called an
inner fluctuation of the operator D, since it is the algebra A that —
through Morita self-equivalences— generates the field w.

PROPOSITION 6.17. A unitary equivalence of a real spectral triple (A, H, D; J)
as implemented by U = uJuJ ' with u € U(A) (discussed before Defini-
tion is a special case of a Morita self-equivalence, arising by taking
w = u[D,u*].

ProoOF. This follows upon inserting w = u[D, u*] in the above formula
for D, yielding (6.1.3)). O

In the same way there is an action of the unitary group U(.A) on the new
spectral triple (A, #H, D,,) by unitary equivalences. Recall that U = uJu.J !
acts on D,, by conjugation:

(6.2.5) D, — UD,U".
This is equivalent to
w — uwwu™ + u[D,u’],

which is the usual rule for a gauge transformation on a gauge field.

6.3. Localization

Recall (from Section [4.3.1]) the construction of a complex subalgebra A ;
in the center of A from a real spectral triple (A, H, D; J), given by

Aj:={acA:aJ =Ja"}.

As Ay is commutative, Gelfand duality (Theorem[4.28)) ensures the existence
of a compact Hausdorff space such that A; C C'(X) as a dense *-subalgebra.
Indeed, the C*-completion of A in B(H) is commutative and hence isomor-
phic to such a C'(X). We consider this space X to be the ‘background space’
on which (A, H, D;J,~) describes a gauge theory, as we now work out in
detail.
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Heuristically speaking, the above gauge group &(.A, H; J) considers only
transformations that are ‘vertical’, or ‘purely noncommutative’ with respect
to X, quotienting out the unitary transformations of the commutative sub-
algebra Aj;. Let us make this precise by identifying a bundle 8 — X of
C*-algebras such that:

e the space of continuous sections I'(X,B) forms a C*-algebra iso-
morphic to A = A, the C*-completion of A;
e the gauge group acts as bundle automorphisms covering the iden-
tity.
Moreover, we search for a bundle of C*-algebras of which the gauge fields
w € QID(A) are sections and on which the gauge group again acts by bundle
automorphisms.

We avoid technical complications that might arise from working with
dense subalgebras of C*-algebras, and work with the C*-algebras A; and
A themselves, as completions of Ay and A, respectively. First, note that
there is an inclusion map C(X) ~ A; — A. This means that A is a so-
called C'(X)-algebra, which by definition is a C*-algebra A with a map from
C(X) to the center of A. Indeed, it follows from Proposition that A
is contained in the center of A.

In such a case A is the C*-algebra of continuous sections of an upper
semi-continuous C*-bundle over X. We will briefly sketch the setup (see
Note E] on Page . Recall that a function f : A — C is upper semi-
continuous at a9 € A if limsup,_,,, [|f(a)|| < | f(ao)]|-

DEFINITION 6.18. An upper semi-continuous C*-bundle over a compact
topological space X is a continuous, open, surjection w : B — X together
with operations and norms that turn each fiber B, = 7 (x) into a C*-
algebra, such that (1) the map a — |a|| is upper semi-continuous, (2) all
algebraic operations are continuous on B, (3) if {a;} is a net in B such that
llai]| — 0 and 7(a;) — x in X, then a; — Oy, where Oy is the zero element
mn By

A (continuous) section of B is a (continuous) map s : X — B such that
m(s(x)) = x.

A base for the topology on 5 is given by the following collection of open
sets:

(6.3.1) W(s,O,¢€):={be B :m(b) € Oand ||b—s(n(b))] < €},
indexed by continuous sections s € I'( X, 8), open subsets O C X and € > 0.

PROPOSITION 6.19. The space T'(X,B) of continuous sections forms a
C*-algebra when it is equipped with the norm

]l := sup [|ls(z)[s, -
zeX
PRrROOF. See Note [7] on Page O

In our case, after identifying C'(X) with Ay, we can define a closed
two-sided ideal in A by

(6.3.2) I, ={fa:ac A feCX),f(x)=0}".
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We think of the quotient C*-algebra B, := A/I, as the fiber of A over x
and set

(6.3.3) B =[] B,
rzeX

with an obvious surjective map 7 : B — X. If a € A, then we write a(x)
for the image a + I, of a in B,, and we think of a as a section of B. The
fact that all these sections are continuous and that elements in A can be
obtained in this way is guaranteed by the following result.

THEOREM 6.20. The above map m : B — X with B as in (6.3.3)) defines
an upper semi-continuous C*-bundle over X. Moreover, there is a C(X)-
linear isomorphism of A onto I'(X,*B).

PROOF. See Note [7] on Page O

Having obtained the C*-algebra A as the space of sections of a C*-
bundle, we are ready to analyze the action of the gauge group on A. Staying
at the C*-algebraic level, we consider the continuous gauge group
UA)

UAs)

This contains the gauge group & (A, H; J) of Definition as a dense sub-
group in the topology induced by the C*-norm on A. The next result realizes
the gauge group as a group of vertical bundle automorphisms of 8.

PROPOSITION 6.21. The action o of &(A,H;J) on A by inner C*-
algebra automorphisms induces an action o of (A, H;J) on B by con-
tinuous bundle automorphisms that cover the identity. In other words, for
g€ B(A,H;J) we have

m(ag(b)) = m(b); (b€ B).

Moreover, under the identification of Theorem the induced action o
on I'(X,*B) given by

G(AH; J) ~

coincides with the action o on A.

PROOF. The action « induces an action on A/, = 7 !(x), since o, (I,;) C
I, for all g € (A, H;J). We denote the corresponding action of (A, H; J)
on B by «, so that, indeed,

m(@g(b)) =7(b);  (bem '(x)).
Let us also check continuity of this action. In terms of the base W (s, O, ¢)
of (6.3.1]), we find that

ag(W(Sa (97 6)) = W(a;(s)a O’ 6)7
mapping open subsets one-to-one and onto open subsets.

For the second claim, it is enough to check that the action a* on the
section s : ¢ — a + I, € B,, defined by an element a € A, corresponds to
the action « on that a. In fact,

ay(s)(x) = ay(s(z)) = ag(a+ L) = ag(a) + I,
which completes the proof. O
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At the infinitesimal level, the derivations in the gauge algebra g(.A, H; J)
also act vertically on the C*-bundle B defined in (6.3.3]), and the induced
action on the sections I'( X, B) agrees with the action of g(A, H;.J) on A.

6.3.1. Localization of gauge fields. Also the gauge fields w that
enter as inner fluctuations of D can be parametrized by sections of some
bundle of C*-algebras. In order for this to be compatible with the vertical
action of the gauge group found above, we will write any connection in the
form,

V=d+wy+w,
where d = [D, -] and wp,w € Q5(A). The action of a gauge transformation
on V then induces the following transformation:

wo — uwou™ 4+ u[D, u*l; w = uwu’.

The C*-algebra generated by A and [D,A] is a C(X)-algebra, since
C(X) ~ Ay, which according to Proposition .37 commutes with both A and
[D, A]. Thus, a similar construction as in the previous subsection establishes
the existence of an upper semi-continuous C*-bundle B¢ over X, explicitly
given by

Bo = [[ (A D, A/L;,
zeX
where C*(A, [D, A]) is the C*-algebra generated by a and [D, b] for a,b € A,
and I, is the two-sided ideal in C*(A, [D, A]) generated by I, that has been
defined before (see Equation (6.3.2))). Again, one can show that I'(X, Bgq)
is isomorphic to this C*-algebra and establish the following result.

PROPOSITION 6.22. Let w:Bq — X be as above.

(1) The gauge field w defines a continuous section of Bgq.
(2) The gauge group & (A, H;J) acts fiberwise on this bundle, and the
induced action onT'(X,Bq) agrees with the action on C*(A, [D, AJ).

Consequently, if we regard w € QL,(A) as a continuous section w(z) of Bg,
an element uJuJ 1 € (A, H; J) acts as
*

w(x) = (uwu™)(x) = uw(x)u*.

Notes

Section 6.1. ‘Inner’ unitary equivalences as the gauge group

1. The interpretation of the inner automorphism group as the gauge group is presented
in [63].

2. For a precise proof of the isomorphism between Aut(C(X)) and the group of homeo-
morphisms of X, we refer to [31] Theorem I1.2.2.6]. For a more detailed treatment of the
smooth analogue, we refer to [103], Section 1.3].

3. The gauge group &(A,H;J) introduced in Definition (following |63, [65], [186])
is a natural lift of the group of inner automorphisms of the algebra A, as is proved in
Proposition Another approach to lifting Inn(.A) to be represented on H is by central
extensions; this is described in [136].

Section 6.2. Morita self-equivalences as gauge fields

4. For unital algebras algebraic Morita equivalence [153] coincides with Rieffel’s notion
of strong Morita equivalence for C*-algebras [166]. This is proved in [24] and explains
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why we can safely work with algebraic tensor products. We also refer for a more general
treatment to e.g. [103] Section 4.5] and [131] Section A.3 and A.4].

5. Besides Morita equivalence, also the more general notion of KK-equivalence can be
lifted to spectral triples, but this requires much more analysis [17], 129, [151].

6. Theorem and Theorem are due to Connes in [63].

Section 6.3. Localization

7. The notion of C(X)-algebra was introduced by Kasparov in [122]. Proposition
and Theorem [6.20] are proved in [124, [157] (see also Appendix C in [198]). Note that the
bundles are in general only upper semi-continuous, and not necessarily continuous. For a
discussion of this point, see [I57].

8. Later, in Chapters [§] to we will work towards physical applications in which the
above C”-bundle is a locally trivial (or, even a globally trivial) x-algebra bundle with
finite-dimensional fiber. The above generalized gauge theories then become ordinary gauge
theories, defined in terms of vector bundles and connections. It would be interesting to
study the gauge theories corresponding to the intermediate cases, such as continuous
trace C*-algebras (cf. [164] for a definition), or the more general KK-fibrations that were
introduced in [84]. First examples in this direction are studied in [37].
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CHAPTER 7

Spectral invariants

In the previous chapter we have identified the gauge group canonically
associated to any spectral triple and have derived the generalized gauge
fields that carry an action of that gauge group. In this chapter we take the
next step and search for gauge invariants of these gauge fields, to wit, the
spectral action, the topological spectral action and the fermionic action. We
derive (asymptotic) expansions of the spectral action.

7.1. Spectral action functional

The simplest spectral invariant associated to a spectral triple (A, H, D) is
given by the trace of some function of D. We also allow for inner fluctuations,
and more generally consider the operators D, = D + w + ¢/ JwJ ™! with
w=w* € 0hL(A).

DEFINITION 7.1. Let f be a suitable positive and even function from R
to R. The spectral action is defined by

(7.1.1) Splw] :=Tr f(Dy/A),

where A is a real cutoff parameter. The minimal condition on the function
f is that it makes f(D,/A) a traceclass operator, requiring sufficiently rapid
decay at +oo.

The subscript b refers to bosonic since in the later physical applications
w will describe bosonic fields.

There is also a topological spectral action, which is defined in terms of
the grading v by
(7.1.2) Stoplw] = Tryf(Dy/A).
The term ‘topological’ will be justified below. First, we prove gauge invari-

ance of these functionals.

THEOREM 7.2. The spectral action and the topological spectral action
are gauge invariant functionals of the gauge field w € Q},(A), assumed to
transform under Adu = uJuJ ' € &(A, H;J) as

w = uwu* + u[D, u"].

PROOF. By (6.2.5) this is equivalent to D, — UD,U* with U = uJuJ .
Since the eigenvalues of U D, U* coincide with those of D,, and the (topolog-
ical) spectral action is defined on the spectrum of D,,, the result follows. [

Another gauge invariant one can naturally associate to a spectral triple
is of a fermionic nature, as opposed to the above bosonic spectral action
functional. This invariant is given by combining the operator D, with a
Grassmann vector in the Hilbert space (cf. Appendiz , as follows.
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DEFINITION 7.3. The fermionic action is defined by
Splw.v] = (Jib, D))
with {pv € H:i where
H={d:vent)
is the set of Grassmann variables in H in the +1-eigenspace of the grading
v.

THEOREM 7.4. The fermionic action is a gauge invariant functional of
the gauge field w and the fermion field 1, the latter transforming under
Adu e (A, H;J) as

W — uJuJ .

Moreover, if the KO-dimension of (A, H, D;~, J) is 2 modulo 8, then (¢, ¢') —
(Jy, D'y defines a skew-symmetric form on the +1-eigenspace of v in H.

PROOF. Again, D, — UD,U* with U = uJuJ ', whilst ¢ — Ut. The
claim then follows from the observation UJ = JU.
Skew-symmetry follows from a small computation:

(J, DYy = —(Jp, J2 DY) = —(JDY', ) = —(DJY' by = —(Jy', D).
where we used Table 1.2] for DJ = JD in KO-dimension 2 modulo 8. O

The above skew-symmetry is in concordance with the Grassmann nature
of fermionic fields v, guaranteeing that Sy as defined above is in fact non-
ZETO.

7.2. Expansions of the spectral action

We assume that f is given by a Laplace—Stieltjes transform:
f@ = [ et
>0

with p some measure on R*. Under this assumption, we can expand Sp in
two ways: either asymptotically, in powers of A, or in powers of the gauge
field w. But first, let us find an expression for the topological spectral action.

PROPOSITION 7.5. Suppose f is of the above form. Then,

Stoplw] = f(0) index D,,.
PRrROOF. This follows from the McKean-Singer formula (Lemma [5.23)):
—tDZ/A*

index D, = Tr~e

Since this expression is independent of A and ¢, an integration over ¢ yields

du(t) = f(0). .

t>0
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7.2.1. Asymptotic expansion. The asymptotic expansion of S can
be derived from the existence of a heat kernel expansion of the form

(7.2.1) e~tD’ Z t%¢q,

as t — 0. Note that this is written down here for the unperturbed operator
D, but similar expressions hold for any bounded perturbation of D, such as
D,,.

LEMMA 7.6. If (A, H, D) is a reqular spectral triple with simple dimen-
sion spectrum (see Definition[5.9), then the heat kernel expansion (7.2.1)) is
valid as an asymptotic expansion ast — 0. Moreover, for a < 0 we have

2¢,,
I'(-a)’

res;——2a61(2) =

with (p(z) = Trb|D|~*.

Proor. This follows from the Mellin transform:

1 o° 2
|D|—z — / e—tD tz/2—1 dt,
I'(z/2) Jo

or, after inserting the heat kernel expansion,

1 o0
Tr|D|™* = I cata+z/2_1 dt

2/2 Z/ cat®T#?71 dt + holomorphic

+ holomorphic.

- za: F(z/2)(a +2/2)
Taking residues at z = —2a on both sides gives the desired result. O

Using the Laplace—Stieltjes transform, we now derive an asymptotic ex-
pansion of the spectral action in terms of the heat coefficients c,,.

PRrROPOSITION 7.7. Under the above conditions, the spectral action is
given asymptotically (as A — oo) by

(7.2.2) Tr f(D/A) = Bezs:dfﬁ ﬁ/2

where fg:= [ f(v)vP~1dv and Sd is the dimension spectrum of (A, H, D).

—|- f(0)co + O(Afl),

ProoF. This follows directly after inserting the heat expansion in the
Laplace—Stieltjes transform:

(7.2.3) Tr f(D/A) =) /t » tYA%, du(t).

The terms with a > 0 are of order A™'; if a < 0, then

1
t* = / eyl gy,
F(a) v>0
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Applying this to the integral (|7.2.3)) gives

AQO‘CQ/ tY du(t) = AQQCQ/ / e~y dudu(t)
t>0 t>0 Jv>0

= 2A2aca/ / e 1Py 201 dvdp(t)
t>0 Ju>0

= 2A_2aca/ f(v)’u_Qo‘_1 dv = 202, f_2a,
v>0

substituting v — v? in going to the second line. Since ¢, = 0 unless —2a €
Sd, we substitute 5 = —2« to obtain ((7.2.2]). O

COROLLARY 7.8. For the perturbed operator D,, we have

Splw] = D fahres,—s Tr |Dy| 2 + £(0) Tr[Dy| 7| _, + O(A™).
BeSd

7.2.2. Perturbative expansion in the gauge field. Another ap-

proach to analyze S} is given by expanding in w, rather than in A. We first
take a closer look at the heat operator e~*" * and its perturbations.

LEMMA 7.9. Let w be a bounded operator and denote D, = D+w. Then
1
et Dw)? — o=tD* _ t/ ds eiSt(D“)QP(w)ef(lfs)tDa
0

with P(w) = Dw + wD + w?.

PROOF. Note that e~P% is the unique solution of the Cauchy problem
(dy + Dy)u(t) =0
u(0) =1,

with d; = d/dt. Using the fundamental theorem of calculus, we find
t
dy |:6—tD2 _/ dt/e—(t—t’)DZ,P(w)e—t/DQ]

0
2 tD? ! t—t')D2 t'D?
= -D; (e_ —/ dt' e =P% p(w)e™ > )
0
showing that the bounded operator e~*P* — fg dt'e=(t=)D% P(w)e~"P? also
solves the above Cauchy problem. O

In what follows, we will repeatedly apply this Lemma to obtain a per-
turbative expansion for e~t(Dw)? ip powers of w in terms of multiple integrals
of heat operators. We introduce the following convenient notation, valid for
operators X, ... Xp:

(Xoyoo o, Xu)pp = t"Tr [ Xoe 0" Xyem1tD% . X, o502 g,
Ap

Here, the standard n-simplex A, is the set of all n-tuples (t1,...,%,) sat-
isfying 0 < t; < ... <t, < 1. Equivalently, A,, can be given as the set of
n + 1-tuples (so, $1,...,5n) such that sp+...+s, =1and 0 < s; <1 for
any ¢ = 0,...,n. Indeed, we have so = t1, s; = tjy1 —¢; and s, =1 -1,
and, vice versa, t, = Sg+ S1 + - Sp_1-

We recall the notion of Gateaux derivatives.
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DEFINITION 7.10. The Gateaux derivative of a map F' : X — Y (between
locally convex topological vector spaces) at x € X is defined for h € X by

F/(2)(h) = lim F(x +uh) — F(m)

u—0 U

In general, the map F’(x)(-) is not linear, in contrast with the Fréchet
derivative. However, if X and Y are Fréchet spaces, then the Gateaux
derivatives actually defines a linear map F'(z)(-) for any € X. In this
case, higher order derivatives are denoted as I, F"", et cetera, or more con-
veniently as F(*) for the k’th order derivative. The latter will be understood
as a bounded operator from X X ---x X (k41 copies) to Y, which is linear
in the k last variables.

THEOREM 7.11 (Taylor’s formula with integral remainder). For a Gateaux
k + 1-differentiable map F : X — 'Y between Fréchet spaces X and Y,

F(x) = F(a) + F'(a)(x — a) —|—%F"(a)(:v—a,w—a)+---

1
+ EF(k)(a)(:U —a,...,x—a)+ Ri(x),

for x,a € X, with remainder given by
1

Ry(z) = il

/1 F*D (g 4 t(x — a)) (1 = t)h, ..., (1 —t)h, h)dt.
0

In view of this Theorem, we have the following asymptotic Taylor ex-
pansion (around 0) in w € O} (A) for the spectral action Sy[w]:

I o
(7.2.4) Splw] =" ﬁs,ﬁ 0)(w, . .., w),
n=0
provided we make the following

ASSUMPTION 1. For all > 0,5 > 0,7 >0 and 0 < € < 1, there exist
constants Cogye such that

[ e D e u(e)| < Co
t>0

PROPOSITION 7.12. Ifn =0,1,... andw € Qh(A), then Sl()n)(())(w, cew)
exists, and

S O) (@, w) =l > (-DF ST (1, (1 —e){D,w} + e,
k=0

€1,--Ek

(1 —ep){D,w}+ skw2>t7k du(t),

where the sum is over multi-indices (1, .. .,e;) € {0,1}* such that Zle(l-i-
61') =n.
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ProoF. We prove this by induction on n, the case n = 0 being trivial.
By definition of the Gateaux derivative and using Lemma
k

S,E”*l)(())(w,...,w):n!zn: Yo DL (L —e){D,wh + e,

k=0¢1,....ex Li=1
ERRR) {D?w}v ) (]- - Ek){Dvw} + 5kw2>t,k+l
i

k
+) (DML, (1 = e){D,w} + e10?, .., 2(1 — 5)w?,
=1

o (L= ep){D,w} + exw?) g | du(t).

The first sum corresponds to a multi-index &/ = (e1,...,£;-1,0,&;,...,€k),
the second corresponds to &/ = (e1,...,6; + 1,...,e) if & = 0, counted
with a factor of 2. In both cases, we compute that } (1 +¢}) =n+ 1. In
other words, the induction step from n to n + 1 corresponds to inserting in
a sequence of 0’s and 1’s (of, say, length k) either a zero at any of the k£ + 1
places, or replacing a 0 by a 1 (with the latter counted twice). In order to
arrive at the right combinatorial coefficient (n + 1)!, we have to show that
any £/ satisfying Y .(1+4¢€}) = n+ 1 appears in precisely n+ 1 ways from &
that satisfy > ,(1+¢;) = n. If £’ has length k, it contains n+ 1 — k times 1
as an entry and, consequently, 2k —n — 1 a 0. This gives (with the double
counting for the 1’s) for the number of possible &

2ln+1—-k)+2k—n—-1=n+1,
as claimed. This completes the proof. U

EXAMPLE 7.13.

5700 = [ (= 01Dwh) duto,
S2(0)(w,w) =2 / ( — (1w + (1, {D,w}, {D,w}>t,2) du(t),
5153)(0)(w,w,w) = 3!/ <<1,w2, {D,w})r2 + (1, {D,w},w2>t,2

- <17 {D7w}7 {D7 w}, {D7W}>t,3> dﬂ(t)'

7.2.2.1. Taylor expansion of the spectral action. We fix a complete set
of eigenvectors {¢,,}, of D with eigenvalues \,, € R, respectively, forming
an orthonormal basis for H. We also write wy,, := (¥, wiy,) for the ma-
trix coefficients of w with respect to this orthonormal basis. Recall from
Appendix the notion of divided difference f[xg,x1,...,x,] of a function
fR—=R.

THEOREM 7.14. If f satisfies Assumption and w € Q) (A), then
Slsn) (0)(w, e ,w) =n! Z Wiy i1 Witig =" win71inf[/\ipv )‘ilv N 7)‘in]'

i1e05in
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PROOF. Proposition gives us an expression for Sé")

brackets (- --);. For these we compute:

(—D*1, (1 —e){D,w} +e1w?, ..., (1 — ep){D,w} + erw?) s du(t)

- /A

10=10k,01,--,0

in terms of the

2
2] 1 /\ij)w + gjw

)ijw

.::1@

]:

¢ (S0 INL) gk s gy ()

k

= . 02 2 2

= Z | H (=) (i, — Ay Jw + 5w )Z.]__”.j glXG A
0= ,21 4.2k :

Glancing back at Proposition [7.19], we are finished if we establish a one-to-

one relation between the order index sets I = {0 =ip < i1 < -+ < i =n}

such that i;_1 —i; <2 for all 1 < j <k and the multi-indices (e1,...,ex) €

{0,1}* such that Zle(l +¢;) = n. If I is such an index set, we define a

multi-index
I 0 if {i; —1,4;} C I,
J7 1 1 otherwise.
Indeed, i; = i;_1 + 1+ ¢}, so that
k

k
d (Lte)=io+ > (1+&)=ir=n.

i=1 i=1
It is now clear that, vice-versa, if € is as above, we define
I:{0:i0<i1<---<ik:n}
by i; = i;_1 + 1+ ¢j, and starting with o = 0. O
COROLLARY 7.15. If n. > 0 and w € Q4 (A), then
Sy ()@, @) = (=18 D7 wiriy = wiia S Py A
ila---in

Consequently,
1
= Z E Z Wiyig *° 'winilf/[)‘iu ey )‘Zn}
n=0 U150
An interesting consequence is the following.

COROLLARY 7.16. If n > 0 and w € QL (A) and if f' has compact
support, then

S (0)(w,. .. w) = 2m j{f D). eto(z — D),

where the contour integral encloses the intersection of the spectrum of D
with suppf’.

Proor. This follows directly from Cauchy’s formula for divided differ-
ences (see Note [13| on Page [108):

1 9(2)
Ty = dz,
oo, ) 2mf{<z—xo>-~<z—xn> ’
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with the contour enclosing the points x;. U

7.A. Divided differences
We recall the definition of and some basic results on divided differences.

DEFINITION 7.17. Let f: R — R and let xg,x1,...xy, be distinct points
in R. The divided difference of order n is defined by the recursive relations

flzo] = f(20),

flxo, x1,... 2] = f[xl""mn];f[$;)(,)1:1,...xn1]'

On coinciding points we extend this definition as the usual derivative:

flxo,. . vz x.oxy] = lm flxg,..., e+ u...,z... .2y
u—0
Finally, as a shorthand notation, for an index set I = {iy, ..., i,} we write
f[l‘l] = f[ziu .- ’xln]

Also note the following useful representation:

ProrosiTION 7.18. For any xg,...,xn € R,
flzo, x1,..., @) = / ™ (sozo + s121 4 - - + sp2p) d"s.
An

PROOF. See Note [I2] on Page [I08] O
EXERCISE 7.1. Prove Proposition [7.18 and show that it implies

n
Zf[xo,...,xi,xi,...,a;n] = f'lzo, T1,. .., Tn).
=0

PROPOSITION 7.19. For any x1, ...z, € R for f(z) = g(x?) we have,

floo, sz =Y | [I  (@i+zi) | gladl,

I \{i—14}cI

where the sum is over all ordered index sets I = {0 =ip <i; < ...<ip=n}
such thati;—i;_1 <2 for all1 < j <k (i.e. there are no gaps in I of length
greater than 1).

PROOF. This follows from the chain rule for divided differences (see Note

on Page [108)): if f = go ¢, then

n k—1
f[x07xn]zz Z g[qs(xlo)’)¢(xzk)]H¢[xlj7amz]+1]
k=10=ig<i1<..<ip=n §=0
For ¢(z) = 2% we have ¢[z,y] = = + vy, ¢[z,y,2] = 1 and all higher divided
differences are zero. Thus, if ij41 —4; > 2 then @[z, ...,z ;] = 0. In the

remaining cases one has
ol 2] =4 T T Tij
(R R 7 B U B 1

and in the above summation this selects precisely the index sets I. O

if iy —ij =1
if ij+1 — ij = 2,
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EXAMPLE 7.20. For the first few terms, we have

flzo, x1] = (wo + a:l)g[x%, x%L
Fleosz1,22) = (0 + o0) (o1 + 2)gleds 3] + gl ),
Flwo, w1, 9, 23] = (w0 + 21) (21 + w2) (w2 + 23)g[ag, 7, 43, 73]

+ (22 + 23)g[xd, ¥3, 23] + (w0 + 21)g[x§, 27, ¥3).
Notes

Section 7.1. Spectral action functional

1. The spectral action principle was introduced by Chamseddine and Connes in [49), [50].

2. Note that we have put two restrictions on the fermions in the fermionic action Sy of
Definition 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 (Jv’, Do,1)) for two independent vectors 1 and 1, but instead use the same vector
1) 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 of 2, yielding a factor of 4 in total. It
is precisely this approach that solves the problem of fermion doubling pointed out in [138]
(see also the discussion in [65] Ch. 1, Sect. 16.3]). We shall discuss this in more detail in
Chapter [0 and Chapter where we calculate the fermionic action for electrodynamics
and the Standard Model, respectively.

Section 7.2. Expansions of the spectral action

3. For a complete treatment of the Laplace—Stieltjes transform, see [196].
4. Lemma [7.6| appeared as [65], Lemma 1.144].

5. Corollary is [65] Theorem 1.145]. An analysis of the term Tr \DL.J|7Z|ZZ0 therein,
including a perturbative expansion in powers of w has been obtained in [70].

6. Section is based on [178].

7. The notation (Xo, ..., Xn)t,» should not be confused with the zeta functions (Xo, ..., Xn)-
introduced in Chapter [f} However, they are related through the formula

_1)P

(Xo,- -, Xn)tn = % Tr/ e Xo(A =D 7'X, - A" (A= D?) A
™

Multiplying this expression by +*~! and integrating over ¢ eventually yields (Xo, ..., X,).

For details, we refer to [109], Appendix A].

8. For more details on Gateaux derivatives, we refer to [105]. For instance, that the
Gateaux derivative of a linear map F between Fréchet spaces is a linear map F'(z)(-) for
any ¢ € X is shown in [105] Theorem 3.2.5].

9. The expansion in Equation is asymptotic in the sense that the partial sums
ZQ;O %Sé”)(O)(w, ...,w) can be estimated to differ from Sy[w] by O(|jw|¥*1). This is
made precise in [178].

10. Theorem was proved in [I78]. A similar result was obtained in finite dimensions
in [106] and in a different setting in [I71]. Corollary was obtained at first order for

bounded operators [101].

11. There is a close connection between the spectral action, the Krein spectral shift
function [137), [128], as well as the spectral flow of Atiyah and Lusztig [9], 10}, [11]. One
way to see this is from Theorem [7.11} where we can control the asymptotic expansion of

the spectral action using the remainder terms Ry. In [I71] these terms are analyzed and
related to a spectral shift formula [137), [128] (see also the book [200] and the review [29],
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and references therein). In fact, under the assumption that f has compact support, the
first rest term Sp(w] — Séo)(O) becomes

Tr (D +w) — Tx f(D) = / F@)d(Tx Ep . (z)) - / (@)d(Tr Ep(x)),

where Ep+., and Ep are the spectral projections of D 4+ w and D, respectively. After a
partial integration, we then obtain [I71], Theorem 3.9]

() Tr f(D +w) — Tr (D) = / f(@)€ (x)de,

where

§(z) = Tr (Eptw(z) — Ep(x))
is the so-called spectral shift function. Moreover, it turns out that the higher-order rest
terms are related to higher-order spectral shift functions [126], [163].

Let us also briefly describe the intriguing connection between the spectral shift func-
tion and the local index formula of Chapter 5| In fact, [44] (using a result from [161],
Appendix B]) relates the index of PuP which appears in the odd local index formula (The-
orem|[5.21)) to the spectral flow sf({ D+ }) of the family D; = (1—t) D+tuDu* = D-+tu[D,u"]
for 0 <t < 1. Roughly speaking, the spectral flow of such a family of operators is given
by the net number of eigenvalues of D; that pass through 0 in the positive direction when
t runs from 0 to 1. One then has

index PuP = Sf({Dt}tE[O,l])~

The connection between spectral flow and the spectral shift function was first hinted at
in [I54] and has been worked out in [16, [I5]. Essentially, these latter papers build on
the observation that the spectral flow from Dy — x to D; — x for any real number z is
equal to the spectral shift function &(x) defined above in terms of the spectral projections
of Dy and D;. Note that for a path connecting D and the unitarily equivalent operator
uDu™ the spectral shift function is a constant. In fact, since D and uDu* have identical
spectrum, the left-hand side of vanishes. Integration by parts on the right-hand side
then ensures that £ is constant (and in fact equal to the above index).

Eventually, a careful analysis of the spectral flow [46] (and [47] for the even case)
allows one to prove the local index formula in the much more general setting of semi-finite
spectral triples [44], [25), [43], [45].

Another encounter of spectral shift and spectral flow is in the computation of the
index of the operator d/dt + A(t) with A(t) a suitable family of perturbations (¢ € R).
In fact, they were the operators studied by Atiyah, Patodi and Singer in [9], 10}, [11].
The index of d/dt + A(t) can be expressed in terms of the spectral flow of A(t) under the
assumptions that A(£o00) is boundedly invertible, and that A(t) has discrete spectrum for
all t € R. We refer to [96] for a careful historical account, and the extension of this result
to relatively trace class perturbations A(t).

12. Proposition is due to Hermite [107].

13. The chain rule for divided differences is proved in [92]. For Cauchy’s formula for
divided differences, we refer to [78 Ch. L.1].
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CHAPTER 8

Almost-commutative manifolds and gauge theories

In this chapter we analyze the gauge theories corresponding (in the sense
of Chapter @ to a special class of noncommutative manifolds, to wit almost-
commutative, or AC manifolds. We will see that this class leads to the usual
gauge theories in physics. After identifying the gauge group, the gauge
fields and the scalar fields, we compute the spectral action that yields the
Lagrangian of physical interest.

8.1. Gauge symmetries of AC manifolds

We consider almost-commutative manifolds M x I’ that are the products
of a Riemannian spin manifold M with a finite noncommutative space F'.

As such, these are reminiscent of the original Kaluza—Klein theories
where one considers the product M x S'. The crucial difference is that
the space F' is finite so that no extra dimensions appear, while it can have
non-trivial (noncommutative) structure.

DEFINITION 8.1. Let M be a Riemannian spin manifold with canonical
triple (C°(M), L*(S), Dar; Jar, var), and let (Ap, Hp, Dp; Jp,vr) be a fi-
nite real spectral triple. The almost-commutative manifold M x F is given
by the real spectral triple:

MxF = (C*(M, Ap), LQ(S®(MXHF))7 Dy@1+ym@Dr; JM@Jp, YMEVF).

Recall the definition of the gauge group of a real spectral triple (cf.
Definition . In the case of AC manifolds, it is given by
S(M x F):={uJuJ ' :u e C®(M,U(AF))},
with J = Jy®Jp. Here we have identified U(C> (M, Ar)) = C*(M,U(AF)).
For the Lie algebra of the gauge group we have
g(M x F):={X+JXJ " : X € C®°(M,u(Ar))}.

In the same way, we also obtain the groups &(M) and &(F'). For the
canonical triple on the spin manifold M, we have seen in Example that
C*®(M),, = C°°(M), which means that the group &(M) is just the trivial
group. For the finite space F', we obtain the local gauge group &(F'). Let
us have a closer look at the structure of this local gauge group. We define
two subsets of Ap by

(8.1.1a) H(F) =U((Ap)1p),
(8.1.1Db) b(F) :==u((Ap)J.)-

Note that the group $(F') is the counterpart for the finite space F of the
group U(A;) in Proposition and h(F) is its Lie algebra.
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PROPOSITION 8.2. Let M be simply connected. Then the gauge group
&(M x F) of an almost-commutative manifold is given by C°(M,B(F)),
where &(F) = U(Ar)/H(F) is the gauge group of the finite space. Conse-
quently, the gauge Lie algebra g(M x F') is given by C*°(M,g(F)), where
o(F) = u(Ar) /b(F).

PRrROOF. This follows from Propositions [6.5] and combined with the
fact that for the algebra A = C°°(M, Ap) we have U(A) ~ C>°(M,U(AF)),
while U(Aj) = C®°(M,$H(F)). The quotient of the latter two groups is
isomorphic to C*°(M, &(F)) if the following homomorphism

C=(MU(AF)) = CF(M,U(AF)/H(F))

is surjective. This happens when M is simply connected, as in that case
there exists a global lift from U(Ar)/$H(F) to U(AFr) (see Note |4 on Page
125)). O

This is in concordance with the picture derived in Section [6.3] where
the gauge group acts fiberwise on a C*-bundle. Namely, in the case of an
almost-commutative manifold we have a globally trivial C*-bundle M x Ap
for which A are the (smooth) sections. Since &(M x F) ~ C*°(M,&(F)),
the gauge group is given by sections of the group bundle M x &(F), which
then naturally acts fiberwise on the C*-bundle M x Ap.

Combined with the outer automorphisms on C*° (M), we arrive at the
full symmetry group of an almost-commutative manifold M x F as a semi-
direct product, where the ‘internal symmetries’ are given by the gauge group
& (M x F). Furthermore, we also still have invariance under the group of
diffeomorphisms Diff(M), as in Example There exists a group homo-
morphism 6: Diff(M) — Aut (6(M x F)) given by

0($)U :=TUoo,

for ¢ € Diff(M) and U € &(M x F'). Hence, we can describe the full
symmetry group by the semi-direct product

& (M x F) x Diff(M).

8.1.1. Unimodularity. Suppose that Ag is a complex unital x-algebra,
conform Definition [2.1] This algebra has a unit 1, and by complex linearity
we see that C1 C (Ap)j,.. Restricting to unitary elements, we then find
that U(1) is a subgroup of H(F). Because $H(F) is commutative, U(1) is
then automatically a normal subgroup of H(F').

If, on the other hand, Ar is a real algebra, we can only say that R1 C
(AF)Jjp. Restricting to unitary (i.e. in this case orthogonal) elements, we
then only obtain the insight that {1, —1} is a normal subgroup of H(F).

PRrROPOSITION 8.3. If Ap is a complex algebra, the gauge group is iso-
morphic to

&(F) ~ SU(AFR)/SH(F),
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where

SU(AF) :={g € U(AF) | det g,g = 1},
SH(F) := SU(Ar) N H(F).
In this case the gauge algebra is
g(F) = su(Ar)/sh(F),
with

su(AF) = {X S Ll(AF) | TI“HF X = 0},
Sh(F) = SIJ.(AF) Nhg.

PROOF. Elements of the quotient &(F') = U(AFr)/$H(F) are given by the
equivalence classes [u]| for u € U(AFr), subject to the equivalence relation
[u] = [uh] for all h € $H(F'). Similarly, the quotient SU(Ar)/SH(F') consists
of classes [v] for v € SU(AF), with the equivalence relation [v] = [vg] for
all g € SH(F). We first show that this quotient is well defined, i.e. that
SH(F) is a normal subgroup of SU(Ap). For this we need to check that
vgv~t € SH(F) for all v € SU(AF) and g € SH(F). We already know that
vgu~! € H(F), because H(F) is a normal subgroup of U(Ar). We then also
see that dety,. (vgv~!) = dety, g = 1, so vgv~! € SH(F), and the quotient
SU(AFR)/SH(F) is indeed well defined.

As to for the claimed isomorphism, consider the map ¢ : U(Ap) —
SU(AF)/SH(F') given by

p(u) = [AU_IUL

where \, € U(1) is an element in U(1) such that A\, = detu, where N is
the dimension of the finite-dimensional Hilbert space Hp.

Since U(1) is a subgroup of U(Afr) (because we assume Ap to be a
complex algebra), we see that indeed A\, 'u € SU(AF). Let us also check
that ¢ does not depend on the choice of the N’th root A, of detu we take.
Suppose A, is such that X, = detu. We then must have A, ', € puy,
where py is the multiplicative group of the N’th roots of unity. Since
U(1) is a subgroup of H(F), we see that py is a subgroup of SH(F), so
A M) = [N, '], and hence the image of ¢ is indeed independent of the
choice of \,.

Next, since SU(Ar) C U(AF), the homomorphism ¢ is clearly surjective.
We determine its kernel:

ker o = {u € U(AF) : Mlu e HF)} ~{uclU(Ar) :ueH(F)}=H(F),
since A, € H(F). O
The significance of Proposition [8.3]is that in the case of a complex al-
gebra with a complex representation, equivalence classes of the quotient
&(F) =U(Ap)/H(F) can always be represented (though not uniquely) by

elements of SU(AF). In that sense, all elements g € &(F) naturally satisfy
the so-called unimodularity condition, i.e. they satisfy

det Hr9 = 1.
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In the case of an algebra with a real representation, this is not true and it is
natural to impose the unimodularity condition for such representations by
hand. We will see later in Chapter how this works in the derivation of
the Standard Model from noncommutative geometry.

EXAMPLE 8.4. Define the so-called Yang—Mills finite spectral triple
(cf. Example
FYM = (MN(C)aMN(C)aD = 0; JF = (')*y’YF = 1)-

One easily checks that the commutative subalgebra (Ar)y, is given by Cly.
The group $H(F) of unitary elements of this subalgebra is then equal to the
group U(1)Iy. Note that in this case H(F) is equal to the subgroup U(Z(AFr))
of U(N) that commutes with the algebra My (C). We thus obtain that the
gauge group is giwen by the quotient &(Fy,) = U(N)/U(1) =: PU(N),
which by FExample 1s equal to the group of inner automorphisms of
Mn(C). As in Proposition|8.3, this group can also be written as SU(N)/un,
where the multiplicative group uy of N ’th roots of unity is the center of
SU(N). The Lie algebra g(Fy,) consists of the traceless anti-hermitian
matrices, i.e. it is su(N).

The almost-commutative manifold M X Fy,, will be referred to as the
Yang—Mills manifold. By Proposition [8.3, in the simply connected case
the global gauge group &(M x Fy,,) is given by maps C*>°(M,PU(N)), or,
equivalently, by the space of smooth sections of the trivial group bundle M x
PU(N).

EXERCISE 8.1. In the context of the above example, check that indeed:

(1) the commutative subalgebra My (C), ~ Cly,
(2) SH(F) = un, the multiplicative group of N ’th roots of unity.

Ezxplain the difference with the case of My (R).

8.2. Gauge fields and scalar fields

Let us apply the discussion in Section [6.2] on Morita self-equivalences to
the almost-commutative manifold M x F' and see what the corresponding
gauge fields look like. For convenience, we restrict ourselves to simply con-
nected manifolds M of dimension dim M = 4 and F of even KO-dimension
so that € = 1 in Table this is sufficient for the physical applications
later on.

Thus, we determine Qk(A) for almost-commutative manifolds, much as
in Exercise @ The Dirac operator D = Dy ® 1+ vy ® Dp consists of two
terms, and hence we can also split the inner fluctuation w = a[D, b] into two
terms. The first term is given by

(8.2.1) alDy ® 1,b] = —iy" @ adyb =: 4" @ A,
where A, := —iad,b € i A must be hermitianﬂ The second term yields
(8.2.2) alym ® Dp,b]l = ym ® a[Dp,b] =: vy @ ¢,

INote that iA = A for complex algebras only.
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for hermitian ¢ := a[Dp, b]. Thus, the inner fluctuations of an even almost-
commutative manifold M x F' take the form

(8.2.3) w=®AL+v7u ® &,

for certain hermitian operators A, € iA and ¢ € F(End(V)), where V' is
the trivial vector bundle V = M x Hp.

The ‘fluctuated’ Dirac operator is given by D, = D +w + €/ JwJ ! (cf.
Section above), for which we calculate
(824) YA, +€Iy® AMJ_1 =" ® (Au — JFAngl) =" ® By,
which defines B, € I'(End(V)), and where we have used that J MY Ty =
—~* in dimension 4. Note that if V¥ denotes the twisted connection on the
tensor product bundle £ := SQ® V, i.e.

VE=Vi®1+il® B,
we see that we can rewrite
Dy ® 1+9"® By, = —iy"V}.

For the remainder of the fluctuated Dirac operator, we define ® € I'( End(E))
by
(8.2.5) ®:=Dp+é+ JrpJpt.

The fluctuated Dirac operator of a real even AC-manifold then takes the
form

(826) Du=Dy®1+4* @B, +7m®@® = —iv"VE + 1y © .

In Section we obtained the local gauge group &(F') with Lie algebra
g(F). For consistency we should now check that the gauge field A, arising
from the inner fluctuation indeed corresponds to this same gauge group.

The requirement that A, is hermitian is equivalent to (i4,)* = —iA,.
Since A, is of the form —iad,b for a,b € A (see (8.2.1))), we see that iA4,, is
an element of the algebra A (also if A is only a real algebra). Thus we have
Au(x) € iu(Ap).

The only way in which A, appears in D,, is through the action of A, —
JrA,Jot. If we take Al = A, — ay for some a, € ih(F) = iu((Ar)s;)
(which commutes with Jg), we see that A:L — JFA:LJEI =A, - JFAMng.
Therefore we may without any loss of generality assume that A,(x) is an
element of the quotient ig(F) = i(u(Ar)/h(F))). Since g(F) is the Lie
algebra of the gauge group &(F'), we have therefore confirmed that

(8.2.7) A, € C*(M,ig(F))
is indeed a gauge field for the local gauge group &(F). For the field B,
found in (8.2.6), we can also write

B, =ad(A,) = A, — JpA, "
So, we conclude that B, is given by the adjoint action of a gauge field A,
for the gauge group &(F) with Lie algebra g(F).

If the finite noncommutative space F' has a grading g, the field ¢ sat-
isfies pyr = —vr¢® and the field ¢ satisfies Pyp = —ypP and ®Jp = Jp®.
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These relations follow directly from the definitions of ¢ and ® and the com-
mutation relations for D according to Definition

Using the cyclic property of the trace, it is easy to see that the traces of
the fields B, ¢ and ® over the finite-dimensional Hilbert space Hr vanish
identically: for B, we find

Tep,. (By) = Trny (A = JrAJp') = Teg, (A — AuJp ' Jrp) =0,
whereas for the field ¢ we find

Try, (qS) = Try, (a[DF,bD =Try, ([b, a]DF).

Since the grading commutes with the elements in the algebra and anti-
commutes with the Dirac operator, it follows that this latter trace also
vanishes. It then automatically follows that ® = Dp + ¢ + JngSJ;l is
traceless too.

EXAMPLE 8.5. For the Yang—Mills manifold M x Fyy; of Example[8.7) the
inner fluctuations take the form w = y* ® A, for some traceless hermitian
field A, = A}, € C®°(M,isu(N)). Since JrAuJptm = mA, for m €
Mn(C), we see that for the field B, = A, — JFAHng we obtain the action

m — Bym = A,m —mA, =[A,,m] = (ad A,)m.
Thus A,, is a PU(N) gauge field which acts on the fermions in L*(S) ®
Mn(C) in the adjoint representation.

8.2.1. Gauge transformations. Recall from Section that an ele-
ment U € B(A,H;J) acts on the inner fluctuations as a gauge transforma-
tion. In fact, the rule D,, — UD,U* with U = uJuJ ! can be implemented
by
(8.2.8) urw = w' = uwu® + ulD,u,
so that UD,U* = D, u. In physics, the resulting transformation on the
inner fluctuation w — w" will be interpreted as a gauge transformation of
the gauge field.

Note that for an element U = uJu.J ! in the gauge group & (M x F),
there is an ambiguity in the corresponding transformation of w. Namely, for
u € U(A) and h € U(Ay), we can also write U = uhJuhJ~!. Replacing u
with uh using we then obtain

W' = wwu* + u[D, u*] + h[D, h*].
However, when considering the total inner fluctuation w™* + Jw*"J~1, the
extra term h[D, h*] cancels out:
h[D,h*] + Jh|D,h*|J ' = h[D,h*] 4 [D, h]h* = [D, hh*] = 0.
Hence the transformation of D, = D + w + JwJ ! is well defined.

For an AC-manifold M x F', by (8.2.3) we have w =" ® A, + yu ® ¢
and D = —i’y“VE@l—i—’yM@DF, and, using [Vﬁ, u*] = 9,u*, we thus obtain

A, — uAu” —iudyut,
(8.2.9) ¢ — upu® + u[Dp,u"].

The first equation is precisely the gauge transformation for a gauge field
A, € C®(M,ig(F)), as desired. However, the transformation property of
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the field ¢ is a bit surprising. In the Standard Model, the Higgs field is in
the defining representation of the gauge group. The transformation for ¢
derived above, on the other hand, is in the adjoint representation. 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. Fortu-
nately, for particular choices of the finite space F', the adjoint transformation
property of ¢ reduces to that of the defining representation. The key exam-
ple of this will be discussed in Chapter where we present the derivation
of the Standard Model from an almost-commutative manifold.

8.3. The heat expansion of the spectral action

In the remainder of this chapter we shall derive an explicit formula for
the bosonic Lagrangian of an almost-commutative manifold M x F' from
the spectral action of Definition We start by calculating a general-
ized Lichnerowicz formula for the square of the fluctuated Dirac operator.
Subsequently, we show how we can use this formula to obtain an asymp-
totic expansion of the spectral action in the form of . We explicitly
calculate the coefficients in this heat kernel expansion, allowing for a
derivation of the general form of the Lagrangian for an almost-commutative
manifold.

8.3.1. A generalized Lichnerowicz formula. Suppose we have a
vector bundle ¥ — M. We say that a second-order differential operator H
is a generalized Laplacian if it is of the form H = AF — F, where AF is a
Laplacian in the sense of Definition and F € I'(End(FE)).

Our first task is to show that the fluctuated Dirac operator D, on an
almost-commutative manifold squares to a generalized Laplacian, D? =
AP — F, and then determine F. Before we prove this, let us first have
a closer look at some explicit formulas for the fluctuated Dirac operator.

Recall from ({8.2.6) that we can write

D, = —iy"VE +yy @@
for the connection Vf = VE ®1+1® (0, +iB,) on E = S®V, and
the scalar field ® € I'(End(E)). 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 Vf, ie. D, =ad (VE) In other
words, we have

(8.3.1) D,® = [V, ®] = 0,® + i[B,, ®].
We define the curvature F),, of the gauge field B, as usual by

(8.3.2) Fyy i= 8,B, — 8,B,, + i[B,, B,).
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Recall the curvature of the connection V¥ from (4.2.3)). Since in local
coordinates we have [0,,0,] = 0, we find

E _ wEvE EwE
O, =V, V), -V, V,
=(Va®1+il®B,) (V) ®1+il®B,)
— (Vi ®1+il®B,)(V, ®1+il® By)
=05, ®1+il®J,B, —il®0,B, —1®[B,, B)].
Inserting (8.3.2)), we obtain the formula
(8.3.3) Q= [VE V] =), @14il® F,.
Next, let us have a look at the commutator [D“, Dl,]. Using the defini-
tion of D,, and the Jacobi identity, we obtain
[Dy, D)@ = ad (V}]) ad (V)@ —ad (V) ad (V)@
E rvE E vk
= [VW V. ®]] - [V, V. ol
E wE E E
= [V, V], ®]] = [, ®] = ad (2,,)®.
Since Qﬁl, commutes with ®, we obtain the relation
[Dy, Dy| =iad (Fu).

Note that this relation simply reflects the fact that ad : g — End(g) is a Lie
algebra homomorphism.
In local coordinates, the Laplacian is given by

E __ v EwFE E
AY = —gh (V,V, —T7,V)).
We can then calculate the explicit formula
AV = —gt (VEV] —T*,, V)
=AS@1— g (z‘(vﬁ ®1)(1®B,) +i(1® B,)(VS®1)
~1© BB, —il",,® B,)

=A%®1-2i(1® B")(V) ®1) —ig" (1® 0,B,)

(8.3.4) +1® B,B" +ig"'T*,, ® B,.

We are now ready to prove that the fluctuated Dirac operator D, of an
almost-commutative manifold satisfies the following generalized Lichnerow-
icz formula or Weitzenbock formula. First, for the canonical Dirac operator
Dy on a compact Riemannian spin manifold M, recall the Lichnerowicz

formula of Theorem 4.2k

1

(8.3.5) D3 =A%+ 5

where AS is the Laplacian of the spin connection V¥, and s is the scalar
curvature of M.

ProposiTION 8.6. The square of the fluctuated Dirac operator on an

almost-commutative manifold is a generalized Laplacian of the form

D, =AF - F,

NCG and Particle Physics, W.D. van Suijlekom



117 8.3. THE HEAT EXPANSION OF THE SPECTRAL ACTION

where the endomorphism F' is given by
1 1
(8.3.6) F=—7s501-1 P2 + 52’7“7” ® Fy — iyuy" @ D, @,
in which D, and F),, are defined in (8.3.1) and (8.3.2), respectively.
PRrROOF. Rewriting the formula for D,,, we have
D= (Dy ® 149" ® B, +yu @ ®)?
=D} @1+ @ B,B, +1© 32+ (Dyy* ©1)(1 © By)
+ (1@ Bu)(v'Dy @ 1)+ (Dy @ 1)(vm @ ) + (ym ® ©)(Dyn © 1)
+ (" @ Bu)(vm @ @) + (v ® @) (7" © By).

For the first term we use the Lichnerowicz formula of (8.3.5). We rewrite
the second term into

1
77" ® BuBy = 57" © (BuBy + By By + [By, By])

1
=1® B,B" + 5’7“7” ® [By, By,

where we have used the Clifford relation (4.2.2)) to obtain the second equality.
For the fourth and fifth terms we use the local formula Dy, = —iv’V5 to
obtain

(Dyy* @ 1)(1® By) + (1@ By)(v" Dy @ 1)
= —(i7"Viy" @ 1)(1® B,) — (1® B,)(v"i7"V, ® 1).

Using the identity [V5,c(a)] = ¢(V,a) for the spin connection, we find
Vi ®1,(v*®1)(1® By)] = ¢(V,(dz" @ B,)). We thus obtain

Dy o1)(1® By) + (1® B,)(Y*Dy ® 1)
= —i(v" ® 1)e(V, (da" @ B))
— (Y @ 1)(1@ B,)(V) ®1) —i(1@ B,)(v*7'V; ® 1)
= —i(y" ® 1)c(da* @ (9,B,) — I*,,da" @ B,) — 2i(1® B¥)(V) @ 1)
= —i(y"4" ® 1) (1 ©0,B, —T7,,® Bp) —2i(1® BY)(VS 1)
= —i(y"y* @ 1)(1 ® 8, B,,) + ig"’T*,, ® B, — 2i(1 ® B)(Vy ® 1).
The sixth and seventh terms are rewritten into
Dy @) @®) + (ymw @®)(Dy ®1) = —(ymw ®1)[Dy © 1,10 9|
= (ym ® D) (i7" ® 9,@) = iymy" ® 0, P.
The eighth and ninth terms are rewritten as
(7" @ Bu)(vym ® @) + (vm @ @) (7" @ By) = —ymuy" @ [By, .
Summing all these terms then yields the formula
is) ®1+ (1® B,B")+ %VW’ ® [Bu, B)]
+1® 9 —i(v'y* ©1)(1® 8,B,) + ig"'T*,, ® B,
—2i(1® B")(V) ® 1) + ivuy" ® 9,@ — yuy" @ [By, ).

D, = (A% +
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Inserting the formula for A from (8.3.4), we obtain

1 1
Dw2 = AE + ZS ®1+ 5')’“’)/1/ & [B,ua Bl/]

+12 0% —i(y"y* ®1)(1 ® d,B,) +ig" (1 ® 0,B,)
+ iy © 0u® — yuy" @ [By, 9.
Using (8.3.2)), we rewrite
—i(y"v* ®1)(1® 0,By) +ig"” (1 ® 0,By)
. 1.
=—i(Y"" @ 1)(1 ® 8,Bu) + 5i(y*7" +7"7") ® (8.By)
1. 1.
= —51"" ® (0uBy) + 51" ® (9uBy)
1., 1,
= =5 ® Fu = 57" © [By, Bul.
Using (8.3.1)), we finally obtain
D2 = AP+ e 14108 - Lighy? @ Fu + iyy? © Dy
w = +15® +1® _51’7')/@ w TUYMYT Q@ Dy,
from which we can read off formula (8.3.6) for F'. O
8.3.2. The heat expansion. Below, we present two important the-
orems (without proof) which we will need to calculate the spectral action
of almost-commutative manifolds. The first of these theorems states that
there exists a heat expansion for a generalized Laplacian. The second the-
orem gives explicit formulas for the first three non-zero coefficients of this
expansion. Next, we will show how these theorems can be applied to obtain

a perturbative expansion of the spectral action for an almost-commutative
manifold, just as in Proposition [7.7]

THEOREM 8.7. For a generalized Laplacian H = A¥ — F on E we have
the following asymptotic expansion as t — 0, known as the heat expansion:

(8.3.7) Tr () ~ St  an(H),

k>0

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

(8.3.8) ar(H) = /M ar(z, H)\/gd*z,

where \/§d4x denotes the Riemannian volume form. The coefficients ay(x, H)
are called the Seeley-DeWitt coefficients.

PROOF. See Note [6] on Page O
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THEOREM 8.8. For a generalized Laplacian H = A¥ —F (as in Theorem
, the Seeley-DeWitt coefficients are given by

ao(z, H) = (47)~ 2 Tr(id),
as(z, H) = (47)"2 Tr (% + F) ,

. 1
as(z, H) = (47)"2 T (—12As +55° — 2R, R + 2R, pe R"P°
+ 60sF + 180F” — 60AF + 3092, (7)),

where this time the traces are taken over the fibre E,.. Here s is the scalar
curvature of the Levi-Civita connection V, A is the scalar Laplacian, and
QOF is the curvature of the connection VE corresponding to A¥. All ay(x, H)
with odd k vanish.

PROOF. See Note [6] on Page [126] O

We saw in Proposition that the square of the fluctuated Dirac opera-
tor of an almost-commutative manifold is a generalized Laplacian. Applying
Theorem [8.7| to D,,? in dimension n = 4 then yields the heat expansion:

(8.3.9) Tr (e—tDw2> ~ 3 ¢ (D),
k>0

where the Seeley-DeWitt coefficients are given by Theorem In the fol-
lowing proposition, we use this heat expansion for D,? to obtain an expan-
sion of the spectral action.

PROPOSITION 8.9. For an almost-commutative manifold M x F with
M of dimension 4, the spectral action given by (7.1.1) can be expanded
asymptotically (as A — o00) as

Tr <f<’i\“>> ~ as(Dy,?) f(0)+2 Z fakA*Fay(D?) %4“0(/\71)7
%§k<4 F(T)

where fj = [° f(v)vI" dv are the moments of the function f, j > 0.

PROOF. Our proof is based on Proposition [7.7} Let g be the function
g(u?) = f(u), so that its Laplace-Stieltjes transform

o0
o) = [ auts).
We can then formally write
oD = [ et
We now take the trace and use the heat expansion of D,? to obtain

Tr (9(tD,2)) = /0 T (e dpu(s) ~ /0 TS () an(Du)du(s)

k>0

(8.3.10) =37 (D) /Ooo s" du(s).

k>0
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The parameter ¢t is considered to be a formal expansion parameter. From
here on, we will drop the terms with k£ > 4. The term with k£ = 4 equals

(D2 [ Lduls) = an(D.Ag(0),
0

We can rewrite the terms with k < 4 using the definition of the I'-function
as the analytic continuation of

(8.3.11) F(z):/ r* e " dr,
0

for z € C with R(z) > 0, and by inserting r = sv, we see that (for k < 4)
we have

4—k 0 - Lk [0 4
F(7> = / (sv)%fleﬂ”d(sv) =57 / v e .
2 0 0
From this, we obtain an expression for s%, which we insert into equation
(8.3.10)), and then we perform the integration over s to obtain
Tr (g(tDw2)) ~ a4(Dw2)f(0)

k—4
+ t 2 ap(D,?)
0<k<4

4—k

1 oo
W/o v 2 lg(v)dv +O(ATY).

Now we choose the function g such that g(u?) = f(u). We rewrite the
integration over v by substituting v = u? and obtain

- ! _ X a-k—2 2 2y _ R
/0 v g(v)dv /0 u g(u”)d(u®) 2/0 u f(u)du,

which by definition equals 2f,_;. Upon writing t = A~2, we have modulo
AL,

Doy _ —27 2
Tr <f<A>> =Tr (9(A™*D,?))
1
~ as(Dy,?) f(0) + 2 Z faokh*Far (D) (k) +O(A™).
0<k<4 (%)
Using ax(D,?) = 0 for odd k, the claim follows. O

8.4. The spectral action on AC manifolds

In the previous section we obtained a perturbative expansion of the spec-
tral action for an almost-commutative manifold. We now explicitly calcu-
late the coefficients in this expansion, first for the canonical triple (yielding
the (Euclidean) Einstein-Hilbert action of General Relativity) for a four-
dimensional Riemannian spin manifold M and then for a general almost-
commutative manifold M x F.

By Proposition [8.9 we have an asymptotic expansion as A — co:
(8.4.1)

Tr (f(%)) ~ 2fsN ag(Dy?) + 2f2A%as(Dy?) + f(0)as(Dy,?) + O(A™H).
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PROPOSITION 8.10. For the canonical triple (C*(M), L*(S), Dy), the
spectral action is given by:

D
(8.4.2) Tr <f</{”)> ~ /M Lo (gu)V/gd e + O(A),
where the Lagrangian is defined by
_ faAt A f0) 1 A
Eatlguw) =50 = Gas + 167r2<30 360

Here the Weyl tensor Cuups 15 given by the traceless part of the Riemann
curvature tensor, so that

1
A5 = 55 ChurpoCM77 + R'R).

1
(8.4.3) CluvpeCH'P7 = Rype R*P7 — 2R, c R"7 + 552,

and R* is related to the Pontryagin class:
(8.4.4) R*R* = s* — 4R, R" + Ry,0 R""°.

PROOF. We have n = 4, and Tr(id) = dim S, = 4 where S, is the fiber
of S at some z € M. Inserting this into Theorem [8.§] gives

1
CLD(D?w) = m /M \/§d4$

From the Lichnerowicz formula (8.3.5)) we see that F' = —is id, so

1
az(D?)) = R /M sy/gd*z.

Moreover,
5
55%id + 60sF + 180F? = Zs2id.
Inserting this into as(D?,) gives

) 11

_ 5, ”
a4<DM) = 16?% /M Tr (BAS id + 13 id 2R/ﬂ/R id

+ 2R 00 R*P7id + 3095, 0°") /gd .

The curvature Q° of the spin connection is defined as in (#.2.3)), and its
components are QE,, = 025(d,,0,). The spin curvature Q° is related to the
Riemannian curvature tensor by (see Note [7| on Page [126)),

]' g
(8.4.5) ), = 1 Bwrpor™”

We use this as well as the trace identity
Tr(y'y"7"y7) = 4(9" 9" = ¢"79"" + 9" 4"")

to calculate the last term of as(D?,):

1
Tr (€, ) = 16 oo B3 Tr(57 VM)

1 1
(8.4.6) = 1 Bupo B\, (9779 = 97" + ¢79%) = — 5 Rywpe R
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where the first term in the second line vanishes because of the antisymmetry
of R,y in p and o, and the other two terms contribute equally. We thus
obtain

(8.4.7)
11
DY) = ——=—
a4(DM) = 1622360 /.,

We rewrite this into a more convenient form, using (8.4.3) and (8.4.4), which
together yield:

(12A5 4 55> — 8R, RM — TRyupe R*P7) \/gd x.

1 11

— —C,yp e CHVP° R*R*
20 H¥PT + 360
1 1 1,
= _%R#VPURHWM + ERVURVU - @5
11 44 11
7R R,uzzpa o 7R RZ/O' T L2
* 360 ree 360 ot T 360°
1
= %( — TRyupoe R*"° — 8RR, R* + 55%).

Therefore, we may rewrite (8.4.7)) so as to obtain

1 1 1 11
as(D2,) /M (5585 = 55 Charp O + o R ) Jgd 'z,

T 1672 Jy \307 20 360
Inserting the obtained formulas for ag(D?,), a2(D3%,) and as(D?;) into (8.4.1])
proves the proposition. O

REMARK 8.11. In general, an expression of the form
as® + bR, R + CRuupaRW/paa

for certain constants a,b,c € R, can always be rewritten in the form as® +
BCuwpsCHP7 +yR*R*, for new constants o, 3,y € R. One should note here
that the term s® is not present in the spectral action of the canonical triple
as calculated in Proposition [8.10. The only higher-order gravitational term
that arises is the conformal gravity term C,,,6CH*P7.

Note that alternatively, using only , we could also have written

11 (
167230 Jy

The integral over As only yields a boundary term, so if the manifold M is
compact without boundary, we can discard the term with As. Furthermore,

for a 4-dimensional compact orientable manifold M without boundary, we
have the formula

7
as(D3;) As+ 5% — 3R, R — ER*R*)\/ﬁd‘*:c.

/ R*R*\/gdx = 87*x(M),
M

where x (M) is Euler characteristic. Hence the term with R*R* only yields
a topological contribution to the action, which we will also disregard. From
here on, we will therefore consider the Lagrangian

_ LAY BAY f(0)
(8.4.8) Larlgw) =5 5 = 5125~ 390.2

NCG and Particle Physics, W.D. van Suijlekom

vV po
Clupoe CHP°,




123 8.4. THE SPECTRAL ACTION ON AC MANIFOLDS

or, which is the same,

A, ) = _
(8.4.9) Enlgw) = 5 5 = 503%™+ 502

PROPOSITION 8.12. The spectral action of the fluctuated Dirac operator
of an almost-commutative manifold with dim M = 4 is given by

Tr (f(li“’)) ~ /M L(gus B, ®)/gd*z + O(A™),

f4A4 f2A2 f(O) <S2 o 3RMVR,LL1/) ]

where
ﬁ(g;wa Bua ‘b) = NﬁM(guu) + £B(Bu) + E(;S(g;w» Bm (I))-

Here Lp(gu) is defined in Proposition N is the dimension of the
finite-dimensional Hilbert space Hp, and Lp gives the kinetic term of the
gauge field as

0
Lp(B,) = 54(772 Tr(Fu, F*),

and Ly gives a scalar-field Lagrangian including its interactions plus a bound-
ary term as

(8.4.10)
2
g B @) = o (@) 5 {5 @) + A (@)
0 0
10 @) + L9 (0,01 000)

PROOF. The proof is very similar to Proposition but we now use
the formula for D,? given by Proposition The trace over the Hilbert
space Hp yields an overall factor N := Tr(1p, ), so we have

ao(Dy?) = Nag(D3)).

The square of the Dirac operator now contains three extra terms. The trace
of ypsv* vanishes, which follows from cyclicity of the trace and the fact that

YY" = —y*var. Since Tr(y#4") = 4¢"” and F),, is anti-symmetric, the
trace of y#+"F},, also vanishes. Thus we find that
as(Dy,?) = Nag(D3;) — / Tr(®?),/gd" .

Furthermore we obtain several new terms from the formula for as(D.?).
First, we calculate

1 1 )
%Tr(ﬁ)sF) =—5S (Ns+4Tr(9%)) .

The next contribution arises from the trace over F2, which equals

1 1
F2 = 1753 R1+1@ 0% - 1 @ Fu o

1
+ vy ® (D,®)(D,P) + 28 ® ®% + traceless terms.
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Taking the trace then yields

% Tr(180F?) = %52 + 2 Tr(®*) 4 Tr(F,, F™)
+2Tr ((D,®)(D"®)) + s Tr(®?).

Another contribution arises from —AF. Again, we can simply ignore the
traceless terms and obtain

1 1 )
360 Tr(—60AF) = EA (Ns+4Tr(9%)).

The final contribution comes from the term QEVQE“ ” where the curvature
QF is given by (8.3.3)); we obtain

Qb =0f 0 @1 - 1@ F, " + 2iQ0, @ F*.
Using (8.4.5)), by the anti-symmetry of R,y we find

1 | o
Tr(Qi,,) - ZRPUW Tr(v#77) = ZRPUng =0,

so the trace over the cross-terms in QEVQE *” vvanishes. From (8.4.6) we then
obtain

1 v 1 ( N
360 Tr(300%, Q") = 3 <—2RWPUR“VP" - 4Tr(FWF‘“’)> :

Gathering all terms, we obtain

11
as(z, D) = (@2 360 ( — 48N As + 20N s> — 8N R,,, R
+ 8N Ry pe R — 60s (Ns + 4 Tr(0?))
N
+ 360 <832 + 2 Tr(®*) + Tr(F,, F*)
+2Tr ((D,®)(D"®)) + s Tr(<I>2)>
+ 60A (Ns+4Tr(®?%))
N HVPT L ATy (F,, FHY
= 30 ( 5 Ruwpo R + 4 Te(Fyy F1)
L L (oNAs+5NS? — 8NR,, R™
= —_— S S — v
(47)2 360 K

— TN Ry po RMP7 + 1205 Tr(D?)

+ 360 <2 Tr(®%) + 2 Tr ((D#<I>)(D“‘I>))>

+ 240A (Tr(®?)) + 240 Tr(FWFW)> .
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Comparing the first line of the second equality to (8.4.7)), we see that

1 1

1
ay(x, D,%) = Nay(x, D3;) + w2\ 198 Tr(®?) + 5 Tr(®%)

+ %Tr ((D,®)(D"®)) + %A (Tr(®?)) + éTr(FWF“”)

Inserting these Seeley-DeWitt coeflicients into (8.4.1)) proves the proposition.
O

Note that the above Lagrangian is indeed gauge invariant. This is of
course a consequence of the manifest gauge invariance of the spectral action,
which follows from the invariance of the spectrum under unitary transfor-
mations.

EXAMPLE 8.13. Let us return to the Yang—Mills manifold M x Fyn of
Examples and [8.8.  We have already seen that the inner fluctuations
are parametrized by a PU(N) gauge field A,, which acts in the adjoint
representation B, = ad A, on the fermions. There is no scalar field ¢ and
® = Dp = 0. We can insert these fields into the result of Proposition[8.19
The dimension of the Hilbert space Hp = My(C) is N2. We then find that
the Lagrangian of the Yang—Mills manifold is given by

0
Here Ly, is the Yang—Mills Lagrangian given by

Ly (By) = Tr(F, F*"),

where F,,, denotes the curvature of B,.

Notes

Section 8.1. Gauge symmetries of AC manifolds

1. Kaluza—Klein theories date back to [119, 125].

2. The name almost-commutative manifolds was coined in [114], suggesting that the non-
commutativity is mild since it is simply given by the matrix product in A, pointwise on
M. Almost-commutative manifolds essentially already appeared in [59], and somewhat
later in the work of Connes and Lott [7I]. Around the same time, a similar structure
appeared in a series of papers by Dubois-Violette, Kerner and Madore [79), 80}, [81], [82],
who studied the noncommutative differential geometry for the algebra of functions ten-
sored with a matrix algebra, and its relevance to the description of gauge and scalar
Higgs fields. Almost-commutative manifolds were later used by Chamseddine and Connes
[49], [50], and by Chamseddine, Connes and Marcolli in [64] to geometrically describe
Yang—Mills theories and the Standard Model of elementary particles, as we will see in the
next chapters. We here base our treatment on [186].

3. We can regard C*° (M, Ar) as the space of smooth sections of a globally trivial x-algebra
bundle M x Ar. The natural question whether the above definition can be extended to the
topologically non-trivial case is addressed in [40), [41],[34]. The special case of topologically
non-trivial Yang—Mills theories is treated in [35] and in the next Chapter.

4. In the proof of Proposition [§.2] we have exploited a lift of group bundles, which exists if
the manifold is simply connected. We refer to [34] for a careful discussion on this point.

Section 8.3. The heat expansion of the spectral action
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5. For more details on generalized Laplacians we refer to [27], Sect. 2.1].

6. Theorem [8.7]is proved by Gilkey in [L00} Sect. 1.7]. Theorem [8.8can be found as [100),
Theorem 4.8.16]. For a more physicist-friendly approach, we refer to [191]. Note that the
conventions used by Gilkey for the Riemannian curvature R are such that ¢"”¢”? R, 0
is negative for a sphere, in contrast to our own conventions. Therefore we have replaced
s =—R.

7. The relation is derived in [103} p.395].

8. The derivation of Yang-Mills gauge theory from a noncommutative spin manifold as
in Example is due to Chamseddine and Connes in [49), 50].
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CHAPTER 9

The noncommutative geometry of electrodynamics

In the previous chapters we have described the general framework for
the description of gauge theories in terms of noncommutative manifolds.
The present chapter serves two purposes. First, we describe abelian gauge
theories within the framework of noncommutative geometry, which at first
sight appears to be a contradictio in terminis. Second, in Section [9.2] we
show how this example can be modified to provide a description of one of
the simplest examples of a field theory in physics, namely electrodynamics.
Because of its simplicity, it helps in gaining an understanding of the formu-
lation of gauge theories in terms of almost-commutative manifolds, and as
such it provides a first stepping stone towards the derivation of the Standard
Model from noncommutative geometry in Chapter

9.1. The two-point space

In this section we discuss one of the simplest finite noncommutative
spaces, namely the two-point space X = {z,y}. Recall from Chapters[2|and
[3] that such a space can be described by an even finite real spectral triple:

(9.1.1) Fx = (C(X)=C? Hp,Dp; Jr,7F) .

As we require the action of C'(X) on the finite-dimensional Hilbert space
Hp to be faithful, Hr must at least be 2-dimensional. For now we restrict
ourselves to the simplest case, taking Hr = C2. We use the Zo-grading vr
to decompose Hp = H;r ® H, = CeC into the two eigenspaces Hﬁf ={y e
Hp | yrp = £9¢}. The action of C(X) on Hp respects this decomposition,
whereas Dp interchanges the two subspaces Hfﬁ, say

0t
for some t € C.

PROPOSITION 9.1. The finite space Fx of (9.1.1) can only have a real
structure Jp if Dp = 0. In that case, its KO-dimension is 0,2 or 6.

PRroOOF. The diagonal representation of the algebra C®C on CHC gives
rise to one of the following two Krajewski diagrams (c¢f. Example |3.13):
11 11
1° ] 1° O
1° O 1° o
As a Dirac operator Dp that fulfills the first-order condition (for ar-

bitrary Jr) should connect nodes either vertically or horizontally, we find
that Dp = 0.
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The diagram on the left corresponds to KO-dimension 2 and 6, while the
diagram on the right corresponds to KO-dimension 0 and 4. KO-dimension 4
is ruled out because of Lemma combined with the fact that dim H 25 =1,
which does not allow for a Jp with J}% = —1. O

9.1.1. The product space. Let M be a compact 4-dimensional Rie-
mannian spin manifold. We now consider the almost-commutative manifold
M x Fx given by the product of M with the even finite space Fx correspond-
ing to the two-point space . Thus we consider the almost-commutative
manifold given by the data

M x Fy 1= (C%(M,C2), L3(8) ® C%, Dy @ 13 Jys @ J, 1 @ 7r )

where we still need to make a choice for Jp. The algebra of this almost-
commutative manifold is given by C°°(M,C?) ~ C®(M) & C>*(M). By
Gelfand duality (Theorem |4.28) this algebra corresponds to the space

N=MxX~MUM,

which consists of the disjoint union of two copies of the space M, so we
can write C®°(N) = C*°(M) @ C*>°(M). We can also decompose the total
Hilbert space as H = L%(S) @ L?(S). For a,b € C*®°(M) and 1, ¢ € L*(S),
an element (a,b) € C°°(N) then simply acts on (¢, ¢) € H as (a,b) (¢, p) =
(at), bo).

REMARK 9.2. Let us consider Connes’ distance formula (cf. Note on
Page @) on M x Fx. First, as in (2.2.2), on the structure space X of Ap

we may write a metric by:
dpy(z,y) = sup {la(z) —a(y)|: a € Ap, [[Dp,d]l| <1}.

Note that now we only have two distinct points x and y in the space X,
and we are going calculate the distance between these points. An element
a € C2 = O(X) is specified by two complex numbers a(x) and a(y), so a
small computation of the commutator with D gives

Drva] = () —at) ().

The norm of this commutator is given by |a(y) — a(x)||t|, so |[DF,all| <1
implies |a(y) —a(x)| < ﬁ We therefore obtain that the distance between the
two points x and y is given by

1
If there is a real structure Jp, we have t = 0 by Proposition so in that
case the distance between the two points becomes infinite.

Let p be a point in M, and write (p,x) and (p,y) for the two correspond-
ing points in N = M x X. A function a € C*°(N) is then determined by two
functions ag,a, € C®(M), given by az(p) := a(p,x) and ay(p) = a(p,y).
Now the distance function on N is given by

dpy@1(n1,n2) = sup{la(n1) —a(n2)|: a € A, [[[Dy ® 1,a]|| <1},

Ifny and ng are points in the same copy of M, for instance, ifn1 = (p,x) and
ny = (q,x) for points p,q € M, then their distance is determined by |a,(p) —
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az;(q)|, for functions a, € C°(M) for which ||[Dar,az]|| < 1. Therefore, in
this case we recover the geodesic distance on M, i.e.

dpye1(ni,ne) = dg(p, q).

However, if n1 and no lie in different copies of M, for instance if, ny =
(p, ) and ng = (q,y), then their distance is determined by |az(p) —ay(q)| for
two functions ay,a, € C*°(M), such that ||[Dar, az)|| <1 and ||[Dar, ayl|| <
1. However, these requirements yield no restriction on |az(p) — ay(q)|, so in
this case the distance between ny and ns is infinite. We 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 [Dg,a] would
be nonzero. This same commutator generates the scalar field ¢ of ,
hence finiteness of the distance is related to the existence of scalar fields.

9.1.2. U(1) gauge theory. We determine the gauge theory that cor-
responds to the almost-commutative manifold M x Fx. The gauge group
&(A, H; J) from Definition [6.4] is given by the quotient U(A)/U(Ay), so if
we wish to obtain a nontrivial gauge group, we need to choose J such that
U(Ay) # U(A). Or, which in view of Example is the same, we need
to choose Jp so that U((Ar)y.) # U(AF). Looking at the form of Jp for
the different (even) KO-dimensions (see the proof of Proposition [0.1)), we
conclude that we need KO-dimension 2 or 6. As we will see in the non-
commutative description of the Standard Model in Chapter the correct
signature for the internal space is KO-dimension 6. Therefore, we choose to
work in KO-dimension 6 as well. The almost-commutative manifold M x Fx
then has KO-dimension 6 +4 mod 8 = 2. This also means that we can use
Definition to calculate the fermionic action.

Summarizing, we will consider the finite space F'x given by the data

2 2 _ {00\ , (O0C ({10

with C' denoting complex conjugation, defining a real even finite space of
KO-dimension 6. In the classification of irreducible geometries of Theorem
this space corresponds to the first case.

PROPOSITION 9.3. The gauge group &(F) of the two-point space is given
by U(1).
PRrOOF. First, note that U(Ar) = U(1) x U(1). We now show that

U((AF)J.) =U(AF) N (AF) . ~ U(1) so that the quotient &(F) ~ U(1) as
claimed. Indeed, for a € C? to be in (AF),, it has to satisfy Jpa*Jp = a.

Since
% 7—1 0C a; O OC_CLQO
i =(05) (50) (€ 0)= (5 a)

this is the case if and only if a; = ag. Thus, (Ar)s,. ~ C, whose unitary
elements form the group U(1), contained in U(Ar) as the diagonal subgroup.
U
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In Proposition [8.12| we calculated the spectral action of an almost-
commutative manifold. Before we can apply this to the two-point space,
we need to find the exact form of the field B,,. Since we have (Ap);, ~ C,

we find h(F) = u((AF)JF) ~ iR. From Proposition and (8.2.7) we then
see that the gauge field

Au(z) € igp = i(u(Ap)/(iR)) = i su(Ap) ~ R
becomes traceless.

Let us also explicitly derive this U(1) gauge field. An arbitrary hermitian
field of the form A, = —iad,b would be given by two U(1) gauge fields
X ;, Xﬁ € C*>(M,R). However, because A, only appears in the combination
Ay — JFAujgl, we obtain

_ XL 0 X2 0 Y, 0

where we have defined the U(1) gauge field
Y, =X, — X} € C®(M,R) =C>(M,iu(l)).

Thus, the fact that we only have the combination A, — JpA,J, L effectively
identifies the U(1) gauge fields on the two copies of M, so that A, is de-
termined by only one U(1) gauge field. This ensures that we can take the
quotient of the Lie algebra u(Ap) with h(F'). We can then write

A, = % (1;“ _2@) = %Yu & YF,
which yields the same result:
(9.1.2) B,=A,— JpA,Jpt =24, =Y, @F.
We summarize:

PROPOSITION 9.4. The inner fluctuations of the almost-commutative
manifold M x Fx described above are parametrized by a U(1)-gauge field
Y, as

DF—)D/:DJF’Y‘MY;L@’}/F.
The action of the gauge group &(M x Fx) ~ C*°(M,U(1)) on D', as in
(8.2.8]), is implemented by

Y, — Y, —iud,u’; (u € (M x Fx)).

9.2. Electrodynamics

Inspired by the previous section, which shows that one can use the frame-
work of noncommutative geometry to describe a gauge theory with abelian
gauge group U(1), we proceed and try to describe the full theory of elec-
trodynamics by an almost-commutative manifold. Our approach provides a
unified description of gravity and electromagnetism, albeit at the classical
level.

We have seen that the almost-commutative manifold M x Fx describes
a gauge theory with local gauge group U(1), where the inner fluctuations
of the Dirac operator provide the U(1) gauge field Y,,. There appear to be
two problems if one wishes to use this model for a description of (classical)
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electrodynamics. First, by Proposition the finite Dirac operator Dp
must vanish. However, we want our electrons to be massive, and for this
purpose we need a finite Dirac operator that is non-zero.

Second, the Euclidean action for a free Dirac field is of the form

(9.2.1) S=- /i?,b(fy“@“ — m)ypdiz,

where the fields v and 1) must be considered independent variables. Thus,
we require that the fermionic action Sy should also yield two independent
Dirac spinors. Let us write {e, e} for the set of orthonormal basis vectors of
Hp, where e is the basis element of H ; and e of H. Note that on this basis,
we have Jpe =€, Jpe = e, ype = e and ype = —e. The total Hilbert space
H is given by L?(S) ® Hp. Since by means of y); we can also decompose
L%(S) = L?(S)" @ L?(S)~, we obtain that the positive eigenspace HT of
Y =M @ F is given by

HT =L*(S)t @ Hf @ L*(S)” @ Hy.
Consequently, an arbitrary vector £ € Ht can uniquely be written as
f:¢L®€+¢R®€7

for two Weyl spinors ¢y, € L?(S)* and g € L?(S)~. One should note here
that £ is completely determined by only one Dirac spinor ¥ := ¢ + ¥R,
instead of the required two independent spinors. Thus, the restrictions that
are incorporated into the fermionic action of Definition in fact constrain
the finite space F'x too much.

9.2.1. The finite space. It turns out that both problems sketched
above can be simply solved by doubling our finite-dimensional Hilbert space.
Essentially, we introduce multiplicities in the Krajewski diagram that ap-
peared in the proof of Proposition

Thus, we start with the same algebra C°°(M, C?) that corresponds to
the space N = M x X ~ M U M. The finite-dimensional Hilbert space will
now be used to describe four particles, namely both the left-handed and
the right-handed electrons and positrons. We choose the orthonormal basis
{eRr,er,er,er} for Hp = C*, with respect to the standard inner product.
The subscript L denotes left-handed particles, and the subscript R denotes
right-handed particles, and we have vpe;, = er, and yrer = —ep.

We choose Jr such that it interchanges particles with their antiparticles,
so Jper = eg and Jpeyr, = er. We again choose the real structure such that
it has KO-dimension 6, so we have J% =1 and Jpyp = —vypJp. This
last relation implies that the element ez is left-handed, whereas ey, is right-
handed.

The grading vr decomposes the Hilbert space Hp into H;E ® Hp, where
the bases of Hj: and H} are given by {er,er} and {er,er}, respectively.
Alternatively, we can decompose the Hilbert space into H, @& Hg, where H,
contains the electrons {er, ey}, and Hg contains the positrons {eg,er}.
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The elements a € Ar = C? now act as the following matrix with respect
to the basis {eg,er,er, €L }:

a1 0 0 0

(w 0a; 00
(9.2.2) a= <a2) 100 a0
000 a9

Note that this action commutes with the grading, as it should. We can also
easily check that [a,b°] = 0 for b := Jpb*J,', since both the left and the
right action are given by diagonal matrices. For now, we still take Dp = 0,
and hence the order one condition is trivially satisfied. We have therefore
obtained the following result:

PROPOSITION 9.5. The data

s o {00\ , [(0C (10
<C7CaDF_<OO>aJF—<C0)77F—<0_1>>

define a real even spectral triple of KO-dimension 6.

This can be summarized by the following Krajewski diagram, with two
nodes (of opposite grading) of multiplicity two:

1 1
1° o
1° O
9.2.2. A non-trivial finite Dirac operator. Let us now consider the
possibilities for adding a non-zero Dirac operator to the finite space Fyp.
From the above Krajewski diagram, it can be easily seen that the only

possible edges exist between the multiple vertices. That is, the only possible
Dirac operator depends on one complex parameter and is given by

0d00
d000
000d
00d0
From here on, we will consider the finite space Fy, given by

Frp = (C%,C*, Dp; Jp, vr).

(9.2.3) Dp =

9.2.3. The almost-commutative manifold. Taking the product with
the canonical triple, the almost-commutative manifold M x Fg, (of KO-
dimension 2) under consideration is given by the spectral triple

(9.2.4) M X Fgp =
(C=(M,C?),L*(S) @ C*, Dy @ 1 + v @ Dps Iy @ Jpyyar @ ) -
As in Section the algebra decomposes as
C>®(M,C? = C®°(M) & C®(M),
and we now decompose the Hilbert space as

H = (L*(S) ® H) @ (L*(S) ® He).
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The action of the algebra on H, given by , is then such that one
component of the algebra acts on the electron fields L?(S) ® H,, and the
other component acts on the positron fields L?(S) ® He.

The derivation of the gauge group for Fpp, is exactly the same as in
Proposition [9.3] so again we have the finite gauge group &(F) ~ U(1). The
field B, := A, — JFAHJEI now takes the form

Y,0 0 0
oy, 0 0

(9.2.5) B, = 00 -Y, 0 for Y, (z) € R.
00 0 -,

Thus, we again obtain a single U(1) gauge field Y),, carrying an action of
the gauge group &(M x Fip) ~ C=(M,U(1)) (as in Proposition [0.4)).

As mentioned before, our space N consists of two copies of M and if
Dp = 0 the distance between these two copies is infinite (see Remark .
This time we have introduced a non-zero Dirac operator, but it commutes
with the algebra, i.e. [Dp,a] = 0 for all @ € A. Therefore, the distance
between the two copies of M is still infinite.

To summarize, the U(1) gauge theory arises from the geometric space
N = M U M as follows. On one copy of M, we have the vector bundle
S®(M x H.), and on the other copy we have the vector bundle S® (M x Hg).
The gauge fields on each copy of M are identified with each other. The
electrons e and positrons € are then both coupled to the same gauge field,
and as such the gauge field provides an interaction between electrons and
positrons. For comparison with Kaluza—Klein theories, note the different
role that is played by the internal space.

9.2.4. The spectral action. We are now ready to explicitly calcu-
late the Lagrangian that corresponds to the almost-commutative manifold
M x Fgp, and we will show that this yields the usual Lagrangian for elec-
trodynamics (on a curved background manifold), as well as a purely grav-
itational Lagrangian. It consists of the spectral action Sj of Definition
and the fermionic action Sy of Definition which we calculate separately
(here and in the next section).

The spectral action for an almost-commutative manifold has been cal-
culated in Proposition and we only need to insert the fields B, (given
by (9.2.5)) and ® = Dp. We obtain the following result:

PROPOSITION 9.6. The spectral action of the almost-commutative man-
ifold M x Fypp defined in (9.2.4)) is given by

D, _
Tr <f<>> N/ L(guuayu)\/gd4$ + O(A 1)7
A M
with Lagrangian
ﬁ(g;w, Y,u) = 4£M(g/w) + EY(YH) + £¢(gw/a d)-

Here Lar(guw) is defined in Proposition |8.10; the term Ly gives the kinetic
term of the U(1) gauge field Y, as

f(0 v
Ly (Y,) = (J,STQ)YWY“ :
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where the curvature Y, of the field Y, is given by
Y, =0,Y, —0,Y,.

The scalar potential Ly (ignoring the boundary term) gives two constant
terms which add to the cosmological constant, plus an extra contribution to
the Einstein—Hilbert action:

A2
Lolu) =~ 2P 4 L 1 SO

1272
where the constant d originates from (9.2.3)).

PRrROOF. The trace over the Hilbert space C* yields an overall factor
N = 4. The field B, is given by , and we obtain Tr(F),, F") =
4Y,,Y* . Inserting this into Proposition provides the Lagrangian Ly.
In addition, we have ®2 = Dp? = |d|?, and the scalar-field Lagrangian L,
only yields extra numerical contributions to the cosmological constant and
the Einstein—Hilbert action. (]

9.2.5. The fermionic action. We have written the set of basis vectors
of Hr as {er,er,€R,er}, and the subspaces H; and Hj are spanned by
{er,er} and {ep,er}, respectively. The total Hilbert space H is given by
L?(S) ® Hp. Since we can also decompose

L*(S) = L*(S)" @ L*(S)~
by means of vy, we obtain for the +1-eigenspace of vy ® vp:
HT =L*(S)" @ Hf @ L*(S)” @ Hy.
A spinor 9 € L?(S) can be decomposed as ¥ = 1)1, + 1. Each subspace
H?,E 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 be uniquely written as

(9.2.6) §=Xr®er+XxL®eL +9¥L®eg+Yr®er,

for Weyl spinors xr,%; € L?(S)T and xg,%r € L?(S)~. Note that this
vector £ € H™ is now completely determined by two Dirac spinors y :=

XL + Xr and ¢ := ¢, + PR.

PROPOSITION 9.7. The fermionic action of the almost-commutative man-
ifold M x Fgp defined in (9.2.4)), is given by

Sy = —i(IuX, Y (Vs — Vi) $) + (JurXe, dr) — (JuXr, ddr).
PROOF. The fluctuated Dirac operator is given by
D,=Dy®1++"®B,+vu ® Dp.
An arbitrary € € H* has the form of , from which we obtain the

following expressions:
JE=Juxr®er + Juxr ®er + Jur @ er + Juyr @er,
(Dy ®1)§ = Dyxr ®erp+ Dyxr ® ep + Dyyp @ eg + Dyhr @ €r,
(" @ Bu)E =v*xr @ Yuer +v'xr @ Yyier — M @ Yyeg — YHyYr @ Yyer,
(Y ® Dp)€ = yuxL ® der + Yuxr @ dep + Yur ® deg + YL © der.
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We decompose the fermionic action into the three terms

S U Duf) = 5 (JE, (D @ 19) + 3 (JE, (" © B)d) + 5 (JE, (1 ® Dp)E),

and then continue to calculate each term separately. The first term is given
by

%(Jg, (D @ 1)€) = %(JMXR,DMJL) + %(JMSZL,DMTZR)

1 ~ _ 1 ~ -
+ §(JM¢L, Dyxr) + §(JM7/)Ra DuXr)-

Using the facts that Dj; changes the chirality of a Weyl spinor, and that
the subspaces L?(S)™ and L?(S)~ are orthogonal, we can rewrite this term
as

1, _~ ~ 1 - ~ 1 ~ ~

§(J§, (Dm ® 1)§) = §(JMX,DM1/J) + §(JM¢), Dpx).
Using the symmetry of the form (JasY, DMJ), we obtain

1, ~ ~ I o ~

5 (7€ (Dar ® 1)€) = (JuX, Dar) = =il JuX. 1" V).

Note that the factor % has now disappeared from the result, which is the
reason why this factor had to be included in the definition of the fermionic
action. The second term is given by

1 " ~
- §(JMXL7 VY, R)

1 ~ - 1 ~ -
+ §(JM¢L,’7MYALXR) + §(JM¢R77MYMXL)-

1~ - 1 _
5(J6 (0" © BE) = 5 (I X 1"Yiubhr)

In a similar manner, we obtain
1 ~ ~ _ ~
5(‘]57 (7“ @ Bu)g) = _(JMXa 7#Yﬂ¢)’

where we have used the anti-symmetry of the form (Jys X, ’Y“YMZ)- The third
term is given by

1 ~ ~ 1 - ~ 1 = ~
§(J€, (Ym ® Dp)€) = §(JMXR, dymr) + §(<]MXL» dymr)
1 ~ - 1 ~ -
+ §(JM¢L, dymxr) + §(JM1/JR, dYmMXR)-

The bilinear form (JX, ’yM{/I) is again symmetric in the Grassmann vari-

ables X and ¢, but we now face the extra complication that two terms
contain the parameter d, while the other two terms contain d. Therefore we
are left with two distinct terms:

%(ng (yar ® Dp)€) = (JarXe, d0r) — (JuXr, dUR). U

REMARK 9.8. It is interesting to note that the fermions acquire mass
terms without being coupled to a scalar field. However, it seems that we 0b-
tain a complex mass parameter d, where we would desire a real parameter m.
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Simply requiring that our result should reproduce (9.2.1)), we will therefore
choose d := —im, so that

(JMXL, 1) — (JrX R, dYr) = i(JauX, m)).

The results obtained in this section can now be summarized into the
following theorem.

THEOREM 9.9. The full Lagrangian of the almost-commutative manifold
M x Fgp as defined in Equation (9.2.4]), can be written as the sum of a
purely gravitational Lagrangian,

Egmv(guu) =4Ly (g;w) + £¢ (gul/)v
and a Lagrangian for electrodynamics,

a0 = {5 53 350 ) - L

PRrOOF. The spectral action S, and the fermionic action Sy are given by
Propositions and This immediately yields L,,.,. To obtain Lgp, we
need to rewrite the fermionic action Sy as the integral over a Lagrangian.
The inner product (-,-) on the Hilbert space L?(S) is given by

(.0) = /M<£7w>¢§d4x,

where the hermitian pairing (-, ) is given by the pointwise inner product on
the fibres. Choosing d = —im as in Remark we can then rewrite the
fermionic action into

Sp=-— /Mz'<JM>z, (Y5 = iY,) = m)d) 'z O

9.2.6. Fermionic degrees of freedom. To conclude this chapter, let
us make a final remark on the fermionic degrees of freedom in the Lagrangian
derived above. We refer the reader to Appendix for a short introduction
to Grassmann variables and Grassmann integration.

As mentioned in Note [2 on Page the number of degrees of freedom
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 fact, in quantum field theory one would consider the functional inte-
gral of % over the fields. We hence consider the case that 2 is the antisym-
metric bilinear form on H ' given by

A&, ¢) == (J€, Du(), for £, ¢ € HT,

and 2’ is the bilinear form on L?(S) given by

A (x, ) = —i<JMx, ('y“(vg —1Y),) — m)i/)), for x,1 € L*(S).

We have shown in Proposition that for £ = y, ®er, + xR ® er + YR ®
€L + Y ® er, where we can define two Dirac spinors by x := xr + xr and
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1 =Y, + YR, we obtain
1
SAE ) = ().

Using the Grassmann integrals of (9.A.1) and (9.A.2), we then obtain for
the bilinear forms 2 and 2’ the equality

PE(2A) = / e2MED P = / X XD DI, ¥] = det(A').

9.A. Grassmann variables, Grassmann integration and Pfaffians

We will give a short introduction to Grassmann variables, and use those
to find the relation between the Pfaffian and the determinant of an antisym-
metric matrix.

For a set of anti-commuting Grassmann variables 6;, we have 0;0; =
—0;0;, and in particular, 912 = 0. On these Grassmann variables 0;, we
define an integral by

/1d9j =0, /ajdej =1

If we have a Grassmann vector 6 consisting of N components, we define
the integral over D[f] as the integral over df; - - - dfy. Suppose we have two
Grassmann vectors n and 6 of N components. We then define the integration
element as D[n, 0] = dnidb; - - - dnydfy.

Consider the Grassmann integral over a function of the form "M for
Grassmann vectors 6 and 1 of N components. The N x N-matrix 2 can
be considered as a bilinear form on these Grassmann vectors. In the case
where 6 and 7 are independent variables, we find

(9.A.1) / " 1Dy, 6] = det 2,
where the determinant of 2 is given by the formula
1
_ o|+|T
det(2A) = > DA Gy R vy,
0,TESN

in which Sy denotes the set of all permutations of {1,2,..., N}. Now let us
assume that 2 is an antisymmetric N x N-matrix 2 for N = 2[. If we then
take 0 = 1, we find

(9.A.2) / 2" M Dy = PE(A),

where the Pfaffian of 2L is given by

—1)¢
Pf(2l) = (21l') Z (_1)|J|m0(1)0(2) ~Ag(2-1)0(20)-
’ g€Soyy;

Finally, using these Grassmann integrals, one can show that the determinant
of a 2] x 2l skew-symmetric matrix 2 is the square of the Pfaffian:

det A = Pf(2A)%
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So, by simply considering one instead of two independent Grassmann vari-
ables in the Grassmann integral of eeTm”, we are in effect taking the square
root of a determinant.

Notes

Section 9.1. The two-point space

1. The two-point space was first studied in [59}, [71].

2. The need for KO-dimension 6 for the noncommutative description of the Standard
Model has been observed independently by Barrett [20] and Connes [64].

3. In [I3T] Chapter 9] a proof is given for the claim that the inner fluctuation w -+ JwJ ™
vanishes for commutative algebras. The proof is based on the assumption that the left
and right action can be identified, i.e. a = a°, for a commutative algebra. Though this
holds in the case of the canonical triple describing a spin manifold, it need not be true
for arbitrary commutative algebras. Indeed, the almost-commutative manifold M x Fx
provides a counter-example.

What we can say about a commutative algebra, is that there exist no non-trivial inner
automorphisms. Thus, it is an important insight that the gauge group &(A, H;J) from
Definition m is larger than the group of inner automorphisms, so that a commutative
algebra may still lead to a non-trivial (necessarily abelian) gauge group.

4. It is shown in [28] that one can also obtain abelian gauge theories from a one-point
space when one works with real algebras (cf. Section .

Section 9.2. Electrodynamics

5. Earlier attempts at a unified description of gravity and electromagnetism originate from
the work of Kaluza [119] and Klein [125] in the 1920’s. In their approach, a new (compact)
fifth dimension is added to the 4-dimensional spacetime M. The additional components
in the 5-dimensional metric tensor are then identified with the electromagnetic gauge
potential. Subsequently, it can be shown that the Einstein equations of the 5-dimensional
spacetime can be reduced to the Einstein equations plus the Maxwell equations on 4-
dimensional spacetime.

6. An interesting question that appears in the context of this Chapter is whether it is
possible to describe the abelian Higgs mechanism (see e.g. [120, Section 8.3]) by an
almost-commutative manifold. As already noticed, for M X Frp no scalar fields & are
generated since Ar commutes with Dp. In terms of the Krajewski diagram for M X Fgp,

1 1
1° (@)
1° O
it follows that a component that runs counterdiagonally fails on the first-order condition
(¢f. Lemma [3.10). One is therefore tempted to look at the generalization of inner fluc-
tuations to real spectral triples that do not necessarily satisfy the first-order condition,
as was proposed in [56]. This generalization is crucial in the applications to Pati-Salam
unification (see Note[13|on Page[185]), but also in the present case one can show that non-

zero off-diagonal components in ((9.2.3]) then generate a scalar field for which the spectral
action yields a spontaneous breaking of the abelian gauge symmetry.

Section 9.A. Grassmann variables, Grassmann integration and Pfaffians

7. For more details we refer the reader to [26].
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CHAPTER 10

The noncommutative geometry of Yang—Mills
fields

In this Chapter we generalize the noncommutative description of Yang—
Mills theory to topologically non-trivial gauge configurations.

10.1. Spectral triple obtained from an algebra bundle

Recall from Examples and that topologically trivial Yang—Mills
gauge theory can be described by the almost-commutative manifold

M x Fyy =

In fact, the tensor product of C*°(M) with the matrix algebra My (C) ap-
pearing here is equivalent to restricting the gauge theory to be defined on
a trivial vector bundle. Indeed, C*°(M) ® My(C) is the algebra of smooth
sections of the trivial algebra bundle M x My(C) on M. For the topo-
logically non-trivial case, this suggests considering an arbitrary x-algebra
bundle with fiber My (C). We work in a slightly more general setting more
general x-algebras are allowed.

Thus, let B be some locally trivial *-algebra bundle whose fibers are
copies of a fixed (finite-dimensional) x-algebra A. Furthermore, we require
that for each x the fiber B, is endowed with a faithful tracial state 7,
such that for each s € I'°(B) the function x — 7,s(x) is smooth. The
corresponding Hilbert—Schmidt inner product in the fiber 8, that is induced
by 7 is denoted by (+,-)ms,. Consequently, the C°°(M)-valued form

() T(B) xT2(B) = CF(M); (s,t)m(x) = (s(z),t(x))m,

is a hermitian structure on the C°°(M )-module I'*°(*8), satisfying the con-
ditions of Proposition

As in the previous chapters, we assume that M is a compact Riemannian
spin manifold on which S — M is a spinor bundle and Dj; = —ic o V*
is the Dirac operator. Combining the inner product on spinors with the
above hermitian structure naturally induces the following inner product on
r~»B®.s):

(10.1.1)  (&1,&2) = /M (1(2), (7)) p, 05,7 (£, €T (B®SI)),

turning it into a pre-Hilbert space. Its completion with respect to the norm
induced by this inner product consists of all square-integrable sections of
B ® S, and is denoted by L?(B ® 9).
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REMARK 10.1. Note that we can identify I'°(B) ®@ceo(ary () with
I*(B ® S) as C°(M)-modules. In what follows, we will use this identifi-
cation without further notice. The above inner product (10.1.1)) can then be
written as

(81 ® Y1, 82 ®h2) = (Y1, (1, 52)8Y2),
where (s1,$2)s € C°(M) acts on T'°°(S) by pointwise multiplication.

THEOREM 10.2. In the above notation, let V2 be a hermitian connection
(with respect to the Hilbert—Schmidt inner product) on the x-algebra bundle
B and let Dy = fm“(Vf ®1+1® Vﬁ) be the twisted Dirac operator on
BRS. Then

(Foo(%)’ L2(% ® 5)7 D‘B)
s a spectral triple.

PROOF. First, it is obvious that fiberwise multiplication of a € T'™°(B)
on I'°(B ® ) extends to a bounded operator on L?(8 ® §), since

las @ ¥||? = /M (¥ (@), (a(2)s(x), a(z)s(2))g, V(2)) ¢ da
< ;gﬂrz{lla(w)lli}\ls ® 9|%.

Here || - || denotes the fiberwise operator C*-norm. Since M is a compact
manifold, the compactness of the resolvent follows from ellipticity of the
twisted Dirac operator Dg. Moreover, the commutator [Dg, a] is bounded
for a € I'*°(*B) since Dy is a first-order differential operator. More precisely,
in local coordinates one computes

[Dsg,al(s @) = —i <8ua + [w;?, a]) s @y,

where Vf =0, + w%. This operator is bounded on L?(B ® S), provided a
is differentiable and w;’? is smooth. O

Next, we would like to extend our construction to arrive at a real spectral
triple. For this, we introduce an anti-linear operator on L*(B ® S) of the
form

J(s®1Y) =5 Jy,

with Jys charge conjugation on M as in Definition [£.13] For this operator
to be a real structure on our spectral triple (I'°(B), L?(B ® S), Dg), we
need some extra conditions on the connection V> on 8.

DEFINITION 10.3. Let B be a *-algebra bundle over a manifold M. A
x-algebra connection V on B is a connection on B that satisfies

V(st) = sVt + (Vs)t, (Vs)* = Vs*; (s,t € I°(*B)).

If B is a hermitian x-algebra bundle and V is also a hermitian connection,
then V is called a hermitian x-algebra connection.

LEMMA 10.4. Every locally trivial hermitian x-algebra bundle B defined
over a compact space M admits a hermitian x-algebra connection.
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PRrROOF. Let {U;} be a finite open covering of M such that B is trivialized
over U; for each i. Then on each U; there exists a hermitian *-algebra
connection V;, for instance the trivial connection d on U;. Now, let {f;} be
a partition of unity subordinate to the open covering {U;} (note that all f;
are real-valued). Then the linear map V defined by

(Vs)(z) = Z fi(x)(Vis)(x);  (z € M)

is a hermitian *-algebra connection on I'*°(‘B). O

REMARK 10.5. The fact that locally, i.e. on some trivializing neighbor-
hood, the exterior derivative d is a hermitian x-algebra connection shows that
on such a local chart every hermitian x-algebra connection is of the form

d+w?,
where w® is a real connection one-form with values in the real Lie algebra
of *-derivations of the fiber that are anti-hermitian with respect to the inner
product on the fiber. For instance, when the fiber is the x-algebra My (C)

endowed with the Hilbert—Schmidt inner product, this Lie algebra is precisely
ad(u(N)) = su(N).

THEOREM 10.6. In addition to the conditions of Theorem suppose
that V® is a hermitian *-algebra connection and set v = 1 ® vy as a self-
adjoint operator on L*(B ® S). Then

(D°°(B), L*(B ® S), Dp; J,7)

s a real and even spectral triple whose KO-dimension is equal to the dimen-
sion of M.

PrOOF. First of all, we check that J is anti-unitary:
(J(s @), J(t @) = (Jarts, (5" ) Jarm) = (Jaree, Jar (5%, )
= (689 8) = (st v) = (k@5 @),

where we used in the second step that Jy,f = fJys for every f € C®°(M),
in the third step that Jj; is anti-unitary, and in the fourth step that (s, t) =
(t*, s*) (by definition of the hermitian structure as a fiberwise trace). More-
over, if wa = ¢ it follows that J? = e.
We next establish DJ = ¢/JD by a local calculation:

(JD — D) (s @) = J (vfs ® (i) + s ® DM1/1> — ¢ Dy (s* © Jard)

= (V?s)* Q iy + 8* @ Iy Dy

— E'st* @ (=it Iy) — €8* @ Dy dyp

=i ((VFs) = VEs") @y =0,
since Jyy* = —€ey*Jyr, and the last step follows from the definition of a
«-algebra connection, i.e. (Vs)* = Vs* for all s € I'°(B).
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The commutant property follows easily:
[a, %] (s @ ¥) = aJb* T (s @) — Jb* T ta(s @ ¥)
=aJ(b*s* @ Jy ) — Jb*(s*a" @ Jy)
=asb® 1 —asb@y =0,
where a,b € T°°(B) and s ® ¢ € I'*°(B) @ceo(ar) [*°(S). Since [a,b°] =0
on I'*(B) @cee(pry () = I'°(B ® S), it is zero on the entire Hilbert

space L?(®8 ® S). It remains to check the order one condition for the Dirac
operator. First note that

[D,a],t°)(s ® ¥) = =ir*([Vy, al, ) (s @ ¥)); (a,b,5 € T°(B)).
This is zero because [[V, a],b°](s ® 1) is zero:
[V, a]sb) @9 — Jb*J_l([Vu, als @)
= V,(asb) @ —aV,(sb) @1 — V,(as)b @Y+ a(Vus)b @
= ((Vpa)sb+ a(Vus)b +as(Vub) — a(Vys)b
— as(Vyb) — (Vpa)sb —a(Vys)b + a(Vys)b) @ 1,
=0

using the defining property for V® to be a *-algebra connection. Thus, .J
fulfills all of the necessary conditions for a real structure on the spectral triple
(T°(B), L2(B ® S), Dys). The conditions on v to be a grading operator for
this spectral triple are easily checked too. O

10.2. Yang—Mills theory as a noncommutative manifold

The real spectral triple (I°(8), L2(B®S), Dy; J,7) that we obtained in
Theorem |10.6{will turn out to be the correct triple to describe a topologically
non-trivial PU(N)-gauge theory on the spin manifold M if the fibers of B
are taken to be isomorphic to the x-algebra My (C). Moreover, this triple
not only describes a non-trivial PU(N)-gauge theory: every PU(N)-gauge
theory on M is described by such a triple. In this section we prove these
claims by first showing how a principal PU(N)-bundle can be constructed
from this spectral triple. As in the topologically trivial case (c¢f. Remark
the spectral action applied to this triple will give the Einstein—Yang—
Mills action, but now the gauge potential can be interpreted as a connection
one-form on the PU(N)-bundle P. In fact, the original algebra bundle B
will turn out to be an associated bundle of the principal bundle P. From
now on, then, the fibers of 8 are assumed to be My(C).

10.2.1. From algebra bundles to principal bundles. In order to
construct a principal PU(N)-bundle P out of B, first of all note that since
all *-automorphisms of My (C) are obtained by conjugation with a unitary
element u € My (C) (see Example[6.3), the transition functions of the bundle
'>°(B) take their values in

Ad U(N) = U(N)/Z(U(N)) & PU(N).

Thus the bundle B provides us with an open covering {U;} of M as well as
transition functions {g;;} with values in PU(N). Using the reconstruction
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theorem for principal bundles, we can then construct a principal PU(N)-
bundle. By construction, the bundle 8 is an associated bundle to P.
Furthermore, for the real spectral triple

(D°(B), L*(B ® S), Dp; J,7)

of Theorem the hermitian connection V® on the bundle B can lo-
cally be written as V® = d + w®, where w? is a su(N)-valued one-form,
(¢f. Remark . Moreover, the transformation rule for w® is w? =
gi;ldgij + giglw;-Bgij, with g;; the PU(N)-valued transition function of 8.
Comparing this expression with the usual transformation property of a con-
nection one-form, one concludes that the hermitian *-algebra connection V2
on B induces a connection one-form on the principal bundle P constructed
in the previous paragraph.

Conversely, given a PU(N)-gauge theory (P,w’) on some compact Rie-
mannian spin manifold, we can construct the locally trivial hermitian *-
algebra bundle B := P X py(n) My (C), where PU(N) acts on My(C) in
the usual way. Moreover, the connection w! on P induces a hermitian -
algebra connection on 8. Following the steps described in the previous
paragraph, it is not difficult to see that the principal bundle and connection
obtained from the ensuing spectral triple,

00 2 : B Sy.
(I(B), L5(B®S),-ir"(V, @1+1@V,);J,7),
coincide with (P,w?).

PROPOSITION 10.7. Let (I'°(B), L?>(B ® S), Dy; J,7) be as before with
M simply connected and B a locally trivial x-algebra bundle with fiber My (C)
and a faithful smoothly-varying tracial state. Then:

(1) there exists a principal PU(N)-bundle P such that B is an as-
sociated bundle of P, as well as a connection one-form w® on P
corresponding to V> ;

(2) the gauge group &(T>°(B), L>(B ® S); J) of this spectral triple (as
n Deﬁm’tion s isomorphic to the space of smooth sections of
the associated group bundle Ad P := P x py () PU(N).

Every PU(N)-gauge theory (P,w”) on M is determined by such a spectral
triple.

PrOOF. The only statement left to prove is (2). If B = P xpy(n
Mny(C), then U(T*(B)) = I'°(P x py(ny U(N)). As a consequence,
B(I®(B), L*(B®S);J) = {uJu " : u € T°(P xpyn) UN)}
~ I'°(P X py(ny PU(N)),

where we argue as in the proof of Proposition (see also Note |4 on Page
125)). (]

10.2.2. Inner fluctuations and spectral action. In this section, we
calculate the spectral action for the real spectral triple of Theorem [10.6|in
the case that dim M = 4. We show that the spectral action applied to the
spectral triple (I°°(B), L?(B ® S), Dgs; J,y) produces the Einstein—Yang-
Mills action for a connection one-form on the PU(N)-bundle P. If B is a
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trivial algebra bundle, this reduces to Example In fact, most of these
local computations can be adopted in this case as well, since locally the bun-
dle B is trivial. Nevertheless, for completeness we include the computations
in the case at hand.

First of all, in Remark we noticed that locally, i.e. on some local
trivialization U, the connection V® is expressed as d + w?®, where w? is an
su(N)-valued one-form that acts in the adjoint representation on I'*°(B).
Therefore, w?® already induces a connection one-form on P. To get the full
gauge potential we need to take the fluctuations of the Dirac operator into
account as well.

Recall from Section that inner fluctuations of the Dirac operator are
given by a perturbation term of the form

(10.2.1) w=Y a;[D,bjl;  (aj,b; €T(B)),

with the additional condition that 3, a;[D,b;] is a self-adjoint operator.
Explicitly, we have

w=Y_ —iy"o(aj[V,,b]®1).
J
Locally, on some trivializing neighborhood U, the expression in can
be written as
w="A,,
where A, are the components of the one-form }_, a;[V,b;] with values in
I'°(*B). Since w is self-adjoint, the one-form A, can be considered a real

one-form taking values in the hermitian elements of I'*°(8).
Similarly, the expression w + JwJ ! is locally written as

WA, — ’y“JAuJ_l,
since in 4 dimensions y* anti-commutes with J. Writing out the second
term gives:
(YWJIAT (s @) =sA, @v"Y;  (s@¢ eT®(B®S)),

so that on this local patch, w + JwJ ™! can be written as

yadA,.
Consequently, w-+JwJ ! eliminates the iu(1)-part of w, so that w effectively
satisfies the unimodularity condition

Tr w=0.

Thus, iad A, is a one-form on M with values in I'**(ad P) where ad P =
P XPU(N) SU(N)
The expression for D 4+ w + JwJ ™! on a local chart U is then given by
Dy=—in"(Vy ®1+1® V5 +iad A, ®1),
where the connection V® can be expressed on U as d + w® for some unique

su(N)-valued one-form w® on U. Thus, on U the fluctuated Dirac operator
can be rewritten as

D, =—iy"(1® Vi + (9 +wy +iadA,) ®1).
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We interpret (cu;’? +iad A,) as the full gauge potential on U, acting in the
adjoint representation on the spinors. The natural action of an element ¢
in the group &(I'°(B), L2(B ® S);J) ~ I'°(Ad P) by conjugation on D,
then induces the familiar gauge transformation:

wf +iad A, — (g_lwfg + g Hdg)) + g Hiad A,)g,

where the first two terms on the right-hand side are the transformation of w®
under a change of local trivialization, and the last term is the transformation
of iad A,. Therefore, since 9B is an associated bundle of P, it follows that
wff +iad A, induces a su(/N)-valued connection one-form on the principal
PU(N)-bundle P that acts on I'*°(*B) in the adjoint representation.

Let us summarize what we have obtained so far.

PROPOSITION 10.8. Let (I'°(8), L2(B®S), Dy; J,7) and let P be as be-
fore, so that P x py(ny MN(C) =~ B. Then, the inner fluctuations of D are
parametrized by sections of I°°(T*M ®ad P) where ad P = P x pyy(nysu(N).
Moreover, the action of &(I'®°(B), L*(B ® S);J) on the inner fluctuations
of D by conjugation coincides with the adjoint action of T°°(Ad P) on
r'*°(ad P).

Let us now proceed to compute the spectral action for these inner fluc-
tuations. We apply the results of Section using the following result.

LEMMA 10.9. For the spectral triple (I°(B), L>(%B ® S), Dag; J,7), the
square of the fluctuated Dirac operator is a generalized Laplacian of the
form AP — F, with E =B ® S (notation as in Theorem , and we have
the following local expressions for the corresponding curvature QEV and the
bundle endomorphism F:

1 1
F = _ZS ® ]IN2 + il’yu’yy ® F/“/;

b, =8, @lIyz +ily ® Fl,
where F,,, is the curvature of the connection V? +iadA,.

As before, this result allows us to compute the bosonic spectral action
for the fluctuated Dirac operator D,,, essentially reducing the computation
in terms of a local trivialization to the trivial case (c¢f. Example , with
the following result.

THEOREM 10.10. For the spectral triple (I®°(B), L>(%B ® S), Dy; J,7),
the spectral action yields the Yang-Mills action for V® +iad A, minimally
coupled to gravity:

f(0)

Tr (f(Dy/N)) ~ 12 /M Tr F,, F*\/gdx + N*? /M L (guw)+/g9de,

asymptotically as A — oo and up to terms o< A=2. The Lagrangian Ly (g"")
is given by (8.4.8]).
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10.2.3. Topological spectral action. A natural invariant in this topo-
logically non-trivial context is the topological spectral action, given in Equa-
tion ([7.1.2)). With Proposition we find that, in general,

Stoplw] = f(0) index D,,.

Hence, in the setting of Theorem [10.10] using the Atiyah—Singer index the-
orem (cf. Note [L6[on Page , we find an extra contribution of the form

o [, A ),

in terms of the A-form of M and the Chern character of the algebra bundle
B.

Stop [w] =

Notes

1. For an exposition of Yang—Mills theory in terms of principal bundle and connections,
we refer to [7], Section 2,3] and [32].

2. This Chapter extends the noncommutative description of Yang—Mills gauge theory of
[49, [50] to the topologically non-trivial case; it is based on [35]. For a more general
treatment of topologically non-trivial almost-commutative geometries we refer to [40}, [41],
34].

Section 10.1. Spectral triple obtained from an algebra bundle

3. Our approach to locally trivial *-algebra bundles gains in substance with the Serre—
Swan Theorem, establishing a duality between vector bundles over a topological space X
and finite projective modules over C(X) [169), 182]. A smooth version was obtained in
[61] (see also [131] Proposition 4.2.1] or [103] Section 2.3]). The fiberwise inner product
gives rise to the hermitian structure found in Proposition A version of the Serre—
Swan Theorem for x-algebra bundles has been obtained in [35].

Section 10.2. Yang—Mills theory as a noncommutative manifold

4. A special case of Proposition [I0.7] occurs when B is an endomorphism bundle. It
follows from a result by Dixmier and Douady in [77] (c¢f. [164]) that a bundle B with
continuously varying trace is an endomorphism bundle if and only if the Dixmier—-Douady
class §(T'(B)) € H*(Z) of the C*-algebra of continuous sections T'(B) of this bundle is
equal to zero. Because the Dixmier-Douady class of the bundle B vanishes one can
lift the PU(N)-valued transition functions g;; to U(N)-valued functions p;; such that
9i; = Ad pij, and pijpe = pak (see for instance [164], Theorem 4.85). One may therefore
construct a principal U (N )-bundle instead of a PU(N)-bundle, to which 9B is associated
if and only if B is an endomorphism bundle.
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CHAPTER 11

The noncommutative geometry of the Standard
Model

One of the major applications of noncommutative geometry to physics
has been the derivation of the Standard Model of particle physics from
a suitable almost-commutative manifold. In this Chapter we present this
derivation, using the results of Chapter

11.1. The finite space

Our starting point is the classification of irreducible finite geometries of
KO-dimension 6 from Section based on the matrix algebra My (C) @
Mny(C) for N > 1. We have already seen in Chapter [9| that N = 1 is
the finite geometry corresponding to electrodynamics. We now proceed
and aim for the full Standard Model of particle physics. Let us make
the following two additional requirements on the irreducible finite geometry

(A,Hp, Dp; Jp,vF):
(1) The finite-dimensional Hilbert space Hp carries a symplectic struc-
ture I2 = —1;
(2) the grading v induces a non-trivial grading on A, by mapping

a = YFPavF,

and selects an even subalgebra A®Y C A consisting of elements that
commute with vp.

We have already seen in Section [3.4] that the first demand sets A = M, (H) ®
Moy (C), represented on the Hilbert space C22k)? The second requirement
sets k > 2; we will take the simplest k = 2 so that Hp = C32. Indeed, this
allows for a vy such that

AV = HR D HL b M4(C),
where Hp and Hy, are two copies (referred to as right and left) of the quater-

nions; they are the diagonal of My(H) C A. The Hilbert space can then be
decomposed according to the defining representations of AV,

(11.1.1) Hp = (C3oCHeC*aC' e (CY o CP).

According to this direct sum decomposition, we write

(11.1.2) Dy = (; g)
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FiGureE 11.1. The Krajewski diagram for the finite real
spectral triple (A®Y = Hr & Hy, & M4(C), Hr, Dp; Jr,vF).
The dashed line corresponds to an ‘off-diagonal’ component
of the Dirac operator, thus failing on the first-order condi-
tion. The labels + and — represent the value of the grading
~vr on the corresponding summands of Hp.

where

S:(C4aC2)eC* - (C3aC2)aCr,

T:(CLaC3H)aC* - Clo (Ck o Ch).
This gives rise to the Krajewski diagram of Figure We now make an
additional assumption,

(3) The off-diagonal components T and T* of the Dirac operator in
(11.1.2) are non-zero.
In Figure such an off-diagonal component corresponds to the dashed
line. As this line runs neither vertically, horizontally, or between the same
vertex, it follows from Lemma that the corresponding component of
Dy breaks the first-order condition.

PRrROPOSITION 11.1. Up to *-automorphisms of A, there is a unique
x-subalgebra Ap C A% of maximal dimension that allows T # 0 in (11.1.2)).
It is given by

Ap = {(QIA,CL (g ;,;)) :AeCqeHp,me M3(©} < Hp@HL&Ma(C),

where X\ — qy s the embedding of C — H, with

A0
a\ = 0 X/°
Consequently, Ap ~ C @ H @ M3(C).

PRrROOF. We give a diagrammatic proof. From Figure [I1.1], we see that
in order to fulfill the first-order condition, we should bring the dashed line to
run horizontally or vertically, or to begin and start at the same node on the
diagonal. We do so by considering the Krajewski diagrams for subalgebras
Ap C A% which are induced by Figure If T is of rank 1, the only
possibility is to bring the dashed line to the diagonal. In other words, the
subalgebra we are looking for should have a component that is embedded
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diagonally in Hp and My(C). Such a component can only be C, and the
resulting subalgebra is embedded as

Co M3<(C) — Hgp & M4(C>;

A0 A0
= (5 3)-(6 )
This breaks the Krajewski diagram to the diagram of Figure where
the dashed line now connects the two vertices labeled by (1,1°). The other
edges of Figure[I1.] are now torn apart to the resulting edges in Figure [11.2

If T has rank greater than 1, then a similar argument shows that one
obtains a subalgebra of smaller dimension than Ap. O

3° 6 Co—>0

FiGUure 11.2. The Krajewski diagram of the space Fg,, de-
scribing the Standard Model.

In order to connect to the physics of the Standard Model, let us introduce
an orthonormal basis for Hr that can be recognized as the fermionic particle
content of the Standard Model, and subsequently write the representation
of Ap in terms of this basis. Starting with the Krajewski diagram of Figure
11.2] we let the first three nodes in the top row be represented by basis
vectors {vg, er, (vr,er)} of the so-called lepton space Hj, while the three
nodes in the bottom row represent the basis vectors {ug, dg, (ur,dr)} of the
quark space H,. Their reflections with respect to the diagonal represent
are the anti-lepton space Hj and the anti-quark space Hg, spanned by
{vR,eRr, (vr,er)} and {ug,dg, (ug,dy)}, respectively. The three colors of
the quarks are given by a tensor factor C? and when we take into account
three generations of fermions and anti-fermions by tripling the above finite-
dimensional Hilbert space we obtain

Hp = (H & Hyo Hy & Hy) .

Note that H; = C4, H,= C*®C3, H; = C4, and Hy = C*®C3. An element
a = (A, qg,m) € Ap acts on the space of leptons H; as ¢\ @ ¢, and acts on
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the space of quarks Hy as (¢\ ® ¢) ® I3. That is,

A0 0 O

g [0X 0 0
a=(\gqm) =5 OOaﬁ ,
—-Ba

A0 0O

H, OXN 0 O

a=(\gq,m)— 00 a 8 ® I3.

00—-Ba

For the action of a on an anti-lepton [ € H; we have al = M4l, and on an
anti-quark g € Hg we have ag = (I4 ® m)g.

The Zs-grading vr is such that left-handed particles have eigenvalue +1
and right-handed particles have eigenvalue —1. The anti-linear operator Jg
interchanges particles with their anti-particles, so Jpf = f and Jpf = f,
with f a lepton or quark.

Finally, we write the Dirac operator of in terms of the decom-
position of Hp in particle (Hl@?’ ® HSB?’) and anti-particles (Hi@?’ > Hng).
The operator S will be chosen to be

0 0Y 0

00 0Y
Sy = Sl pes = Y, 00 0 |
0Y. 0 0

0 0Y*O0

00 0YVY;

Sq®H3::S|Hq@3= Y, 0 0 61 ® I3,

0Y; 0 0

where Y, Ye, Y, and Y; are 3 x 3 Yukawa mass matrices acting on the
three generations, and I3 acting on the three colors of the quarks. The
symmetric operator T only acts on the right-handed (anti)neutrinos, so it
is given by Tvgr = YgrUR, for a certain 3 x 3 symmetric Majorana mass
matrix Yr, and T'f = 0 for all other fermions f # vgr. Note that v here
stands for a vector with 3 components for the number of generations.

Let us summarize what we have obtained so far.

ProproSITION 11.2. The data
Fop = (AF7 Hp,Dr; Jr, 'YF)

as given above define a finite real even spectral triple of KO-dimension 6.

11.2. The gauge theory

11.2.1. The gauge group. We shall now describe the gauge theory
corresponding to the almost-commutative manifold M X Fg,,. In order to
determine the gauge group ®(Fs,,) of Definition let us start by examin-
ing the subalgebra (Ar) s, of the algebra Ar of Proposition as defined
in Section[4.3.1] For an element a = (A, ¢, m) € C®H® Ms(C), the relation
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aJr = Jpa* now yields A\ = X =a =@ and 8 = 0, as well as m = Al3. So,
a € (Ar)y, if and only if a = (z,z,z) for z € R. Hence we find

(AF)JF ~ R.

Next, let us consider the Lie algebra h(F) = u((Ap),,) of (8.1.1b). Since
u(Ap) consists of the anti-hermitian elements of Ar, we obtain that the
h(F) =u((AFp),,) is given by the trivial subalgebra {0}.

PROPOSITION 11.3. The local gauge group &(Fs, ) of the finite space
Fgyu is given by

&(Fsu) =~ (U(1) x SU(2) x U(3)) /{1, -1},
where {1,—1} is the diagonal normal subgroup in U(1) x SU(2) x U(3).

PROOF. The unitary elements of the algebra form the group U(Ar) ~
U(1l) x U(H) x U(3). Now, a quaternion q = qoll + iq101 + igao2 + igsos is
unitary if and only if |q|? = qo? + @12 + ¢2% + ¢3% = 1. Using the embedding
of H in My(C), we find |q|> = det(q) = 1, and this yields the isomorphism
U(H) ~ SU(2). Hence, the unitary group U(Ar) is given by U(1) x SU(2) x
U(3). By Proposition the gauge group is given by the quotient of the
unitary group with the subgroup H(F) = U ((A F) JF), which is the diagonal
normal subgroup

{:I:(l,]lg,]lg,)} C U(l) X SU(?) X U(3) O

The gauge group that we obtain here 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 Propo-
sition the unimodularity condition is only satisfied for complex alge-
bras, but in our case, the algebra C @ H & M;3(C) is only a real algebra.
Therefore, the unimodularity condition is not automatically satisfied. In-
stead, we shall require that the unimodularity condition is satisfied, so for
u=(\gq,m)eU(l) x SU(2) x U(3) we impose

det|, (u) =1 = (A det m)12 =1.

For w € U(1) x SU(2) x U(3), we denote the corresponding element in
&(Fgp) by U = uJuJ . We shall then consider the subgroup

S&(Fsu) = {U = uJuJ ' € (Fou) | u= (A, q,m), (Adetm)'” = 1}.

The effect of the unimodularity condition is that the determinant of m €
U(3) is identified (modulo the multiplicative group g2 of 12’th roots of
unity) with A. In other words, imposing the unimodularity condition pro-
vides us, modulo some finite abelian group, with the gauge group U(1) x
SU(2) x SU(3). This agrees with the Standard Model, as even the group
U(1) x SU(2) x SU(3) is actually not the true gauge group of the Stan-
dard Model. Indeed, it contains a finite abelian subgroup (isomorphic to)
e which acts trivially on all bosonic and fermionic particles in the Stan-
dard Model. The group ug is embedded in U(1) x SU(2) x SU(3) by
A = (A A3, 0%). The true gauge group of the Standard Model is therefore
given by

Bon 1= U(1) x SU(2) x SU(3)/ .
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PROPOSITION 11.4. The unimodular gauge group S®(Fs,) is isomor-
phic to

SQS(FSJM) ~ By X 12

PROOF. Proposition shows that S&(Fs, ) ~ SU(AF)/p2, so we
determine SU(AFr). We do so in two steps:

0 SU(AF) ~ G x SU(2) x SU(3)/ 3.

where G = {(\, ) € U(1) x U(1) : (Ap®)1? = 1}, containing p3 as the sub-
group {e} x pus, and

(IT) G ~ u1p x U(1).
For (I), consider the map
(A p,q,m) € G x SU(2) x SU(3) — (A, q,um) € SU(Ap).

We claim that this map is surjective and has kernel psg. If (A\,q,m) €
SU(AF), then there exists p € U(1) such that p? = detm € U(1). Since
A2 = (Adetm)'? = 1, the element (A, u,q,m) lies in the pre-image
of (A,q,m). The kernel of the above map consists of pairs (A, u,q,m) €
G xSU(2)xSU(3) such that A = 1, ¢ = 1 and m = p~'I3. Since m € SU(3),
this u satisfies u3 = 1. So we have established (I).

For (II) we show that the following sequence is split-exact:

1—-UQ1) = G — p2 — 1,

where the group homomorphisms are given by A € U(1) — (A3, 271 € @
and (\, 1) € G — M\ € po. Exactness can be easily checked, and the
splitting map is given by A € pj2 — (A, 1) € G. In this abelian case, the
corresponding action of pi12 on U(1) is trivial so that the resulting semi-direct
product is

G~U(1) % p12 = U(1) X 2. O
A similar argument shows that the gauge algebra of Definition [6.4] is
9(Fsar) ~ u(l) ® su(2) @ u(3),
and the restriction to traceless matrices gives the gauge algebra of the Stan-
dard Model:
sg(Fsa) ~ u(l) @ su(2) @ su(3).
11.2.2. The gauge and scalar fields. As we have seen in more gener-

ality in (8.2.7), the gauge field corresponding to Fg,, takes values in g(Fsy,).
We here confirm this result and derive the precise form of the gauge field

A, of (8.2.1), and also of the scalar field ¢ of (8.2.2)).

Take two elements a = (\,¢,m) and b = (X, ¢',m’) of the algebra A =
C*(Ca®H® M3(C)). According to the representation of Ap on Hp, the

inner fluctuations A, = —iad,b decompose as
— /
Ay = —iA0LA
on Vg,
s W v
A, == —iAIuA
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on eg,
Qu = _iqauq/
on (v, er), and
V;i = —imd,m’
acting on Hy; on all other components of Hr the gauge field A, acts as zero.
Imposing the hermiticity A, = A}, implies A, € R, and also automatically
yields A;L = —A,. Furthermore, @, = ()}, implies that (), is a real-linear
combination of the Pauli matrices, which span ¢ su(2). Finally, the condition
that V,; be hermitian yields V; € iu(3), so V; is a U(3) gauge field. As
mentioned above, we need to impose the unimodularity condition to obtain

an SU(3) gauge field. Hence, we require that the trace of the gauge field A4,
over Hp vanishes, and we obtain

Tl (Auls) + Trly (L@ V) =0 = Tr(V;) = —A,.

Therefore, we can define a traceless SU(3) gauge field V, by V, := -V -
%Au- The gauge field A, is given by

A, O A, O
Au‘Hl = 0 —Ay 0 ’ AH’Hq = 0 —Au 0 ® I3,
p iz
= 1
AM|H7 = Aully, Au’Ha =—LeV,+ §AM)7

for some U(1) gauge field A,, an SU(2) gauge field @, and an SU(3) gauge
field V,. The action of the field B, = A, — JrA,Jz" on the fermions is
then given by

0 0
Byly, = | 0 —24, :
Qu - AM]IQ
(11.2.1)
sAuls +V, 0
Byuly, = 0 —2A,03+V,

(Qy, + %A,U,HQ) ® ]13 + ]12 ® Vy,
Note that the coefficients in front of A, in the above formulas are precisely
the well-known hypercharges of the corresponding particles, as given by the
following table:

Particle ‘VR er Vv e ur dr up dj

7 S
Hypercharge‘ 0 -2 -1 -1 3 -5 3 3

Next, let us turn to the scalar field ¢, which is given by

0Y* 0 X*
(1122) ¢|Hl = <Y 0 ) ’ ¢|Hq = <X 0 > ®]13; ¢|HT = 07 ¢‘H§ = O)
where we now have, for complex fields ¢1, ¢2,

o Yu¢1 _YciaQ _ Yu¢1 _Yi$2
Y= <Yu¢2 Yo, > ’ X (Yu¢2 Yaoy > '
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The scalar field ® is then given by

s T
(11.2.3) <I>_DF+<28>+JF<§8>J;;_< ;¢(S+¢)>.

PROPOSITION 11.5. The action of the gauge group S&(M X Fg,,) on the
fluctuated Dirac operator

Dy, =Dy @l++* @B, +vmu @ ®

1s implemented by

Ay—= Ay — i)@ux, Qu— qQuq™ —iq0uq”, Vu > mvum* — imo,m”,

¢1+1 5, (1 +1
= A ,
( 0p) T\

for X € C=(M,U(1)), g € C*°(M,SU(2)) and m € C=(M, SU(3)).

PRrROOF. We simply insert the formulas for the fields obtained in (11.2.1])
into the transformations given by ({8.2.9)). Let us write

u=(\gq,m)€ COO(M,U(l) x SU(2) x SU(3)).

The term wwu* replaces @), by ¢@,q*, and Vu by mvum*, respectively.
We also see that the term —iud,u* is given by —ild, A on vg, ugr and H,
by the expression —iAd,A = iAJ,\ on eg and dg, by —igd,q* on (vr,er)
and (ur,dr), and, finally, by —im0d,m* on Hg. We thus obtain the desired
transformation rules for A, Q,, and V.

For the transformation of ¢, we separately calculate ugu* and u[Dp, u*].

Since ¢ = 0 on H;j and Hg, we may restrict our calculation of u¢u* to H;
and H,;. On H; we find

s _ (0N (OY*\ gy 0 ([ 0 a\Y7¢"
“¢“‘<0q><y 0)(0q* “\vgg 0 )

which is still hermitian. We then calculate

* Oi ﬁ YI/¢1 _1/652 A0
a5 = <—5 04> (Yu¢2 Yedy 0A
_ <)\Yu(a¢1 + Ba) AYe(Boy — 0@2)) '
AY, (=B1 + Qo) AYe(Agy + Bdy)
A similar computation on H, gives the same transformation for the ¢; and

P2

Next, let us calculate the second term u[Dp, u*]. The operator T'in D
only acts on vg, and therefore commutes with the algebra. Upon restricting
to Hy and Hg, the operator S commutes with the algebra. Hence, once again
we may restrict our calculation to H; and Hy. The term u[S, v*] is uSu* — S

and we compute
0 aY5q
uSu* = 0 )
(quqi 0

where Yy = (56” 195) on H; and Yy = (56" )(/)d) on H,. We find that on Hj,

. (a B\ (Y, 0\ /X0 [ A,a \Y.B
st = () (052) (3) = (55 e
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and a similar expression holds on H, after replacing Y, and Y, by Y, and
Y,, respectively.

Combining the two contributions to the transformation, we find that the
transformation ugu* + u[S, u*] maps

_ (Yob1 ~Yepy T
Y= <Yu¢2 Yoo ) oy (qusg Yoy )

where we defined

¢y = Nagr + Bda+a) =1, ¢h:=AN—B¢1 +aps — f).

Rewriting this in terms of ¢ completes the proof. O

Summarizing, the gauge fields derived from Fg,, take values in the Lie
algebra u(1) ® su(2) @ su(3) and transform according to the usual Standard
Model gauge transformations. The scalar field ¢ transforms as the Standard
Model Higgs field in the defining representation of SU(2), with hypercharge
—1.

11.3. The spectral action

In this section we calculate the spectral action for the almost-commutative
manifold M x Fg,, and derive the bosonic part of the Lagrangian of the
Standard Model. The general form of this Lagrangian has already been cal-
culated for almost-commutative manifolds in Section [8.12] so we only need
to insert the expressions ((11.2.1)) and ([11.2.3)) for the fields ® and B,. We
start with a few lemmas that capture the rather tedious calculations that
are needed to obtain the traces of F,, F*, ®2 &* and (D,®)(D"®).

We denote the curvatures of the U(1), SU(2) and SU(3) gauge fields by

Ay =0, Ay — O Ay,

(1131) Q,uu = ;,LQV - al/Qu + i[Q/u QV]7
Vi =0,V =0,V +1i[V,,, V. ].

LEMMA 11.6. The trace of the square of the curvature of B, is given by
10
Trgy, (Fu M) = 24(31\,“,/\“” + T(Qu@") + Te(Vu V) ).

PRrROOF. Let us first consider the trace over the lepton sector. Using
(11.2.1)), we find that the curvature F},, of B, can be written as

0 0
Fu| =020 ,
! Q,uu - A,U,V]I2
0 0
Fu|, = (020w ,
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where (Q) wv is the curvature of @u' The square of the curvature therefore
becomes

0 0
Fu, F | = 04A,, A" ,
i Q,LLVQ#V + A;WAMVH2 - QA;WQMV
0 0
Fu, F | = | 047, A"
H —

! (@)MV(Q)MV + A;wA'uV]IZ - 2A,uz/ (@)MV
Since @), is traceless, the cross-term —2A,, Q" drops out after taking the
trace. Note that since @), is hermitian we have @), = QZ, and this also

holds for @,,,. This implies that
Tr ((Quu)(Quy)) =Tr ((Q,LW)T(QHV)T) =Tr (Q;WQNV)-

Thus, with three generations we obtain
Trsnom (Fyu F™) = 36A, A" + 6 Tr(Qu Q).
For the quark sector, on H,, we obtain the curvature

4
sA LI+ V) 0
3 uvi3 uv
Fuvly, = 0 —30 I3+ Vi ) ;
(Q;w + gA,uu]IQ) & H3 + HQ 02y V,uz/

where we have defined the curvature of the SU(3) gauge field by
Vi = 0uVy — 0V, +1i[V,,, V. ].

A similar expression can be derived on Hg.
If we calculate the trace of the square of the curvature F),,, the cross-
terms again vanish, so we obtain

16 4 1 1
TI"Hq (F'U,VFMV) = <3 + 5 + g -+ 3> AMVAMV

+ 3Tr(Qu@") +4Tr(V, V).

We multiply this by a factor of 2 to include the trace over the anti-quarks,
and by a factor of 3 for the number of generations. Adding the result to the
trace over the lepton sector, we finally obtain

Tr(Fu, F*) = 80A A" 4+ 24 Tr(Qu Q") + 24 Tr(V,, VH). O
LEMMA 11.7. The traces of ®* and ®* are given by
Tr (®2) = 4a|H|* + 2¢,
Tr (%) = 4b|H|* + 8e|H|* + 2d,
where H denotes the complex doublet (¢1 + 1, ¢2) and
a="Tr (Y)Y, + VY. + 3V} Y, + 3Y}Yy),
b=Tr ((V,'Y,)? + (YYe)? + 3(Y, V) + 3(Y;Ya)?),
(11.3.2) c=Tr(YpYg),
d="Tr ((Y3Yr)?),
e =Tr (YaYRY,Y)).
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PROOF. The field @ is given by (11.2.3)), and its square equals

o2 — (S+ )2 +T*T (S+ ¢)T* +T*(S + )
T \T(S+ )+ AT S+ +TT )

The square of the off-diagonal part yields T*T = TT* = |Yg|? on vg and
VR, and zero on | # vgr,Ug. On the lepton sector of the Hilbert space, the
component S + ¢ is given by

0 Y4y
S+¢|HZZ<Y+Y0 0 0)'

We then calculate

2
w0 ey s = (M 0,

where we defined the complex doublet H := (¢1 + 1,¢2). Similarly, we
define X" := (Y + Yp)(Y + Yo)*, and note that Tr(X) = Tr(X’) by the cyclic
property of the trace. Since X = X* and Tr(%X) = Tr(X7), we also have

Tr(X) = Tr(X). Thus, on the lepton sector we obtain
Tryen, (€7) = Te(X + X + X+ X) + 2|Yz)
= 4Tr(X) + 2Yr* = 4(Yo P + [Ye ) H* + 2/ YR|
On the quark sector we similarly find
Tro,en, (97) =4-3(1Y, 1> + Yo )| H|?,

leading to the stated formula for Tr(®?).
In order to find the trace of ®*, we calculate

erm2 o (Y00 5 (IYrI*IY,? 0 [Y&[* O
(X + T*T)% = |H] ( S RRL o o) E )

We hence obtain
Troen, (91) = Tr (4% + 4XT*T + 2(T*T)?) + 4|H|*|Y&[*|Y, |?
= 4H| |V, |* + [Yel') + 8|H*[YR?|Y, [* + 2| YR

On the quark sector, we obtain a similar result with Y}, replaced by Y, and
Y. by Yy, leaving out the Yg, and including a factor of 3 for the trace in
colour space. O

LEMMA 11.8. The trace of (D,®)(D*®) is given by
Tr ((D,®)(D"®)) = 4a| D, H|?,

where H denotes the complex doublet (¢1 + 1, ¢2), and the covariant deriv-
ative D, on H is defined as

DuH = 8,H +iQ%0"H — i, H.
PrOOF. We need to calculate the commutator [By,®]. We note that

B,, commutes with the off-diagonal part of Dp. It is therefore sufficient to
calculate the commutator [B,, S + ¢| on H;. We shall write Q,, = QLUl +
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Qia2 + Qia?’ as a linear combination of Pauli matrices with real coefficients
QZ. By direct calculation on the lepton sector, we then obtain
0 0 _XVY1 _EZ/YQ
0 0 _Y8X2 YeXl
Yoxi YeXo 0 0 ’
Yux2 —YeX1 0 0

[Blu S+ ¢]‘Hl =

where we defined the new doublet x = (x1, x2) by
X1 = (¢1 4+ 1)(Q5 — M) + $2(Q), — iQ2),
X2 = (1 + 1)(Q), +iQ%) + ¢a(—Q5, — Ay).
We then obtain

DH(S+¢>‘Hl = M¢+i[BH7S+¢]

0 0 1/1(8#¢1 —iX1) Xu(au% —iX>)

_ 0 0 =Y e(Oug2 +ixz2) Ye(Ouo1 +ix1)
Yy (Ougr +ix1) —Ye(Oudy — iX2) 0 0
Yy(au¢2 + iXQ) Yve(a,ugbl - ZY1) 0 0

As ¢ commutes with the gauge field V), the corresponding formula for
D,,(S + ¢) on the quark sector is identical (after having tensored with I3 in
colour space).

Since we want to calculate the trace of the square of D, ®, it is sufficient
to determine only the terms on the diagonal of (D, ®)(D*®). We find

Temen, ((Du(S + @)(D(S +9))) = 20(10u01 +ixal* + |02 + ixal?).
where we have used

a="Tr (VY + Y Y, + 3YY, + 3Y;Yy)
as in (11.3.2). The column vector H is given by the complex doublet (¢1 +

1, ¢2). We then note that 0,¢ +1ix is equal to the covariant derivative D, H,
so that

Temen, ((Da(S + 6)(DA(S +@))) = 2al D, I

The trace over H; @ Hy yields exactly the same contribution, so we need to
multiply this by 2, which gives the desired result. O

PRrROPOSITION 11.9. The spectral action of the almost-commutative man-
ifold M x Fg,, is given by
D, _
1 (£(52)) ~ [ £ 80 Qi )i + 00,
M
for the Lagrangian
['(gum A;u Qua V[M H) = 96['M(g;w) + ['A(A;u Qua Vu) + »CH(gum A;u Qua H))

where Lar(guv) is defined in Proposition L4 gives the kinetic terms of
the gauge fields as

Lalu Qur Vi) i= fg) (?AHVA"W + Tr(Qu@™) + T&“(VWV“")>,
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and the Higgs potential Ly (ignoring the boundary term) equals

bf( )’H’4 2af2A22+ ef(0)|H‘2

E (g}Lll?A/JJQH? ) =

¢ fo\2 0 a
e ﬁ) O SO SO e

PRrROOF. We use the general form of the spectral action of an almost-
commutative manifold as calculated in Proposition and combine it
with the previous Lemmas. The gravitational Lagrangian Lj; obtains a
factor 96 from the trace over Hp. From Lemma [I1.6] we immediately find
the term £4. Combining the formulas of Tr (<I>2) and Tr (<I>4) obtained in

Lemma [T1.7] we find the Higgs potential

fa\? 2y, J(0) 4
— Tr(® —= Tr(d
212 (@5 + 82 (%)
bf( ) —2a,A% + e f(0) coh2 | df(0)
’H’4 2 HP ~ 2 + dn2
The coupling of the nggs field to the scalar curvature s is given by
f(0) 2 af(0) 5 cf(0)
Tr(®°) = H
ger2® T = o s+ 5,
where the second term yields a contribution to the Einstein-Hilbert term
f2A

s of L. Finally, the kinetic term of the Higgs field including minimal
couphng to the gauge fields is obtained from Lemma [11.8| as

J;SrOz)Tr((DMCI))(D“(I))) _ /(0 )]D HP. O

11.3.1. Coupling constants and unlﬁcatlon. In Proposition [11.9
we calculated the bosonic Lagrangian from the spectral action. We now
rescale the Higgs and gauge fields A, @, V,, in such a way that their kinetic
terms are properly normalized.

We start with the Higgs field, and require that its kinetic term is nor-
malized as usual, i.e.,

1
/ §|DMH|2\/§d4x.
M
This normalization is evidently achieved by rescaling the Higgs field as
2

T
——H
af(0)
Next, write the non-abelian gauge fields as @, = Qj,0® and V), = V/f)\i, for

the Gell-Mann matrices A’ and real coefficients V;. We introduce coupling

constants g1, g2 and g3 into the model by rescaling the gauge fields as
1 1 | -
Ay = 5915@, QZ = *QQWS, V,j = §Q3GL-
Using the relations Tr(c%?®) = 26% and Tr(AM) = 26%, we now find
that the Lagrangian £4 of Proposition [11.9] can be written as

(11.3.3) H

0) /5
LAYy, W,,G) = J;(Q)(ngywwu ggQWWWW+g32GWGW>.
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It is natural to require that these kinetic terms are properly normalized, and
this imposes the relations

fO) 5 f(O) 5 5f(0) 5 1
11.3.4 Ll get = L gyt = ——
( 3 ) 272 g3 72 g2 672 g1 4
The coupling constants are then related by
5
932 = 922 = §9127

which is precisely the relation between the coupling constants at unification,
common to grand unified theories (GUT). We shall further discuss this in

Section [12.21

In terms of the rescaled fields, we obtain the following result:

THEOREM 11.10. The spectral action (ignoring topological and boundary
terms) of the almost-commutative manifold M x Fs,; is given by

. /M<487J:4A4 e LA, <cf(0) - 4f2A2) ,_ 3O

2
1071_2 ( ,ul/pa)

2 2 47?2 2472 2

1 1 1, . br?

i VN 4 ZWe WHva ZGE GgEvii H 4
T W Rz +2a2f(0)‘ |

2afaA* —ef(0)

1 1
H|? + —s|H|? + =|D, H|? 4

where the covariant derivative D, H is given by
1. 1.
(11.3.5) D,H =0,H + 5292W§J“H — 5291YMH‘

11.3.2. The Higgs mechanism. Writing down a gauge theory with
massive gauge bosons, one encounters the notorious 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
celebrated Higgs mechanism provides a spontaneous breaking of the gauge
symmetry and thus generates mass terms. In this section we describe how
the Higgs mechanism breaks the U(1) x SU(2) symmetry and introduces
mass terms for some of the gauge bosons of the Standard Model.

In Theorem we obtained the Higgs Lagrangian Lg. If we drop all
the terms that are independent of the Higgs field H, and also ignore the
coupling of the Higgs to the gravitational field, we obtain the Lagrangian

(11.3.6)

b2 H[4 — 2afoA% — ef(0)
2a%f(0) af(0)
We wish to find the value of H for which this Lagrangian obtains its mini-
mum value.
Hence, we consider the Higgs potential
br? H 2a.fA% — ef(0)
2a%£(0) af(0)
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Ficure 11.3. The potential L,..(H) of (11.3.7) with
2af2A2 > €f(0)

If 2afoA? < ef(0), the minimum of this potential is obtained at H = 0,
and in this case there will be no symmetry breaking. Indeed, the minimum
H = 0 is symmetric under the full symmetry group U(1) x SU(2).

We now assume that 2afaA? > ef(0), so that the potential has the form
depicted in Figure The minimum of the Higgs potential is then reached
if the field H satisfies

2a? foA% — aef(0)

11.3.8 H|? =
( ) |H| 2 ,

and none such minimum is invariant any more under U(1) x SU(2). The
fields that satisfy this relation are called the vacuum states of the Higgs field.
We choose a vacuum state (v,0), where the vacuum expectation value v is a
real parameter such that v? is given by the right-hand side of . From
the transformation rule of Proposition [11.5] we see that the vacuum state
(v,0) is still invariant under a subgroup of U(1) x SU(2). This subgroup is
isomorphic to U(1) and is given by

{()\,q,\ _ (8 g)) e U(l)} C U x SU).

Let us 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 (\,q) € U(1) x SU(2) is written as H — uH
with u = Ag a unitary matrix. Since a unitary transformation preserves
absolute values, we see that Lyot(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. Consider elements of SU(2) of the form

(52)
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such that |a|? + |8]> = 1. The doublet H can in general be written as
(h1, h2), for some hi, ho € C. We then see that we may write

hi\ _ (o =B\ (|H] _ _ ha
(hz)‘(ﬂc)(oy = T

which means that we may always use the gauge freedom to write the doublet
H in terms of one real parameter. Let us define a new real-valued field h by
setting h(x) := |H(z)| —v. We then obtain

(11.3.9) H = u(z) (” +(§L(°””)> L ()= (ggg ;ﬁg) .

Inserting this transformed Higgs field into the Higgs potential, we obtain
the following expression in terms of the real parameter v and the real field
h(z):

bf(0
L) = 2D 1)
br? 4 3 272 3 4
B 2af2A2 — ef(())

af(0)
Using (11.3.8)), the value of v? is given by

2 _ 2a% foA? — aef(0)
br?

We then see that in Ly the terms linear in h cancel out. This is of course
no surprise, since the change of variables |H(x)| — v + h(z) means that
at h(x) = 0 we are at the minimum of the potential, where the first order
derivative of the potential with respect to A must vanish. We thus obtain
the simplified expression

1 2af2A? —ef(0)

T2

(v + h)?

(h? + 2vh + v?).

v

2
(11.3.10) Lpot(h) = 2;;7}(0) (h4 + 4vh® 4 40*h* — v4).
We now observe that the field h(x) has acquired a mass term and has two
self-interactions given by h® and h*. We also have another contribution to
the cosmological constant, given by —v?.

11.3.2.1. Massive gauge bosons. Next, let us consider what this proce-
dure entails for the remainder of the Higgs Lagrangian L. We first consider
the kinetic term of H, including its minimal coupling to the gauge fields,

given by
1
‘Cmin(Yp, W;},H) = §|D“H|2

The transformation of (11.3.9)) is a gauge transformation, and to make sure
that Lyin is invariant under this transformation, we also need to transform
the gauge fields. The field Y}, is unaffected by the local SU (2)-transformation
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u(z). The transformation of W, = Wio® is obtained from Proposition m
and is given by
W, — uW,u™ — g—uaﬂu .
2

One then easily checks that we obtain the transformation D, H +— uD, H, so
that | D, H|? is invariant under such transformations. So we can just insert

the doublet (v + h,0) into (11.3.5)) and obtain

v+ h 1. o afV+h 1. v+ h
DNH:8M< 0 >—|—2192W#0 < 0 >—2191Yu< 0 >

h 1. 1 0 1. 9 0
=0, (O) + §ngWM (v " h> + ngQW# (i(v n h))

1. s(v+h 1. v+h
+2292WM< 0 >—2’L91YH< 0 >

We can then calculate its square as
|D,H|* = (D'H)*(D,H)
1
= (0"h)(0,h) + 1922(1; + h)Z(WMJWl} + W“’2W5 + W“’?’Wﬁ)
1 / 1 /
+ 0 (R BYY, = Sg105(v + h)*B WL

Note that the last term yields a mixing of the gauge fields Y, and WS,
parametrized by the electroweak mixing angle ,, defined by

g2 g1
Va2 + 9227 V12 + g2?
Note that the relation g = 3¢;2 for the coupling constants implies that we

obtain the values cos? 6, = % and sin? 0, = % at the electroweak unification
scale Agy, . Let us now define new gauge fields by

Cw = Cos 0, = Sw = sinf,, =

. 1 1 Y72 * . 1 1 Y72
W/J = E(WM =+ ZWM)’ WM = E(WM — ZWN)’
(11.3.11) Zy = coW) = swY, Al = s, W+ ewYy,

where we have added a prime to A, to distinguish the (photon) field from
the general form of the inner fluctuations in Equation (8.2.1). We now show
that the new fields Z,, and A:L become mass eigenstates. The fields Wﬁ and
Wﬁ were already mass eigenstates, but the fields W, and W); are chosen so
that they obtain a definite charge. We can write

1 —i
—= W+ W), W2 = —(W, —W}),
\/i( Iz u) w \/5( 12 u)
W3 = suAl, + cwZy, Y, = cwA), — swZy,

1 _
W, =

and inserting this into the expression for |D,H|? yields

(11.3.12)
1 2 1 o 1 2 2117 1k 1922 27
in#Hy = 5(a h)(aﬂh)Jngg (v+ h)*W Wu—i—gﬁ(v—i—h) Z"'Zz,.
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Thus, we see that the fields W,,, W: and Z,, acquire a mass term (where 7,
has a larger mass than W), W) and that the fields AL are massless. The
(tree-level) masses of the W-boson and Z-boson are evidently given by
1 1 g2
11.3.13 My = - My = —v=.
( ) w 21)92, Z 2vcw
11.4. The fermionic action

In order to obtain the full Lagrangian for the Standard Model, we also
need to calculate the fermionic action S of Definition First, let us have
a closer look at the fermionic particle fields and their interactions.

By an abuse of notation, let us write v, 7, e}, &*, u?¢, @, dAC,EAC for a
set of independent Dirac spinors. We then write a generic Grassmann vector

E € H:ﬁ as follows:
E= QU+ QU+ TRV + T @
te e} +epRep+er®el +2 ek
+up® @ U+ u¥ @ uf + U @ u)° + W @ u)f
=A¢ _ The  SAC _ Tha

+d @A)+ d¥ @dY +dy @ dy+d; @ dy,
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 Hp. Here
A = 1,2,3 labels the generation of the fermions, and ¢ = 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 (|11.3.11)) we can write

QL +iQ? = jigzwu, QL —iQ% = \292W,f,
Q% — A, = 2%2”, A, = %swng; - ;SWQQQZM,
—Q:;’L — Ay = —suged, + %(1 —2¢,,°)Z,,,
(11.4.1) Q;, + éA# = %swng; - 6%(1 — 4¢w?) Zy,
—Qz + éA# = —%swggAL — (jg?i(l +2¢4%) Z,,.

Here we have rescaled the Higgs field in (|11.3.3]), so we can write H =
Vaf(0
7(1,{( )(¢51 + 1, ¢2).

We parametrize the Higgs field as
H=(v+h+i¢’iv2¢7),

where ¢V is real and ¢~ is complex. We write ¢ for the complex conjugate
of ¢~. Thus, we can write

(11.4.2) (P14 1,¢2) =

Vaf(0)

As in Remark we will need to impose a further restriction on the
mass matrices in Dp, in order to obtain physical mass terms in the fermionic
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action. From here on, we will require that the matrices Y, are anti-hermitian,
for x = v, e, u,d. We then define the hermitian mass matrices m, by writing

(11.4.3) Y, =: ivcjw(o)mx.

Similarly, we also take Yz to be anti-hermitian, and we introduce a hermitian
(and symmetric) Majorana mass matrix mp by writing

(11.4.4) YR = —1 mpg.
THEOREM 11.11. The fermionic action of the almost-commutative man-
ifold M x Fg,, is given by
Sp = / ([,km +Lyr+Lpy+ ﬁR)\/§d4a},
M

where, suppressing all generation and color indices, the kinetic terms of the
fermions are given by

Liin, = —i(Jy7, 'y“ViV} —i(JeE, W“Vﬁe)
— i(Jy A Viu) — i(Jyd, 4"V d),
the minimal coupling of the gauge fields to the fermions is given by

Lyp = swg2 A, ( = (Jarere) + 3 arm, v u) — $ard, yd) )

+ 4%2“ ((JM?, P+ ) + (are, " (4sw® — 1= yu)e)
+ (Ju, 7“(—%8w2 + 1+ vy )uw)
+ (Jud, " (350° — 1 — ’YM)d>>

+ %WN((JME, YA A y)v) + (Tad, (1 + ’YM)“>>

92y Z Al TG

+ 505 Wi (T (L an)e) + (ai (L))
93 (i 7 AHN T oAkt

+ 7Gu<<JMu7fY >\Zu> + <JMd7’7 )‘Zd>>7
2

the Yukawa couplings of the Higgs field to the fermions are given by
h
Lyp:=1 (1 + U> <<JMf, myv) + (Jpr€, mee)

+ (Jn, myu) + (Jpd, mdd>>
0
+ o ((JMU, Ymmuv) — (Jye, yymee)

+ (I, yprmyu) — {(Jprd, VMmdd>)

+ T (e (14 m0)0) = a1 = 300)1))
¢+

+ oo <<JMP, my (1 +vyar)e) — (Jyv, me(l — 7M)e)>

+ jﬁ_v ((JME, ma(1 4+ var)u) — (Jprd, my (1 — 'yM)u))
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¢r _ _
+ o (et ma (L4 a)d) = (v ma(l = 0)d)).

and, finally, the Majorana masses of the right-handed neutrinos (and left-
handed anti-neutrinos) are given by

Lpr:= i<JMI/R,mRI/R> + i<JMﬁL,meL>.

PRrROOF. The proof is similar to Proposition though the calculations
are now a little more complicated. From Definition we know that the
fermionic action is given by Sp = %(Jﬁ , D,€), where the fluctuated Dirac
operator is given by

D, =Dy@1++y@B,+7u® .

We rewrite the inner product on M as (£,v) = [,,(& ¢)/gd*z. As in
Proposition the expressions for JE = (Jy ® Jp)€ and (Dy ® 1)€ are
obtained straightforwardly. Using the symmetry of the form (Jyrx, Dy),

and then we obtain the kinetic terms as
1 ~ -
& (D @ 1)8) = (JuP, Dy + (Jyre?, Dyge?)
+ (Jp@°, Dppue) + <JME/\C, Dpd™e).

The other two terms in the fluctuated Dirac operator yield more complicated
expressions. For the calculation of (v* ® B,,)§, we use (11.2.1) for the gauge
field B, and insert the expressions of (11.4). As in Proposition we

then use the antisymmetry of the form (Jasx,v#1). For the coupling of the
fermions to the gauge fields, a direct calculation then yields

SUE (@ B =

_ —\c c —Ac c
sug2 Al (= (Tu@, e + 2@ ) = S (Iud ™ )
+ 22 (a7 A (L a0 + (Jare 7 (5% = 1= 7ar)e?)

+ (JMH/\C,’Y“(—gst + 1+ yar)u™)
—=Ac c
+ (ard A (§50? = 1= n)d™))
_ —Ac c
+ oW (LI A0 A) 4+ a7 (14 qaa ™))
+ oW (7 A (4 an)e) (I 414 ))

+ B () + (),

where in the weak interactions the projection operator (1 +~as) is used to
select only the left-handed spinors. N
Next, we need to calculate 5(J¢, (yi ® ®)€). The Higgs field is given

by ® = D + ¢ + JpoJ7, where ¢ is given by ([11.2.2)). Let us first focus on
the four terms involving only the Yukawa couplings for the neutrinos. Using
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the symmetry of the form (JasY, ’YM@Z), we obtain
1 1
5 IR i YN (b1 + D) + S (v yn Y2 (61 + 1)7k)
1 _ GAK 1 SR T _
+ 5 IPE Y (61 + Dvg) + S (v, Y, (60 + 1)7L)

—K K —K T
== <JMVR)’YMYV )\(d)l + 1)]/1/:7) + <JMVL7VMY1/ (¢1 + 1)V2>

Using (11.4.2) and (11.4.3)), and dropping the generation labels, we can now
rewrite

(JmPr, MY (o1 + V)vr) + (Iur, ymY o (d1 + 1)vi)
h 0
=1 <1 + v) (Jmv, myv) — %(JMU, YMMyV).

For e, u,d we obtain similar terms, the only difference being that for e and
d the sign for ¢° is changed. We also find terms that mix neutrino’s and
electrons; by the symmetry of the form (Jyrx, vart0), these are given by the
four terms

V2

v <¢_<JMEL7 meVL> + ¢+<JMyLa myeL>

— ¢~ (Juer, muvr) — ¢ (JMTR, me€R>>-

There are four similar terms with v and e replaced by u and d, respectively.
We can use the projection operators %(1 +var) to select left- or right-handed
spinors. Lastly, the off-diagonal part T in the finite Dirac operator Dg yields
the Majorana mass terms for the right-handed neutrinos (and left-handed
anti-neutrinos). Using , these Majorana mass terms are given by

(Javr, yMYRrVR) + (InTr, ynY rVL) = i{Jyvr, meVR) + i(JMVL, mRVL).

Thus, we find that the mass terms of the fermions and their couplings to
the Higgs field are given by

SUE (s © @)F) =

h _
i (1 + U) ((JMﬁ, myv) + (I, mee) + (I, myu) + (Jpd, mdd>>

O J—
+ % ((JME Yarmpv) — (Jpe, yumee) + (I, yarmou) — (Jud, Mmdd>)

+ ﬁ(<JM€, me(1+yam)v) — (e, my (1 — 7M),,>>
¢+
\[U (<JMv, mu(1+var)e) — (JaT, me(1 — yar)e

fv

2)
(<JME, ma(1 +var)w) — (Jard, me(1 — yar)u )
)

(<JMﬂ7 my (1 +var)d) — (S, ma(1 — yar)

+
\/iv

+ i(JmVR, mrVR) + i(JuVL, MRVL),
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where we have suppressed all indices. O

In Theorem [11.10] and Theorem [[1.11] we have calculated the action
functional of Definitions [7.1] and [7.3] for the almost-commutative manifold
M x Fg,, defined in this Chapter. To summarize, we have geometrically
derived:

(1) The full particle contents of the Standard Model, to wit,
e the W, Z bosons, photons, and gluons, corresponding to the
U(1) x SU(2) x SU(3) Standard Model gauge group.
e the Higgs boson.
e three generations of left and right-handed leptons and quarks.
(2) The dynamics and all interactions of the Standard Model, including
e self-interactions of the gauge bosons, and coupling to fermions
e masses for the fermions, including masses for the neutrinos,
and coupling to the Higgs field
e Higgs spontaneous symmetry breaking mechanism, giving masses
to the W and Z boson, and also to the Higgs boson itself.
(3) Minimal coupling to gravity.

In addition to the usual Standard Model, there are relations between
the coupling constants in the Lagrangian of Theorem In the next
Chapter, we will analyze this in more detail and derive physical predictions
from these relations.

Notes

1. For an exposition of the Standard Model of particle physics, we refer to [72} [120].

Section 11.1. The finite space

2. The first description of the finite space Fsy yielding the Standard Model (without
right-handed neutrinos though) was given by Connes in [63], based on [59), [T1] (see also
the review [146]). As already mentioned in the Notes to Chapter [7} the spectral action
principle was formulated in [49], [50] where it was also applied to the Standard Model.
Extensive computations on this model can be found in [168].

In [54] the noncommutative geometric formulation of the Standard Model got in good
shape, mainly because of the choice for the finite space to be of KO-dimension 6 |20}, [68].
This solved the problem of fermion doubling pointed out in [I38] (see also the discussion
in [65] Ch. 1, Sect. 16.3]), and at the same time allowed for the introduction of Majorana
masses for right-handed neutrinos, along with the seesaw mechanism. Here, we follow
[186].

The derivation of the Standard Model algebra Ar from the list of finite irreducible
geometries of Sectionwas first obtained in [51], This includes Propositionof which
we here give an alternative, diagrammatic proof.

The moduli space of Dirac operators Dg of the form was analyzed in [54]
Section 2.7] (¢f. [65] Section 1.13.5]) and in [42].

Section 11.2. The gauge theory

3. The condition of unimodularity was imposed in the context of the Standard Model in
[54, Sect. 2.5] (see also [65] Ch. 1, Sect. 13.3]). The derivation of the hypercharges from
the unimodularity condition is closely related to the equivalence between unimodularity in
the almost-commutative Standard Model and anomaly cancellation for the usual Standard
Model [2].

4. Proposition agrees with [54, Prop. 2.16] (see also [65, Prop. 1.185]). For the
derivation of the Standard Model gauge group &gy, we refer to [18].
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Section 11.3. The spectral action

5. The coefficients a, b, ¢,d and e in Lemma agree with those appearing in [54] (see
also [65], Ch. 1, Sect. 15.2]).

6. The Higgs mechanism is attributed to Englert, Brout and Higgs [86), [108].

7. The form of the Higgs field in that is obtained after a suitable change of basis
is called unitary gauge and was introduced by Weinberg in [193), [194] (see also [195]
Chapter 21]).
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CHAPTER 12

Phenomenology of the noncommutative Standard
Model

In Theorem [11.10] and Theorem [11.11} we have derived the full La-
grangian for the Standard Model from the almost-commutative manifold
M x Fgy. The coefficients in this Lagrangian are given in terms of:

e the value f(0) and the moments fo and f; of the function f in the
spectral action;

e the cut-off scale A in the spectral action;

e the vacuum expectation value v of the Higgs field;

e the coefficients a,b,c,d, e of that are determined by the
mass matrices in the finite Dirac operator Dp.

One can find several relations among these coeflicients in the Lagrangian,
which we shall derive in the following section. Inspired by the relation
g3 = g% = %glg obtained from , we will assume that these rela-
tions hold at the unification scale. Subsequently, we use the renormalization
group equations to obtain predictions for the Standard Model at ‘lower’ (i.e.
particle accelerator) energies.

12.1. Mass relations

12.1.1. Fermion masses. Recall from ((11.4.3) that we defined the
mass matrices m, of the fermions by rewriting the matrices Y, in the finite
Dirac operator Dp. Inserting the formula ((11.4.3)) for Y, into the expression

for a given by (11.3.2)), we obtain
_ af(0)

w202

Tr (mjm, + mime + 3mjm, + 3mjmg),

which yields

22

f(0)°
From (11.3.13) we know that the mass of the W-boson is given by My =

%ng. Using the normalization (11.3.4]), expressing go in terms of f(0), we
can then write

(12.1.1) f(0) = ——

Tr (mymy + mime + 3mim, + 3mymg) =

Inserting this into the expression above, we obtain a relation between the
fermion mass matrices m, and the W-boson mass My, viz.

(12.1.2) Tr (m;m,, + mgme + 3m;m, + 3m2md) = 2¢9%0v% = 8My2.
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If we assume that the mass of the top quark is much larger than all other
fermion masses, we may neglect the other fermion masses. In that case, the
above relation would yield the constraint

(12.1.3) My < \/§MW.

12.1.2. The Higgs mass. We obtain a mass my, for the Higgs boson
h by writing the term proportional to h? in (11.3.10) in the form

br? 1
4 2h2 I 2h2.
242£(0) " oM

Thus, the Higgs mass is given by

. — 27T\/I;U
" aJ/f0)

Inserting (|12.1.1)) into this expression for the Higgs mass, we see that My
and my, are related by

(12.1.4)

b
mhz = 32*2MW2.
a

Next, we introduce the quartic Higgs coupling constant A by writing

br? 1
o h* = AR
2a2f(0) 24
From ({11.3.4) we then find
b
(12.1.5) A =240,

so that the (tree-level) Higgs mass can be expressed in terms of the mass My
of the W-boson, the coupling constant go and the quartic Higgs coupling A
as

ANMy?
12.1.6 2 = )
( ) mp 3922

12.1.3. The seesaw mechanism. Let us consider the mass terms for
the neutrinos. The matrix Dg described in Section [11.1| provides the Dirac
masses as well as the Majorana masses of the fermions. After a rescaling
as in , the mass matrix restricted to the subspace of Hp with basis
{Z/La VR, VL, ﬁ} is given by

Suppose we consider only one generation, so that m, and mp are just scalars.
The eigenvalues of the above mass matrix are then given by

1 1
iimR + 5\/m32 +4m,2.
If we assume that m, < mpg, then these eigenvalues are approximated by

+mp and :l:%—”;. This means that there is a heavy neutrino, for which the
Dirac mass m, may be neglected, so that its mass is given by the Majorana
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mass mp. However, there is also a light neutrino, for which the Dirac and
Majorana terms conspire to yield a mass "%”2, which is in fact much smaller
than the Dirac mass m,. This is called the seesaw mechanism. Thus, even
though the observed masses for these neutrinos may be very small, they
might still have large Dirac masses (or Yukawa couplings).

From we obtained a relation between the masses of the top quark
and the W-boson by neglecting all other fermion masses. However, because
of the seesaw mechanism it might be that one of the neutrinos has a Dirac
mass of the same order of magnitude as the top quark. In that case, it would
not be justified to neglect all other fermion masses, but instead we need to
correct for such massive neutrinos.

Let us introduce a new parameter p (typically taken to be of order 1)
for the ratio between the Dirac mass m, for the tau-neutrino and the mass
my,, of the top quark at unification scale, so we write m, = pm,,,. Instead

of (12.1.3]), we then obtain the restriction

8
(12.1.7) Miop S 4/ Ty pQMw.

12.2. Renormalization group flow

In this section we evaluate the renormalization group equations (RGEs)
for the Standard Model from ordinary energies up to the unification scale.
For the validity of these RGEs we need to assume the existence of a ‘big
desert’ up to the grand unification scale. This means that one assumes that:

e there exist no new particles (besides the known Standard Model
particles) with a mass below the unification scale;

e perturbative quantum field theory remains valid throughout the big
desert.

Furthermore, we also ignore any gravitational contributions to the renor-
malization group flow.

12.2.1. Coupling constants. In we introduced the coupling
constants for the gauge fields, and we obtained the relation g3? = go? = g g12.
This is precisely the relation between the coupling constants at (grand)
unification, common to grand unified theories (GUT). Thus, it would be
natural to assume that our model is defined at the scale Agyr. However, it
turns out that there is no scale at which the relation g3 = go? = % g12 holds
exactly, as we show below.

The renormalization group S-functions of the (minimal) standard model

read
dgi 1 41 19
— =— big;; b=——,—1,7]),
dt — 1672 90 66
where t = logu. At first order, these equations are uncoupled from all

other parameters of the Standard Model, and the solutions for the running
coupling constants g;(u) at the energy scale p are easily seen to satisfy

S
My’

b;
(12.2.1) gi(1)™* = g:(Myz)™* + £~ log
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where My is the experimental mass of the Z-boson:
My = 91.1876 £+ 0.0021 GeV.

For later convenience, we also recall that the experimental mass of the W-
boson is

(12.2.2) My = 80.399 £ 0.023 GeV.

The experimental values of the coupling constants at the energy scale My
are known too, and are given by

g1(Mz) = 0.3575 & 0.0001,
g2(Mz) = 0.6519 £ 0.0002,
g3(Mz) = 1.220 £ 0.004.

Using these experimental values, we obtain the running of the coupling con-
stants in Figure As can be seen in this figure, the running coupling
constants do not meet at any single point, and hence they do not determine a
unique unification scale Ag; 7. In other words, the relation g3 = go? = % g12
cannot hold exactly at any energy scale, unless we drop the big desert hy-
pothesis. Nevertheless, in the remainder of this section we assume that this
relation holds at least approximately and we will come back to this point in
the next section. We consider the range for Agyr determined by the trian-
gle of the running coupling constants in Figure The scale Ao at the

intersection of \/g g1 and go determines the lowest value for Agyr, given by
(12.2.3)

8 2(3 M -2 M -2
Ao = Mzexp T (591( z) 3 92(Mz)™")
b2 - gbl

) =1.03 x 10" GeV.

The highest value Asg is given by the solution of go = g3, which yields

(12.2.4)
2 -2 -2
A23 = MZ exp (87T (93(MZb) b g2(MZ) )
2 — U3

We assume that the Lagrangian we have derived from the almost-commutative
manifold M X Fg,, is valid at some scale Agyr, which we take to be between
A1o and Agg. All relations obtained in Figure [12.1] are assumed to hold
approximately at this scale, and all predictions that will follow from these
relations are therefore also only approximate.

) =9.92 x 10'% GeV.

12.2.2. Renormalization group equations. The running of the neu-
trino masses has been studied in a general setting for non-degenerate seesaw
scales. In what follows we consider the case where only the tau-neutrino has
a large Dirac mass m,,, which cannot be neglected with respect to the mass
of the top-quark. In the remainder of this section we calculate the running
of the Yukawa couplings for the top-quark and the tau-neutrino, as well as
the running of the quartic Higgs coupling. Let us write y,,, and y, for the
Yukawa couplings of the top quark and the tau-neutrino, defined by

1 1
(12.2.5) iy = 5V 2050, my = SV 20,
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FIGURE 12.1. The running of the gauge coupling constants.

where v is the vacuum expectation value of the Higgs field.

Let mg be the Majorana mass for the right-handed tau-neutrino. By the
Appelquist—Carazzone decoupling theorem (c¢f. Note [5|on Page we can
distinguish two energy domains: £ > mpr and E < mp. We again neglect
all fermion masses except for the top quark and the tau neutrino. For high
energies £ > mp, the renormalization group equations are given by

dy . 1 9 17 9
T (2“2"? T 0 39 89%) Yo

dy 1 5, 3, 9
(1226) = <3y30p + ¥ — 591 - 4g§> Yo,

dx 1 ) ) ) 9. ) \
7 1622 <4)\ (3g1° +9g2°) A + 4(g1 + 291292 + 3g2%)

+ 4(3yt20p + yV2))\ - 12(3yz10p + yV4)> °

Below the threshold F = mpg, the Yukawa coupling of the tau-neutrino drops
out of the RG equations and is replaced by an effective coupling

which provides an effective mass m; = %mﬂ for the light tau-neutrino. The
renormalization group equations of y,,, and A for £ < mp are then given
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by

Ay, 1 /9 17, 9
= 1o <2y30p T 89%) Yeop:
1

12.2. — =
( 7) dt 1672

9
<4>\2 — (3912 + 9g2*)\ + 1(914 +291%g2% + 3g2)

+12y2 A — 36y§op> :

Finally, the equation for g, is replaced by an equation for the effective cou-
pling x given by

dr 1 9 5 A
(12.2.8) = <6ytop — 392" + ) K.

dt ~ 1672 6

12.2.3. Running masses. The numerical solutions to the coupled dif-

ferential equations of ((12.2.6]) (12.2.7)) and (12.2.8)) for y,.,, ¥ and A depend

on the choice of three input parameters:

e the scale Agy+ at which our model is defined;

e the ratio p between the masses m, and mp;

e the Majorana mass mpg that produces the threshold in the renor-
malization group flow.

The scale Aqyr is taken to be either Ay = 1.03 x 103 GeV or Agg =
9.92 x 10'6 GeV, as given by (12.2.3) and (12.2.4)), respectively. We now
determine the numerical solution to (12.2.6)), (12.2.7]) and for a range
of values for p and mpg. First, we need to start with the initial conditions
of the running parameters at the scale Agyr. Inserting the top-quark mass

Miop = %\/iytopv, the tau-neutrino mass m, = pm,,,, and the W-boson
mass My = %gw into (12.1.7)), we obtain the constraints
2 2p

WQQ(AGUT% Yy (Acur) S WQQ(AGUT),
where ([12.2.1) yields the values g2(A12) = 0.5444 and g2(A23) = 0.5170.
Furthermore, from (|12.1.5)) we obtain an expression for the quartic cou-
pling A\ at Agyr. Approximating the coefficients a and b from ((11.3.2) by
a= (3+p?)m2  and b~ (34 p*)ml , we obtain the boundary condition

3+ pt
mg2(AGUT)2-

Using these boundary conditions, we can now numerically solve the RG
equations of from Agyr down to mp, which provides us with values
for yiop(mR), yo(mpr) and A(mpg). At this point, the Yukawa coupling y, is
replaced by the effective coupling x with boundary condition

yu(mR)Q
mpr

Next, we numerically solve the RG equations of (|12.2.7)) and (12.2.8) down

to Mz to obtain the values for y,,,, © and A at ‘low’ energy scales.

The running mass of the top quark at these energies is given by ((12.2.5)).
We find the running Higgs mass by inserting A into (12.1.6)). We shall
evaluate these running masses at their own energy scale. For instance, our
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Agyr (108 GeV) | 1.03  1.03 1.03 1.03 103 1.03 1.03
p 0 09 09 100 100 1.10 1.10
mpg (1013 GeV) - 025 1.03 030 103 035 1.03
Moy (GeV) 1832 173.9 1741 1719 1721 169.9 170.1
my (eV) 0 2084 0.5037 2.076 0.6030 2.080 0.7058
my, (GeV) 188.3 175.5 175.7 1734 173.7 171.5 171.8
Acur (1016 GeV) | 9.92 992 992  9.92 9.92

p 0 110 1.10 1.20 1.20

mpg (1013 GeV) - 030 20 0.35 9900

Myop (GeV) 186.0 173.9 174.2 171.9 173.5

my (eV) 0 1.939 02917 1.897 6.889 x 107°

my, (GeV) 188.1 171.3 171.6 169.1 171.2

Acur (101¢ GeV) | 9.92 9.92 9.92 9.92

p 1.30 1.30 1.35 1.35

mpg (1013 GeV) | 0.40 9900 100 9900

Miop (GeV) 169.9 171.6 169.8 170.6

my (eV) 1.866 7.818 x 107> 8.056 x 1073 8.286 x 10~

my, (GeV) 167.1 169.3 167.4 168.4

TABLE 12.1. Numerical results for the masses m,,, of the
top-quark, my of the light tau-neutrino, and my, of the Higgs
boson, as a function of Agyr, p, and mpg.

predicted mass for the Higgs boson is the solution for p of the equation
= +/A(u)/3v, in which we ignore the running of the vacuum expectation
value v.

The effective mass of the light neutrino is determined by the effective
coupling k, and we choose to evaluate this mass at scale M. Thus, we
calculate the masses by

1
mtop (mtop) = 5 \/Eytop (mtop)v;

1
my(Mz) = ZH(MZ)UQ,

ma(ma) = 1 200,

where, from the W-boson mass we can insert the value v = 246.66 +
0.15. The results of this procedure for m,,,, m; and my, are given in Table
In this table, we have chosen the range of values for p and mpg such
that the mass of the top-quark and the light tau-neutrino are in agreement
with their experimental values

Miop = 172.0 £ 0.9 + 1.3 GeV, my < 2eV.

For comparison, we have also included the simple case where we ignore the
Yukawa coupling of the tau-neutrino (by setting p = 0), in which case there
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FIGURE 12.2. The running of the quartic Higgs coupling A
for Agyr = 9.92x10' GeV, p = 1.2, and mpr = 3x10'? GeV.

is no threshold at the Majorana mass scale either. As an example, we have
plotted the running of A, ¥i.,, ¥» and x for the values of Aqyr = Aoz =
9.92 x 10'6 GeV, p = 1.2, and mp = 3 x 10'? GeV in Figures
2.4l and 02.5]

For the allowed range of values for p and mp that yield plausible results
for my,, and m;, we see that the mass my, of the Higgs boson takes its value
within the range

167 GeV < my, < 176 GeV.

The errors in this prediction, which result from the initial conditions (other
than m,,, and m;) taken from experiment, as well as from ignoring higher-
loop corrections to the RGEs, are smaller than this range of possible values
for the Higgs mass, and therefore we may ignore these errors.

12.3. Higgs mass: comparison to experimental results

It is time to confront the above predicted range of values with the dis-
covery of a Higgs boson with a mass my ~ 125.5GeV at the ATLAS and
CMS experiments at the Large Hadron Collider at CERN. At first sight,
this experimentally measured value seems to be at odds with the above pre-
diction and seems to falsify the description of the Standard Model as an
almost-commutative manifold. However, let us consider more closely the
(main) hypotheses on which the above prediction is based, discussing them
one-by-one.

The almost-commutative manifold M x Fg,;: An essential input in the
above derivation is the replacement of the background manifold M
by a noncommutative space M X Fg,,. We motivated the structure
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FiGUrRE 12.3. The running of the top-quark Yukawa cou-
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FiGure 12.5. The running of the effective coupling « for
Agur = 9.92 x 1016 GeV, p = 1.2, and mp = 3 x 10'? GeV.

of Fgy by deriving it from a list of finite irreducible geometries,
along the way imposing several mathematical constraints (cf. Sec-
tion . The strength of this approach was that it allowed for
a derivation of all the particles and symmetries of the Standard
Model from purely geometrical data. Moreover, the spectral action
resulted in the Lagrangian of the Standard Model, including Higgs
mechanism.

The incompatibility of the prediction of the Higgs mass with
experiment might be resolved by considering almost-commutative
manifolds that go beyond the Standard Model by dropping some
of the aforementioned mathematical constraints; we will discuss a
recently proposed possibility in the next Section.

Ultimately, one should also consider noncommutative manifolds
that are not the product of M with a finite space F' (see Note [7| on
Page .

The spectral action: The bosonic Lagrangian was derived from the as-
ymptotic expansion of the spectral action Tr f(D/A).

Adopting Wilson’s viewpoint on the renormalization group equa-
tion this Lagrangian was considered the bare Lagrangian at the
cutoff scale A. The renormalization group equations then dictate
the running of the renormalized, physical parameters.

Alternatively, one can consider the spectral action for M X Fgy,
in a perturbative expansion in the fields, as in Section[7.2.2] leading
to unexpected and an intriguing behaviour for the propagation of
particles at energies larger than the cutoff A (see Note |§| on Page

185]).
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Yet another alternative is to consider A as a regularization pa-
rameter, allowing for an interpretation of the asymptotic expansion
of Tr f(D/A) as a higher-derivative gauge theory. It turns out that
conditions can be formulated on the Krajewski diagram for F' that
guarantee the (super)renormalizability of the asymptotic expansion
of the spectral action for the corresponding almost-commutative
manifold M x F (see Note [9] on Page [L8F).

Big desert: In our RGE-analysis of the couplings and masses we have as-
sumed the big desert up to the GUT-scale: no more elementary
particles than those present in the Standard Model exist at higher
energies (and up to the GUT-scale). This is a good working hy-
pothesis, but is unlikely to be true. The main reason for this is
the mismatch of the running coupling constants at the GUT-scale
(Figure . This indicates that new physics is expected to ap-
pear before this scale. As already suggested, it might very well
be that this new physics can be described by considering almost-
commutative manifolds that go beyond the Standard Model. We
will discuss such a possibility in the next Section.

Renormalization group equations: We exploited renormalization group
techniques to run couplings and masses down from the GUT-scale
to ordinary energies. The renormalization group equations were
derived in a perturbative approach to quantum field theory, which
was supposed to be valid at all scales. Moreover, we have adopted
the one-loop beta-functions, something which can definitely be im-
proved. Even though this might lead to more accurate predictions,
it is not expected to resolve the incompatibility between the pre-
dicted range for my and the experimentally measured value.

Gravitational effects: In our analysis we have discarded all possible grav-
itational effects on the running of the couplings constants. It might
very well be that gravitational correction terms alter the predicted
values to a more realistic value.

12.4. Noncommutative geometry beyond the Standard Model

Let us then drop some of the above hypotheses, and demonstrate how a
small correction of the space M x Fg,, gives an intriguing possibility to go
beyond the Standard Model, solving at the same time a problem with the
stability of the Higgs vacuum given the measured low mass my,.

Namely, in the definition of the finite Dirac operator D of Equation
we can replace Yg by Ygo, where o is a real scalar field on M.
Strictly speaking, this brings us out of the class of almost-commutative
manifolds M x F, since part of Dr now varies over M. Nevertheless, it
fits perfectly into the more general class of topologically non-trivial almost-
commutative geometries. In fact, it is enough to consider the trivial fiber
bundle M x Hp, for which an endomorphism Dp(x) € End(Hp) is allowed
to depend smoothly on z € M.

The scalar field o can also be seen as the relic of a spontaneous symmetry
breaking mechanism, similar to the Higgs field h in the electroweak sector
of the Standard Model. Starting point is the almost-commutative manifold
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M x Fpg based on the algebra My (H)® M4 (C) with which we started Chapter
The gauge group corresponding to Fpg is SU(2) x SU(2) x SU(4) and the
corresponding model is called Pati—Salam unification. It turns out that
the spectral action for M X Fpg yields a spontaneous symmetry breaking
mechanism that dynamically selects the algebra Ap C Ma(H) @& My(C) of
Proposition [TT:1]

Let us then replace Yr by Yro and analyze the additional terms in the
spectral action. In Proposition we insert a o for every Yy that appears,

to arrive at
bf(O) 2af2A2 f( )
Loy (Gps My Qus H, 0) 1= = 57| — H? + =0 |H[’

Cf2A2 o df(0) 4 f( ) 2 2
=0 + 2 ol = |D,H|" + 7T2f(0)c(8u0) ,
where we ignored the coupling to the scalar curvature.
As before, we exploit the approximation that m,,, m, and mpg are the

dominant mass terms. Moreover, as before we write m, = pm,,,. That is,
the expressions for a, b, c,d and e in (11.3.2)) now become

a~my, (0> +3),
b~ my,, (p* +3),
C~ m%%,

d=~ m%%,

e~ pmm? |

In a unitary gauge, where H = <g), we arrive at the following potential:

1 4 1 9 9 1 4 49% 2012 2
,Cpot(h,a) :ﬂ)\hh +§)\h0-h o +Z>\O—U _ﬁféA (h +o ),

where we have defined coupling constants

8P2 2

pt+3
(1241) )\ = 247 2 /\hO' = mQQ,

(0% + 3272

This potential can be minimized, and if we replace h by v + h and ¢ by
w + o, respectively, expanding around a minimum for the terms quadratic
in the fields, we obtain:

1
Lor(V 4+ hyw + 0)|quadratic = 6v2/\hv2 + 20wApeoh + W A,02

5 o (2).

where we have defined the mass matrix M by
1y, .2
2 _ ARV Apgvw
M 2 ()\;wvw Ao Ww? > ’

This mass matrix can be easily diagonalized, and if we make the natural
assumption that w is of the order of mpg, while v is of the order of My, so
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that v < w, we find that the two eigenvalues are

AQ
mi ~ 2\ w? + 2%2}2,

1\
2 2 ho
~Y 2 _—— —— .
m )\hU <6 )\h)\g>

We can now determine the value of these two masses by running the scalar
coupling constants Ap, Aps and A, down to ordinary energy scalar. The
renormalization group equations for these couplings are given by

dy, 1

9
= —— (4N + 1222 — (3912 + 992) M + = (1% + 2912922 + 3go*
i 167r2< BT ho (91+92)h+4(91+glgz+g2)

A+ DN — 1203+ yf)) ,

e 1
d’; = 63 <8A%w 4 6 Ao + 2Mho A
3
- 5 (g% + 395) >\h0' + 2(3y‘520p + yVZ))\hO')7
d)\, 1
— = o3 <8A%m + 18A§).

As before, at lower energy the coupling v, drops out of the RG equations
and is replaced by an effective coupling.

At one-loop, the other couplings obey the renormalization group equa-
tions of the Standard Model, that is, they satisfy and (12.2.7)). As
before, we can solve these differential equations, with boundary conditions
at Agyr given for the scalar couplings by . The result varies with
the chosen value for Agyr and the parameter p. The mass of ¢ is essentially
given by the largest eigenvalue m_ which is of the order 102 GeV for all val-
ues of Agyr and the parameter p. The allowed mass range for the Higgs, i.e.
for m_, is depicted in Figure The expected value mjy = 125.5 GeV is
therefore compatible with the above noncommutative model. Furthermore,
this calculation implies that there is a relation (given by the red line in the
Figure) between the ratio m, /m,,, and the unification scale Agyr.

We conclude that with noncommutative geometry we can proceed be-
yond the Standard Model, enlarging the field content of the Standard Model
by a real scalar field with a mass of the order of 10'? GeV. At the time of
writing of this book (Spring 2014), this is completely compatible with ex-
periment and also guarantees stability of the Higgs vacuum at higher energy
scales. Of course, the final word is to experiment in the years to come. What
we can say at this point is that noncommutative geometry provides a fasci-
nating dialogue between abstract mathematics and concrete measurements
in experimental high-energy physics.

Notes

1. In the first part of this Chapter, we mainly follow [54, Section 5] (see also [65] Ch. 1,
Section 17]). In Section we have also incorporated the running of the neutrino masses
as in [I117] (see also [186]).

NCG and Particle Physics, W.D. van Suijlekom




184 NOTES

34¢

32¢

t30¢

28t

261

135

1.6

02

FI1GURE 12.6. A contour plot of the Higgs mass my, as a func-
tion of p? and t = log(Agyr/Mz). The red line corresponds
to my = 125.5 GeV.

Section 12.1. Mass relations

2. Further details on the see-saw mechanism can be found in e.g. [152].

Section 12.2. Renormalization group flow

3. The renormalization group S-functions of the (minimal) standard model are taken from
[142], 143], [144] and [93]. We simplify the expressions by ignoring the 2-loop contribu-
tions, and instead consider only the 1-loop approximation. The renormalization group
B-functions are [142] Eq. (B.2)] or [93] Eq. (A.1)]).

4. The experimental masses of the Z and W-boson and the top quark, as well as the
experimental values of the coupling constants at the energy scale Mz are found in [156].

5. In arriving at we have followed the approach of [117] where two energy domains
are considered: F > mpr and E < mpg. The Appelquist—Carazzone decoupling theorem
is found in [5]. For the renormalization group equations, we refer to [143], Eq. (B.4)], [4,
Eq. (14) and (15)] and [144] Eq. (B.3)].

Section 12.3. Higgs mass: comparison to experimental results
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6. The discovery of the Higgs boson at the ATLAS and CMS experiments is published in
1, 57].

7. The spectral action has also been computed for spectral triples that are not the product
of M with a finite space F, and which are further off the ‘commutative shore’. These
include the noncommutative torus [88], the Moyal plane [95], [104], the quantum group
SU,4(2) [110] and the Podles sphere S2 [85].

8. The generalization of noncommutative geometry to non-associative geometry is ana-
lyzed in [91], [36].

9. The bosonic Lagrangian derived from the spectral action was interpreted in [49] & la
Wilson [199] as the bare Lagrangian at the cutoff scale A. A perturbative expansion of
the full spectral action was obtained in [117), I13], [130], leading to unexpected and an
intriguing behaviour for the propagation of particles at energies larger than the cutoff A.
Alternatively, the interpretation of A as a regularization parameter has been worked out
in [179, 181, 177, [180], including the derivation of renormalizability conditions on the
Krajewski diagrams.

10. Other searches beyond the Standard Model with noncommutative geometry include
[I72, 173, 175, 174, 176], adopting a slightly different approach to almost-commutative
manifolds as we do (c¢f. Note [3| on Page . The intersection between supersymmetry
and almost-commutative manifolds is analyzed in [38), [39] 21], [22], [23].

11. A possible approach to incorporate gravitational effects in the running of the coupling
constants is discussed in [89].

Section 12.4. Noncommutative geometry beyond the Standard Model

12. For stability bounds on the Higgs mass, we refer to [170].

13. The small correction to the space M X Fsj was realized in [53] (and already tac-
itly present in [52]) and we here confirm their conclusions. The class of topologically
non-trivial almost-commutative geometries has been worked out in [40}, [471], [34]. The
spontaneous symmetry breaking of the noncommutative description of the Pati—Salam
model [159] was analyzed in [56), [55], after generalizing inner fluctuations to real spectral
triples that do not necessarily satisfy the first-order condition .

14. In [76] an alternative approach is considered, taking the ‘grand’ algebra M,(H) &
Mzg(C) from the list of [51], but where now the condition of bounded commutators of D
with the algebra is not satisfied.

15. The renormalization group equations for the couplings An, Ano, As have been derived
in [102].
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