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Abstract

Given a unital and commutative algebra A associated to a spectral triple,
we show how a differentiable structure is constructed on the spectrum of
such an algebra whenever the spectral triple satisfies eight so-called “ax-
ioms”, in such a way that A = C°°(M). This construction is the celebrated
“reconstruction theorem” of Alain Connes [14], [21]. We discuss two spin
manifolds, the circle and the 4-sphere, and show how several key properties
of these manifolds relate to mathematical concepts and constructions used
in the reconstruction theorem. In addition, we review the theory of Fred-
holm modules, cyclic homology, and noncommutative integrals, which are
used as tools in the reconstruction theorem.
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Chapter 1

Introduction

This thesis revolves around the ideas and mathematical techniques form-
ing collectively the theory of Noncommutative Geometry (NCG). This is a
very broad subject with applications ranging from high energy physics to
number theory [15]. This thesis focuses solely on the application of NCG to
Riemannian spin geometry, i.e., the theory of differentiable manifolds
equipped with a positive definite metric and a spin structure. This is a quite
narrow focus. Therefore, in this introduction we seize the opportunity to
discuss NCG and its applications in a broader context.

Last, we present the aim and a brief outline of this thesis.

The ancestor of NCG is the Gelfand correspondence, which states
that the category of (locally) compact Hausdorff spaces is dual to the cate-
gory of (unital) commutative C*-algebras. See theorem 2.4, section 2.1, for
the mathematical background. The main point of the Gelfand correspon-
dence is that one can learn everything about a (locally) compact Hausdorff
space by studying its associated commutative C*-algebra, and vice versa.

From this point on, one can proceed in different ways. The first one,
which forms the subject of this thesis, is to ask oneself which algebraic re-
quirements one must add to a commutative C*-algebra in order to define an
object that is dual to more complex topological spaces, such as manifolds. A
second direction is to depart from commutativity and study noncommuta-
tive C*-algebras (and related objects) as if they were algebras of continuous
functions over some “topological space”.

Seen from the perspective of physics, both of these directions fit in a
more universal framework, in which they might be usefully combined. Re-
call that the theory of General Relativity is formulated on non-compact,
four-dimensional, Lorentzian manifolds whose metric satisfies the Einstein
equations. Accordingly, there is an equivalence between forces (resulting



from gravitation) and the way space-time bends and curves. In other words,
the theory is purely geometrical. On the other side of the spectrum, one
has quantum theory, which is formulated in terms of (unbounded) opera-
tors acting on a Hilbert space representing the possible (pure) states of a
system. Any C*-algebra can be represented as a subalgebra of the algebra
of bounded operators on some Hilbert space, showing that one of the basic
building blocks of NCG has a natural place within quantum theory.

The set-up of the theory of NCG and the pertinent mathematical objects
playing a central role in the theory suggest NCG might connect General
Relativity and quantum theory in some overarching way.

We will get back to this idea at the end of the section: let us now first
discuss the two approaches in some detail.

1.1 Dualization of manifolds

Any non-compact, Lorentzian manifold is, in particular, a locally compact
Hausdorff space. To make these types of manifolds fit within the theory
of NCG, one basically adds several key requirements and/or other mathe-
matical objects to a commutative C*-algebra and presto, one obtains the
equivalent of the algebra of smooth functions over some manifold. This
strategy might appear too straightforward to be of any use, but, in fact,
it is precisely the one we will follow in chapters 3 to 5. However, we shall
not find any dual description of non-compact Lorentzian manifolds, since
dualization of these type of manifolds is currently beyond our grasp. There
is much background information on what the algebraic equivalent of a non-
compact, Lorentzian manifold might look like and what properties it should
exhibit [41], [43], [51]. It is therefore not unimaginable that in the near fu-
ture the process of dualizing Riemannian, compact manifolds as described
in this thesis, can be extended to non-compact Lorentzian ones.

The dualization theorem in its current form [14] requires one additional
property from a Riemannian, compact manifold: namely, that the manifold
is spin. We shall now consecutively discuss the physical implications of the
three “constraints” in question.

1.1.1 Riemannian metric

In short, the assumption that space-time is modeled by a Riemannian mani-
fold violates experimental data, which shows that no object can move faster
than the speed of light. However, especially in quantum field theory (both
perturbative and constructive) the trick of “Wick rotation” effectively trans-
forms a Lorentzian into a Euclidean (and hence Riemannian) space-time.
Taking the latter as a starting point is easier and under appropriate assump-
tions one may eventually move back to the Lorentzian case. This procedure
is less well understood in curved space-times, but it may well be possible



that also in general Riemannian manifolds it may be used as a basis for
relativistic (and hence Lorentzian) theories (cf. the work of Hawking on
Euclidean path integrals for quantum gravity).

1.1.2 Compactness

There is a problem with assuming that a compact, four-dimensional man-
ifold might be a good model for space-time. Though one could argue that
there exists such a thing as the “beginning” and ”end” of time, compact-
ness of Lorentzian manifold has a rather strong implication which appears
un-physical. From [47]:

Theorem 1.1. Using the Lorentzian metric, one can designate a specific
time-like direction. When the Lorentzian manifold is compact, chronology s
violated. I.e., there exists at least one closed, time-like curve.

In more popular terms: on any compact, Lorentzian manifold, one can
go backward and forward in time. Clearly, this does not correspond to any
experimental result obtained so far.

1.1.3 Spin property

We shall have to add the requirement that the manifold is spin in order to
dualize it. From a physical point of view, this is not such an undesirable ex-
tra requirement. It is a precondition for the spin-statistics theorem, which,
among others, explains the stability of matter (through the Pauli exclusion
principle) as well as Bose-Einstein condensation. Moreover, on a spin man-
ifold one can globally define the Dirac equation, whose solutions include
the positron. Lastly, the existence of particles with half-integer spin is an
important building block of the Standard Model of high energy physics. In
conclusion, in contrast to the previous assumption of Riemannianness and
compactness, we shall not regard the demand that a manifold should be spin
as an unwanted constraint which we somehow should get rid of at a later
stage.

1.2 Noncommutative torus

We now cover an example of the second direction in NCG: we take the C*-
algebra corresponding to a known topological space, modify it to create a
noncommutative C*-algebra, and study its properties as if it were an ab-
stract generalization of a topological space.

Recall that the ordinary torus, T2, is a compact Hausdorff space. Through
the Gelfand correspondence (see chapter 2 for details), the torus is equiv-
alently described by the set C' (']I‘Z) of continuous functions mapping from
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the torus to the complex numbers. We shall describe C' (TQ) in more detail.
Define the two generators v and v:

u,v: T2 = C, u(z,y) = exp(2miz), v(z,y) = exp(2miy), (1.1)
The generators satisfy the following relations

uv = vu, (1.2)

wru=uwu* =vv=0"=1.

The C*-algebra C (’]I‘Q) can be described as the closure of the set of all
finite linear combinations and all finite products of 1y2,u,uv*, v and v*. The
closure is taken with respect to the supremum norm.

Equivalently, we can define C (']I‘Q) as the C*-algebra isomorphic to the
universal C*-algebra with two unitary generators u, v such that uv = vu [21,
12.2].

The noncommutative torus is derived from the algebraic description of the
ordinary torus. Take some irrational § € R/Q. Let us define four elements
U,U*,V,V* and an identity element 1 satisfying the following relations:

UV = exp?™ VU, (1.4)
UU =UU* =V*V =VV* = 1.

We define the noncommutative torus Ay as the universal C*-algebra gener-
ated by U and V. For a more explicit description of Ay (and a definition of
a norm on Ay such that the noncommutative torus is the closure of Ay in
that norm), see [46].

One can then proceed to study “classical” differential-geometric topics in
the context of the noncommutative torus. Some examples are finitely gener-
ated projective modules over the noncommutative torus (i.e., the algebraic
dual to complex vector bundles) [45], K-theory of the noncommutative torus
(which classifies the abstract analogue to complex vector bundles) [33], and
the theory of connections and the Yang-Mills equation [11].

1.3 NCG as “geometry of quantum mechanics”

As hinted at before, noncommutative geometry may tie together geometry
and quantum mechanics. We will look at two examples in which NCG of-
fers an interpretation of the underlying (noncommutative) geometry of some
quantum system.

The first example, taken from [27, Ch. 1], directly relates to the noncommu-
tative torus. Recall that the “classical” Hall effect is observed by applying a
magnetic field perpendicular to a thin metal strip, through which electricity
flows. Dependent on the direction of the flow of the electrons, a voltage
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difference over the strip can be measured. The relationship is expressed as
follows:

NeE+jAB =0, (1.6)

where N is the number of charge carriers in the metal, e is their charge, E
is the electric field, j is the current, and B is the magnetic field. The Hall
conductance,

Ned

_ e 1.7
5 (1.7)

OH

with § the width of the strip, takes integer values at temperatures below 1K.
This effect is known as the integer quantum Hall effect and is purely
quantum mechanical. The effect can be fully described [24] by assuming that
the Brillouin zone of the crystal structure of the metal can be modeled by a
noncommutative torus. In particular, let e; and es be generators of the 2-
dimensional periodic lattice structure. As such, they are members of a group
of translations. Assign to each of the generators a unitary transformation U,
which acts on the electron wave functions by translating the wave function
in a corresponding direction over the lattice. It turns out that the unitary
transformations satisfy

U(e1)U(ez) = exp(2mif)U (e2)U(e1), (1.8)

where 6 is the magnetic flux through a fundamental domain of the lattice.

Our second and last example is the famous noncommutative description
of the Standard Model of high energy physics [15, Ch. 1], [9]. The underlying
space is assumed to be almost-noncommutative, i.e., the tensor product of
the collection of smooth functions over ordinary compact, Riemannian spin
manifold with a finite dimensional C*-algebra [7]. At the moment, there are
many advanced extensions of this model, incorporating Yang-Mills theory [3]
and supersymmetry [54].

1.4 QOutline of thesis and prerequisites

In chapter 2 we introduce commutative spectral triples by roughly outlining
how one can associate a unital and commutative spectral triple to a com-
pact spin manifold. We use the circle and the 4-sphere as leading examples.
The rest of the thesis is devoted to showing in what manner a commutative
spectral triple, satisfying eight so-called “axioms”, defines, in turn, a com-
pact spin manifold. In chapter 3 we discuss the definition of a unital and
commutative spectral triple, define the eight axioms and discuss these in the
context of the spectral triple associated to the circle and the 4-sphere. In
chapter 4 we show how to construct a compact manifold from a unital and
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commutative spectral triple. We finish in chapter 5 with proving that this
manifold is a spin manifold.

It is recommended that the reader has an elementary understanding of
the following subjects prior to reading this thesis:

e Differential geometry;
e Functional analysis;

e Algebraic topology.



Chapter 2

Introducing the spheres

The purpose of this chapter is to acquaint the reader with the canonical
spectral triple. From now on, let us refer to a closed and compact Rie-
mannian spin manifold simply as a spin manifold. It has been widely
discussed [20], [21, Ch. II, III], [28], [56] that from any spin manifold one
can construct a canonical spectral triple. The reader who is familiar with
this construction can skip this chapter in its entirety, though it might be
worthwhile to review the representation theory of the spin groups (theorems
2.25 and 2.38), Plymen’s theorem on Spin°-manifolds (theorem 2.46) and
the globalization of the charge conjugation operator (theorem 2.48). The
reasons to recall parts of the discussion on canonical spectral triples here
are threefold.

First, we shall (mostly in chapter 3) meet various algebraic objects. When
these objects are commutative (or, at least, are constructed using commuta-
tive algebras) they are equivalent to various (differential)geometric objects
related to spin manifolds. That is, after all, the result of Connes’ spin man-
ifold theorem. It might therefore facilitate the discussion and improve the
lucidity of the arguments to think of these algebraic objects as noncommu-
tative generalizations of the notions developed in this chapter.

A second motivation stems from the fact that in the course of chapters 4
and 5 we will be faced with questions which potentially can be approached
in many ways. The way we will actually proceed is by mimicking (in an
algebraic context) what we would have done in the framework of a spin
manifold. The canonical spectral triple will serve as a source of inspiration
in that regard.

The last, auxiliary, purpose is to preliminarily introduce several concepts
and results which will recur throughout the text.

We have chosen to introduce the canonical spectral triple in its most
general form. Next to the general theory, we discuss two leading examples
which we will encounter throughout the text. The first one is the 4-sphere.
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The reason is that the 4-sphere is a sufficiently simple spin manifold which
nonetheless is complicated enough for our purposes: it has a non-trivial
tangent bundle and the four-dimensional spin groups have a rich structure.
The second example is the circle. Its canonical spectral triples have quite
straightforward descriptions. The simplicity of the circle allows us to make
several constructions very explicit which would otherwise be too cumber-
some to write down.

Our approach in describing the canonical spectral triple will be as follows.
We start out with the primordial matter: the Hausdorff topological spaces
and their algebraic equivalents, the commutative unital C*-algebras. From
that point on we will continue to add more properties and introduce more
conditions, thereby constructing spin manifolds piece-by-piece.

2.1 Topology

Definition 2.1 (C*-algebra). Let A be an algebra' over the complexr num-
bers. We say that the algebra is a C*-algebra if it has the following prop-
erties:

o There is a map * : A — A such that for all \,u € C and a,b € A
(a*)* = a, (a-b)" =b"-a", (pa + \b)* = ma™ + \b*,

where = denotes complex conjugation.

e There is a norm ||-|| : A — RT satisfying
lla- bl < |la|lbll, (submultiplicativity)
la* - afl = flall?, (C*-property)

for all a,b € A.
o A is closed with respect to its norm (i.e., a Banach space).

We also call a* the adjoint of a. Elements of a C*-algebra that are equal
to their adjoint are called self-adjoint. Elements that commute with their
adjoint are dubbed mormal. Another (normal) type of elements are the
unitary ones. u € A is unitary if and only if

v'u=uu" =1 (2.1)
We distinguish two important types of self-adjoint elements:

p=7p" =p? (projection) (2.2)
F=F* F?’=1. (symmetry) (2.3)

Throughout this thesis, all algebras are assumed to be associative.
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The unital C*-algebras are C*-algebras with a unit with respect to the
algebra multiplication (this unit is unique).
Morphisms of C*-algebras are algebra morphisms that preserve involution,
i.e., if ¢ + A — B is a morphism of two C*-algebras, then in addition to
C-linearity:

w(a*) =p(a)* Va,b e A.

These morphisms are called *-morphisms.

Unital C*-algebras and *-morphisms form a category. Commutative uni-
tal C*-algebras and *-morphisms are a subcategory which we denote with
CCA,.

In this thesis we focus on commutative and unital C*-algebras. These
arise naturally from compact topological spaces with the Hausdorff property.
Let us outline the construction. Let X be a compact Hausdorff topological
space and define

C(X)={f:X — C; f is continuous} . (2.4)

The multiplication in C'(X) is given by point-wise multiplication of func-
tions, and the involution is defined by point-wise conjugation:

fi(z) = flx) VfeC(X), Vz e X. (2.5)

The algebra is unital with the indicator function of X, denoted by 1x, as
unit. The norm that makes C(X) a C*-algebra, dubbed the supremum
norm, is defined as

[flloe = sup {|f ()]} (2.6)
rzeX

Together with continuous maps, compact Hausdorff spaces form a category
denoted with CH. This leads to the following definition.

Definition 2.2 (The functor C). The functor C : CH — CCA; maps
each object X to the C*-algebra C(X) described above. Let ¢ : X — Y

be a continuous map of compact Hausdorff spaces. Then C(p) defines a
*-morphism C(p): C(Y) — C(X) by

Clp)(g) =goep. (2.7)

It is readily verified that C' is a contravariant functor.

The famous Gelfand theorem [25, Ch. 4] states that there are no other
commutative and unital C*-algebra than those constructed using a compact
Hausdorff space. The theorem is formulated in terms of the so-called spec-
trum of a C*-algebra. We want to define the spectrum on a wider class of
algebras than just the C*-algebras.



Definition 2.3 (Spectrum of an involutive algebra). Let A be an involutive
algebra over the complex numbers. The spectrum of A, denoted by Spec (A),
is the collection of non-zero *-morphisms from A to the complex numbers.
An element of the spectrum of a C*-algebra is called a character (of A).

Theorem 2.4 (Gelfand duality, compact version). For each object A €
CCA,, Spec (A) is a compact Hausdorff space in the so-called Gelfand
topology, defined as the weakest topology making all functions w — w(a)
continuous, with w € Spec A and a € A. Spec is extended to a contravariant
functor from CCA, — CH in the following way. Let ¢ : A — B be a
*-morphism. Define

Spec () : Spec (B) — Spec (A), Spec (¢)(w) = w o . (2.8)
The map
“t A— C(Spec A), a(w)=w(a) (Gelfand transform) (2.9)
is an isomorphism of C*-algebras. The evaluation map
fe X 5 Spec (C(X)), ealf) = f(2) (2.10)

s an isomorphism of compact Hausdorff topological spaces.

Denote with 1cca,, lca the identity functor of the category of commuta-
tive and unital C*-algebras and the category of compact Hausdorff spaces,
respectively. The functor 1cca, s naturally isomorphic to C o Spec wvia
the Gelfand transform and 1cg is naturally isomorphic to Spec o C via the
evaluation map.

In other words, CCA; is (categorically) dual to CH.

Remark 2.5. Throughout this thesis we shall often implicitly identify any
element of a commutative C*-algebra with its Gelfand transform and any
point of a compact Hausdorff space with its image under the evaluation map.

Several topological properties of a compact Hausdorff space carry over
to algebraic properties of the associated C*-algebras. We list two of them
here.

Lemma 2.6. A compact space X is connected if and only if C(X) contains
no non-trivial projections.

Proof. If X is not connected it has at least 2 connected components, say U
and V. The indicator functions 1y and 1y are both projections in C'(X)
differing from the unit of the algebra.

Conversely, assume C'(X) contains a projection p. Then p is a real function
satisfying p(z)? = p(z) for all z € X, i.e., p(z) € {0,1}. Since p is continu-
ous, p~1({0}) = U and p~1({1}) = V are both closed. But since UNV =
and U UV = X, they are also both open. Moreover, UNV = (. If p is
not equal to 1x or p is not equal to the zero function both U and V are
non-empty, showing X is not connected. O
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Definition 2.7 (Separability). A C*-algebra is said to be separable when
it contains a countable subset that lies dense in the C*-algebra.

Quoting [21, Prop. 1.11] we have the following identification.

Lemma 2.8. A commutative C*-algebra A is separable if and only if Spec A
1s metrizable.

Example 2.9 (S, S*). For k equal to 1 or 4, we define

k+1
sk = {(wl,-.-,xm)ER’““;Zx?zl}. (2.11)
i=1

Equipping the spheres with the topology induced by canonical imbedding S* —
REHL shows that both spheres are compact and connected metrizable spaces
with the Hausdorff property. Hence the algebras C(Sl) and C (54) are
unital, commutative, and separable C*-algebras without any non-trivial pro-
jections.

2.2 Differential structure

Let M be a compact and connected p-dimensional manifold. It is readily
verified that the topology of M is Hausdorff. Metrizability follows for in-
stance from Urysohn’s metrization theorem [37, §34].

We define the collection of smooth functions on M by:

C*(M)={f:X — C; f is smooth}. (2.12)

The collection of smooth functions on M has a useful property. We first
state some definitions.

Definition 2.10 (Spectrum). Let a € A with A an involutive and unital
algebra over the complexr numbers. The spectrum of a in A is the subset of
C consisting of those X € C such that

a—XleA (2.13)

is not invertible. We denote the spectrum of a with Specp(a) C C. The
spectral radius of an element a € A is given by

r(a) = sup {|A} €0, 00]. (2.14)
AESpecpa

For a unital and commutative C*-algebra A:

Specaf = {f(x);x € Spec A} vVfe A (2.15)

11



Definition 2.11 (Pre-C*-algebra). Let A be an involutive, dense and unital
subalgebra of a C*-algebra A. We say that A is a pre-C*-algebra when it
has the following properties.

1. A is a Fréchet algebra whose topology is finer than the one inherited
by A (see appendiz A for the definitions regarding Fréchet spaces);

2. Take some a € A and let f be holomorphic on a open neighborhood
U of Specja. Let I' be a Jordan curve in U that winds once around

Specqa. Let
fla) = ;mjgf(z)zll_ adz. (2.16)
r
Then f(a) € A and
Specf(a) = F(Speca(a). (2.17)

This property of A is called stability under holomorphic func-
tional calculus. Analogously, stability under smooth or continuous
functional calculi can be defined.

A general unital C*-algebra is stable under continuous functional calcu-
lus with respect to its normal elements only. From [25, Thm. 4.4.5]:

Theorem 2.12. Let A be a unital C*-algebra and a € A a normal element.
Fach f € C (Specya) defines an element f(a) € A such that

f(Specpa) = Specy f(a);
1f (@) =1l flls (2.18)

This implies that commutative unital C*-algebras are stable under con-
tinuous functional calculus. This is not such a surprise when we realize that
a composition of two continuous functions is also a continuous function.
The spectral radius and the norm of a C*-algebra are closely related.

Theorem 2.13. Let A be a unital C*-algebra. For all a € A,
llal| = \/7(a*a). (2.19)

Proof. Define b = a*a. bis normal so we can apply (2.18) to the identity map
on the spectrum of b in A. The statement now follows from the C*-property
of the norm. O

For a commutative unital C*-algebra this relation follows directly from
the definition of the norm of the C*-algebra:

r(f) = sup }{!AI}Zsup{lf(ﬂf)!;fveX}z||f||oo-

Ae{f(z);zeX

Before proceeding it is useful to establish some terminology regarding norms.

12



Definition 2.14. Let U,V be normed vector spaces with norms ||-||; and
|-[ly/, respectively. Let A : U — V be a linear map. Define the operator
norm on A as

[All,p = sup {[[Aully} € [0, 00]. (2.20)

l[ully=1

The operator norm is a norm on the collection of linear maps from U to
V' for which the expression on the right-hand side of (2.20) is finite. Those
linear maps are called bounded. When U and V are finite dimensional
vector spaces we call the operator norm the matrix norm as well.

Lemma 2.15. The operator norm is submultiplicative for bounded opera-
tors.

Proof. Let A, B : U — U be bounded linear maps relative to the norm |||,

on U. Take some u € U and let v/ = Hﬁ\u'

1Aully = [| A [ llully < [ Allgp llully =
[ABully < [[Allop 1 Bllop el

from which submultiplicativity follows. The general result for linear maps
A:U — Vand B : V — W between normed vector spaces U,V and W
readily follows. O

Lemma 2.16. Let M be a compact, finite-dimensional manifold. C*°(M)
is a pre-C*-algebra.

Proof. The fact that C°°(M) C C(M) lies dense follows from the complex
version of the Stone-Weierstrass theorem [17, V.§8].

According to lemma A.3 and corollary A.6 in appendix A we need to find a
countable collection of submultiplicative semi-norms {px; k € N} on C*°(M)
with the property that if pi(f) = 0 for all k, then f = 0. By lemma B.3
in appendix B the set of linear differential operators on the tangent bundle
of M forms a unital algebra over C*°(M) with a countable base. Choose
a base {Pk; keN } such that PY is the unit differential operator. For each
k, P*f is a p-by-p matrix with partial derivatives of f of several orders as
elements. These elements are bounded in the supremum norm since M is
compact, so we can define a countable set of mappings py : C°(M) — R
by

, (2.21)
op

n(f) = |[Prs

where the matrix norm is relative to the supremum norm. Take some f €
C*°(M) such that py(f) = 0 for all k. This implies that

(Nl =flc=0 = f=0.
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So the p;. are, in fact, semi-norms.

These semi-norms generate a topology on C°°(M) that is finer than the
topology induced from that of C'(M). We show the algebra is closed in this
topology. Take some Cauchy sequence { f,} C C*°(M). Using the fact that
the P* are a base of the algebra we infer that Jxf, is a Cauchy sequence
with respect to the topology induced by the supremum norm for each multi-
index @ € NP. The compactness of M then implies that f, — f € C>°(M).
The semi-norms py are not submultiplicative. However, by forming matrices
of differential operators of different ranks in a clever way we can construct
submultiplicative semi-norms out of the p,. This method is illustrated in
example 2.17 for the 1-sphere.

We now show that C°°(M) is stable under holomorphic functional calculus.
Take some f € C°°(M) and let w be a holomorphic function defined on a
neighborhood around Specg () f. We wish to use Cauchy’s integral formula
to show that w(f), as defined by (2.16), equals the composition w o f. For
that we first need to show that w is also a holomorphic function on some
neighborhood of Specges(p)f - In fact, we have a stronger result to our
disposal:

Specoes (xS = Specex) f- (2.22)

We shall prove this first. By definition Spec ¢(x)f C Spec goo(x)f. Assume
there is a continuous function g which inverts f—Alx, i.e., A & Spec coo(x) f-
The function g is given by

1
9= 7)@ N
Using (2.15) we see that f never attains the value A. So g is a smooth
function and A ¢ Specgeo(x) f-
This implies that w(f) = w o f. Any holomorphic function can be uniquely
identified with a (harmonic) complex valued smooth function, so wo f €
C*(M). Equality (2.17) then follows from equation (2.22), finishing the
proof that C°°(M) is a pre-C*-algebra. O

Example 2.17 (S'). All the aforementioned statements are valid for the 1-
sphere as well. Let us focus on the construction of semi-norms on C'° (Sl).
The 1-sphere has a one-dimensional tangent bundle. Fvery first-order dif-
ferential operator on the tangent bundle is locally of the form

for some coordinate function x and some smooth function Al € C™ (Sl). A
base of the algebra of differential operators is therefore generated by powers

14



of D = d%. Take some f € C (Sl). Naively defining the semi-norms
{pr;k € N} by

n=[rH.,

shows already for k = 2 that we cannot expect the semi-norm to be submul-
tiplicative. Hence we employ a little trick. Take the k + 1-fold direct sum of
the tangent bundle. Let

k+1 k+1
£ @r> (M,15") - @r> (M,15");
i=1 =1
f Df - DTk!f
an=| 0 L T L =l @23)
- Df
0 --- 0 f

where the latter norm is defined in a four-step process. First, take a metric
g on the tangent bundle. Second, define the supremum norm on sections
of the tangent space relative to the metric g, i.e., |||/, = sup {9:(C2, () }-

Third, extend the supremum norm to k + 1-tuples of sectzons of the tangent
bundle in the usual way, i.e., the norm is given by

(CroeesGor) = AV IGIE + -+ et (2:24)

Lastly, define the norm in equation (2.23) as the matriz norm relative to the
latter norm (recall that C*° (Sl) is represented on sections of the tangent
bundle by multiplication operators). By lemma 2.15, the matriz norm is
submultiplicative, so we just need to show that py is an algebra morphism

for each k.
We now compare pi(f - g) with pi(f) o pi(g).
1

i—j

o= D9 =3 pigen( pyprla) —
[pk(f g)]l,]_ (’L—j)' _(,L_j)'nzz%)< n >D ! (f)D (g)_

i ;Dl 77D (g)-
n=0

— nl(i—j—n)!
kil
low(£) © pr(@)is =D ok (Nlimlor(@)n =
n=1

.DZ n(f) D" ](g) (upper t’mangulamty) Z Dz n(f) D™= ](g) _
=) (i) = n)l (n—J)

n=j

i—j

=L pi-i pv 1
e e Gy DS

<z’ ;/j) D= (£)D" (g).



Both expressions are equal, so C*° (Sl) 1s a Fréchet algebra.

2.3 Clifford algebras

Let us take a short sidestep to discuss some preliminaries regarding the
Clifford algebras and spin groups.

Definition 2.18 (Inner products). Let U be a real vector space. A sym-
metric bilinear form on U is a bilinear map

g:UxU — R, g(u,v) = g(v,u) Yu,v e U.

The form is said to be nondegenerate when the matrix representation of
g, seen as a map from U itself, is an invertible map. The map is positive
definite if g(u,u) > 0 for all w € U. When nondegeneracy and positive
definiteness is satisfied we say that g is an inner product.

Let V' be a complex vector space. A sesquilinear form isamaph : VXV —
C such that for all u,v,w € V and A\, u € C

h(u, Av + pw) = Ah(u,v) + ph(u, w), h(u,v) = h(v,u).

Again, we say that h is nondegenerate when its matriz representation, seen
as a map from V to itself, is invertible. Positive definiteness is defined again
as the requirement h(v,v) > 0 for all v € V. Sesquilinear, positive definite
and nondegenerate forms are called Hermitian inner products.

Inner products are closely related to quadratic forms. Let W be either a
real or complex vector space. A quadratic form is a map q : W — R defined

by
q(w) = v’ Aw, (2.25)

with A : W — W a linear map. A quadratic form q is said to be nonde-
generate and positive definite when q(w) > 0 always and q(w) = 0 implies
w = 0 respectively.

A nondegenerate and positive definite quadratic form q defines a (Hermitian)
inner product by

1
(v, w) = 5 (v +w) = q(v) = g(w)].
Real finite-dimensional vector spaces equipped with inner products form a

category whose arrows are given by linear maps that preserve the inner prod-
uct:

A:U =YV, g(Au, Av) = g(u,v) Yu,v € U
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which is equivalent to stating that
ATA=2AAT =1

We denote the category of real finite-dimensional vector spaces equipped with
a inner product by FVecﬂg. The category of finite-dimensional complex vec-
tor spaces equipped with a Hermitian inner product is defined analogously,
with the unitary linear maps as arrows. The latter category is denoted by
F Vecg .

Definition 2.19 (Clifford algebras). Take some p-dimensional vector space
V in FVec[ﬁS with inner product g. The tensor algebra of V is given by

T(V)= é y ek (2.26)
k=0

with V®° = R. The pure elements (of order k) of the tensor algebra are the
elements of VEF under the canonical imbedding in the tensor algebra. Note
that this construction also goes through for complex vector spaces, this time

with V®° = C.
Let 7, be the two-sided ideal of the tensor algebra generated by the set
{u@v+veu-—2¢9(u,v)l;u,veV}. (2.27)

We then define the real and the complex Clifford algebras by

Cly(V)
Cly(V)

T(V)/Zy; (2.28)
Cly(V) @x C. (2.29)

The pure elements of a Clifford algebra are defined similar to the pure ele-
ments of the tensor algebra. When we refer to “the” Clifford algebra in the
rest of the text, the complex version is implied, unless stated otherwise.
Note that the construction of the Clifford algebra also goes through for degen-
erate bilinear and sesquilinear forms. Using a completely degenerate bilinear
or sesquilinear form h, we see that in the real as well as the complex case
case

Clr(V)y=A%(V). (exterior algebra) (2.30)

The product in the Clifford algebra is denoted with a dot instead of the ten-
sor symbol. Take some base {e1,...,ep} of V. Then every element in the
(complex) Clifford algebra is a real (complex) linear combination of elements
of the form

€iy - €ip i1 < ... <ig, k <p. (2.31)
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Remark 2.20. The Clifford algebra can also be defined on FVecé right
away. Take some (V,g) € FVecﬂg. Define:

W=V g C, h: W xW — C,
h(u,v) = g(Ru, Rv) + g(Su, Sv) +ig(Ru, Sv) — ig(Su, Rv) Yu,v € W.
(2.32)

Then (W, h) € FVeck and
Clp(W) = Cly(V).

So both definitions of the Clifford algebra are compatible with respect to com-
plexification of real vector spaces equipped with an inner product.

From [31, Prop. 1.1]:

Lemma 2.21. Let F =R or C. The Clifford algebra construction defines a
functor

Cl: FVeck — Algc (2.33)

where the category on the right-hand side is the category of algebras over the
complex numbers with algebra morphisms as arrows.

Proof. The proof follows readily from the following two definitions.

On the objects of the category we define C4(V, g) = C¢, (V). For f : (V,g) —
(W, ¢') an arrow in FVeck, the action of C¢(f) on pure elements vy - - - vy €
Cty(V') is given by

Cl(f)(vr---ox) = f(o1) -+ flor), (2.34)
and then extended by linearity to the whole of Cly(V). O

Corollary 2.22. Up to isomorphism of vector spaces equipped with an inner
product, the Clifford algebra only depends on the dimension of the vector
space on which the Clifford algebra is constructed and the signature of the
inner product g used to construct the Clifford algebra.

Proof. Use Sylvester’s theorem [53], which shows that objects of the same
dimension and signature in FVech are isomorphic for F = R or C. The
result then follows from the functorial property of C/. O

From now on, assuming g is a (Hermitian) inner product, we shall only
index Clifford algebras by their dimension and write

ct, & Cl, (2.35)

for the Clifford algebras defined on a p-dimensional vector space.
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It is now time for a few examples of Clifford algebras.

Example 2.23 (p = 1). Let V be a one-dimensional real vector space, i.e.,
we identify V with R. We define the following inner product on V :

g(u,v) = uv u,v € V.
The tensor algebra of V' is given by:
TV)=R-19Re& ReR)® RAR®R) & ... (2.36)

Let us denote the base element of the second term of the above sum (the term
corresponding to V1) with e1. Note that the base of the first term in the
above equation (the “scalar” part of the tensor algebra) is given by the unit
1 € R. In the Clifford algebra C?y, these base elements satisfy the following
relations:

12 =1, e1-l=1-e =ey, el =g(er,er) = 1. (2.37)

This implies that the Clifford algebra is two-dimensional and generated by
the base {1,e1} over R. So

Clhr=2=ReR = ChH=z=CesC. (2.38)
For k € N, denote by
M. (F) (2.39)

the k x k matrix algebra over F = R or C. The previous example can be
recast in the form

Cty = My(C) @ M;(C). (2.40)

In general, every simple matrix algebra has (up to equivalence) only one
irreducible representation [30]. Every matrix algebra over F is simple, so we
see that C/; has two inequivalent irreps.

Example 2.24 (p = 4). Let {e1,...,e4} C R* be an orthonormal base.
Define the gamma matrices {fyl, e ,74} C My(C) as the images:

000 1 0 0 0 —i
sal—| 0010 st | 00 00

0100 ] 0 —i 0 0 |’

1000 i 0 0

0 0 1 0 00 —i
s |00 0 -1 |00 0
3T 1 0 0 o |° “77 i 0 0 0

0 -1 0 0 0i 0 0
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Denote with I the identity in M4(C). By straightforward evaluation it fol-
lows that

(V') =6, (V) =4 Vi

The gamma matrices are therefore a faithful complex representation of the
real Clifford algebra Cly. By complexifying R*, the gamma matrices also
define a complex representation of Cly. One can verify by hand that the
complex linear span of the algebra generated by the gamma matrices coincides
with M4(C), so

Up to equivalence, the four-dimensional Clifford algebra therefore only has
one irreducible representation.

It is no coincidence that the complex representations of the Clifford

algebras in the previous two examples had such nice properties. From [31,
L.4]:

Theorem 2.25. When p is even the Clifford algebra Cl), has, up to equiva-
lence, only one complex irrep. We denote the corresponding representation
space by A and the representation by c. This representation is also referred
to as the Clifford representation.

When p is odd there are two inequivalent complex irreducible representations
of Cly,. The two representations are denoted by ¢t and the pertinent repre-
sentation spaces are denoted by AT. When it is not relevant to distinguish
between the odd and the even case, we shall call these representations col-
lectively Clifford representation and denote them (ambiguously) by (¢, A).
More explicitly, the above is a consequence of the following isomorphisms:

~ | My(C) p=2k
Hr = { Moy (C) @ Mok (C) p=2k+1 (2.42)

There is a distinguished element lying in every Clifford algebra called
the volume element or the chirality element.

Definition 2.26. Let k = |Z] and take some positively oriented base {e1, ..., e,}
of CP. The chirality element is given by

N = (—i)kel eep (2.43)

This expression is invariant under a choice of positively oriented base [21,
Def. 5.2]. We ambiguously identify ~v with its image under the Clifford
representation.
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The Clifford algebra comes equipped with many interesting automor-
phisms.

Definition 2.27. The automorphism v — —uv defined on CP extends by
functoriality to the grading operator in Cl,. We denote the grading oper-
ator by x.

A second automorphism is the anti-linear conjugation. It is defined on
pure elements as

Uy~ Uk = Uy - Uk, (2.44)
and then extended by linearity.
A third map 1is the anti-automorphism | : Cl, — Cl, defined as:

Nup - ug) = ug -+ - ug (2.45)

on pure elements and then extended by linearity.

Composing the conjugation with the map ! defines an involution * : Cl, —
Ct,. The charge conjugation x : Cl, — Cl, is the composition of the
grading operator and the conjugation.

The grading operator defines a Zo-grading on C¢,. We denote the -
eigenspaces of the grading operator by (CE;)'[. From [31, L.3]:

Lemma 2.28. Forp > 0:
Clp—y = CLf. (2.46)

We use the previous result to construct an algebra out of the Clifford
algebra, which has only one irreducible complex representation. Also this
representation will be called the Clifford representation whenever no ambi-
guity can arise.

Definition 2.29.

+) _ J €&, p even
Ct, { CE;F » odd (2.47)

It is readily verified that also (Cﬂl(f) defines a functor from FVeck to
Alge, for F =R or C.

The grading operator and the chirality element are closely related.

Lemma 2.30. Let C/,, be the p-dimensional complex Clifford algebra. Let A
be the representation space of the Clifford algebra associated with the Clifford
representation. The chirality element is a symmetry. The adjoint action of
the chirality element on A, given by

Ad,(v) = e(y)ve(y) ! Yu € A, (2.48)

equals the action of the grading operator when p is even. In that case we say
that the chirality operator implements the grading operator.
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Proof. For any choice of a positively oriented orthonormal base {eq,...,e,}
of A, we have
p—1
v —ilBley e =il )BT e, =
ils) —1)@61 S ep.

By distinguishing the individual cases for p =1 mod 4 one can verify that
~v is self-adjoint. From this follows that

72 =y = iL%J(_i)L%JeP. cer-ep-oep=1.
We evaluate the adjoint action on base elements of A:

Ad,(e(eq) = e(v)e(ei)e(r) = e(7*) (=1)PTe(es) = (=1) " eles).

So on base elements, Ad, implements the grading operator when the di-
mension is even. We can extend the action to the whole Clifford algebra by
noting that the adjoint action is linear and satisfies

Ady(c(ei, -+ eq,)) = Ady(c(ei,)) - - Ady(c(es, )

In conclusion, Ad, is equal to the grading operator when p is even. Note
that for p odd the adjoint action of the chirality element on A is just the
identity map in A. O

There is also a map on A implementing the charge conjugation.

Lemma 2.31. Let A be the representation space for the Clifford algebra

(CKZ(QL). For every Hermitian inner product h on A we can find an anti-

linear map C : A — A with the properties that for all 1, € A and all
(+).

acCly:

h(C,Cp) = h(p,v); (anti-unitarity) (2.49)
Ade(c(a)) = elx(a)); (2.50)
9 1 p=0,1,6,7 mod 8
"= { —1 otherwise (2.51)
_ ~C p=0,3,4,7 mod 8
Cy = { —~C'  otherwise (2.52)

We say that C is the charge conjugation operator.

Proof. The Clifford representation defines a (C€§)+)-(C-bimodule structure on
A. We first shall show that the set Af, defined as

AF = {(], 1 € A, (] : A = C, (9[(9) = h(1h,9)}, (2.53)
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is a (CEZ(,JF)—(C—bimodule as well. After we have established this, we will define
the charge conjugation operator and subsequently show it has the required
properties.

Take some a,b € (Céﬁ) and ¢ € A. From C.4 and C.5 we know that Af is

a right-C-module as well. A left-action of of (Cégr) on A is defined by:
a- (Y| = (Y[ orla) = (P o x(al). (2.54)
This action turns A% into a left—(Cﬁl(f)—module:
a-b- (Y] =a-(P|ox(1b) = (¥|ox(!) o x(la) =
(o x(bla) = (| o x(!(ab)) = (ab) - (|-

Take some A € C. Noting that C is a commutative C*-algebra, the right-C-
module structure on A? is given by:

(¥l A= (@Al

One can show there exists a C€§,+)—C—bimodule isomorphism T : Af — A,
see [21, H. 5.1]. We can define C': A — A as follows:

Cy =T((W)). (2.55)

We shall verify C' satisfies properties (2.49) and (2.50) and we will show
that C' is anti-linear. The other two properties of the charge conjugation
operator, namely the value of its square and the commutation relations with
7, are verified in [21, H. 9.5].
Take some A € C and ¢ € A:

C(YA) = T((WYAl) = T((Y[A) = T(Y))A = C(¥)A,

since T is a C-module isomorphism. Hence we have shown that C' is an
anti-linear map.
We now demonstrate anti-unitarity.

h(C, Cp) = T (), T((¢l)) = [l (#llc

where [-,-]¢ is the C-valued inner product on A! and by noting that T is
preserves the inner product in the sense of definition C.3. By construction
(see C.5 for this construction), the inner product [(¢|, (¢]]¢ is equal to:

h(p, ),

so that,

h(Cp,Cp) = h(p, 1),
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as required.

To verify that the charge conjugation operator implements charge conju-
gation K : Cé}f) — (CEI(;F), we seek an alternative expression for (ai| with
aeCe.

Last, by the definition of Af we see that (ay)| = (¥| 0 a* = x(a) - (1|. Here
we use the fact that 2 = 1. This implies:

Catp = T({a]) = T(x(@) (W) = x@T (| = x([@C¥, =
CaC™ Y = x(@)y = r(a)y.

Apart from verifying (2.51) and (2.51), which are proven in [21, H. 9.5], we
see that the C thus constructed is a charge conjugation operator. O

Remark 2.32. Note that when A is equipped with a charge conjugation
operator, we can find a (sz(f)—(C—bimodule isomorphism T : AY — A: the
identification

T((y]) = C(¥) (2.56)
does the trick.

Example 2.33. For the cases p = 1 and p = 4 we give an explicit expression
for the charge conjugation operators.

o p=1. We restrict ourselves to the irreducible representation c : Cl; —

Endc(AT) = C given by
(NN = A (2.57)

Let h be an inner product on C defined by h(\, u) = Ap. We can there-
fore choose C to be the complex conjugation operator. The chirality
element is represented on C by the identity operator, showing that C
has all the required properties.

e p=4. For all a € Cly we can define the charge conjugation operator
C: A — A with A= C* in this case as follows:

0 1 0 O
-1 0 0 O _

C(a) = 0o 0 o 1 |°® (2.58)
0 0 -1 0

The representation of the chirality element is given by the matriz given
by

i i=1,2
mo={ ot 125 (2.59)

Verifying that C has the required properties now follows from straight-
forward calculations.
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The additional maps on C/4 allow us to endow this algebra with more
structure. For example:

Lemma 2.34. C/, is a finite dimensional C*-algebra.

Proof. There are several ways to proceed. The fastest approach would be to
use the operator norm on A, so that we can define a norm on the Clifford
algebra by using the Clifford representation.

However, in the next section we will need a norm on C¢, that makes no
reference to a representation of the Clifford algebra on an external Hilbert
space. We therefore take this longer route.

There is a vector space isomorphism C/¢), = A*CP, given by the map defined
on pure elements as

Wjy == Wiy, = Ugy N - N Uiy, (2.60)

and then extended by linearity. Let h be a Hermitian inner product on
CP. We borrow the expression of the point-wise inner product of a p- and a
g-form on a manifold, given on pure elements by

(Ui A= ANup,v1 A== Avg) = O g det [h(ug, vj)] (2.61)

to define, via the above vector space isomorphism, a Hermitian inner product
on C/,. This inner product turns C¢, into a finite-dimensional Hilbert space.
We define the norm on C/, as the operator norm relative to this norm on
the Hilbert space. ]

The Clifford algebra contains two groups that are of great interest to us.
Definition 2.35. The sets Spin, Spin, C Cl,, defined by

Sping, = {uy -+ ugk, € Clp;u; € CP, uy| = 1} ; (2.62)

Spin, = {u € Spinf; k(u) = u}, (2.63)

are groups, with the product in the Clifford algebra as the group operation.
They are collectively called the spin groups. The group Spin, is some-
times referred to as the “real” spin group, from its invariance under charge
conjugation. Spin, is referred to as the charged spin group.

Lemma 2.36.
Spins, = (Spin, x U(1)) /z, (2.64)
Proof. The group morphism

frux A= A, f :Spin,, x U(1) — Spiny, (2.65)
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has the group {(1,1), (1,—1)} = Zs as its kernel. Now take some u; - - - ugy, €
Spinj,. By definition, we can find a \; € U(1) and a unit vector w; € R?
such that u; = A\;w;. The identification

flwy - wog, A1+ -+ Agg) = up -+ - ugg (2.66)

shows f is surjective. The statement now follows from the First Isomorphism
Theorem (for groups). O

Example 2.37 (p =1,4). For p =1 we have the isomorphisms

Spin{ =2 U(1); (2.67)
Sping = Zs. (2.68)

Spin§ and Spin, are both contained in the even part of the Clifford algebra
Cty. The reduction of the Clifford representation to the spin groups is the
reduction of the irrep used in example 2.33. This reduction is an irreducible
complex representation of the spin groups.

For the case p = 4, the real spin group takes a familiar form. There are two
sets of matrices: the “top” matrices

wl = % (It +1), w] = % (v'* =),

w) = % (V' +%7Y) w] = % (7 =" (2.69)
and the “down” matrices

wi = % (Is =), wi = % (V' +4%Y),

wy = % (V9% =7*7) wy = % (9% + 1Y) (2.70)

which generate Spin, in the following way:

Sping = {Z aiwj + ﬂiwf; o, B; € R, Za? = Zﬁf} i (2.71)

Note that we have the following relations:

wwh =0 Vij;
(wgf - (wg)Q —1; (2.72)
(wjf - (wj)Q =1 ie{1,2,3}



Recall that SU(2) = {A € My(C); A= ( g _EB > el? + 1812 = 1}. Writ-

ing this out in terms of real coefficients also shows the diffeomorphism be-
tween SU(2) and S3:

SU(2) = {Ae M(C); A = ( Go +1ay —ap + tag ),Zag - 1} -

as +taz  ag — iaq

1 0 n 1 0 + 0 -1 n 0 =2 ie gl =
W\ o1 D\ o “2\1 0 W\ o0 )¢ =
{aol + a1w1 + aswsy + agws, d € 53} .

So the relations (2.72) imply that the map

2. aqw] + By (Z aiwi, Yy Biwz) (2.73)

gives an isomorphism Spiny, = SU(2) x SU(2). One copy of SU(2) is con-
tained in the upper left corner of My(C), and the other resides in the lower
right. By general considerations [10, Ch. VI] one sees that the represen-
tation of SU(2) on C? obtained this way is irreducible. The restriction of
¢ to Spiny therefore induces two inequivalent irreducible representations of
Spiny.

The spin groups are both contained in C£§,+), which has a unique ir-

reducible representation. The previous example suggests that whenever p
is odd, the Clifford representation reduces to one irrep of the spin groups,
while for p even the restriction of Clifford representation decomposes into
two irreps. This is a general phenomenon [31, Prop. 1.5.15]:

Theorem 2.38. When p is odd, restriction of Clifford representation to
the spin groups yields an irreducible representation of these groups. When
p is even, the restriction of the Clifford representation to the spin groups
decomposes into two inequivalent irreps.

Finally, we note an important relationship between the spin groups and
the special orthogonal groups. Namely, Spin;, is a 2-to-1 cover of SO, x
U(1) , i.e., there is a Lie group morphism A : Spin}] — SO, x U(1) [31, App.
D] such that

1 —> Zy — Spin§ —2 50, x U(1) —= 1 (2.74)

is a short exact sequence of Lie groups.
Furthermore, Spin,, is a 2-to-1 cover of SO, [31, Thm. 2.9}, i.e.,

1 Zs Spin, 2"~ S0, 1 (2.75)
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is a SES of Lie groups. Note that we have not yet explicitly shown that
Spin,, and Spinj, are Lie groups. However, SO, and its product with U(1)
are, so by a theorem on universal covering groups [6, Ch. 13] also Spin, and
Spin;, are Lie groups.

2.4 Spin manifolds

The purpose of this section is to translate the results on Clifford algebras
and the spin groups of section 2.3 to a global setting. Unless stated other-
wise, let M be a compact, connected, and oriented manifold of dimension p.
Recall that a differentiable structure on M is an equivalence class of atlases.
Two atlases in the same differentiable structure are equivalent when they
are smoothly connected. We shall denote the tangent space of M by T'M
and the cotangent space by T* M.

Let us recall a basic concept in differential geometry, namely the global
version of the inner products we encountered in the previous section.

Definition 2.39 (Metric). A Riemannian metric is a smooth section
g € T®(M, T*M ® T* M), (2.76)

such that for each x € M, g.(-,-) is an inner product on Ty M.
By complexifying the sections we obtain a smooth complex-valued section

heT® (M, T*M @ T*M), (2.77)

which is a fiber-wise Hermitian inner product defined on fibers by equation
(2.32). We say h is an Hermitian metric.

These concepts readily extend to any vector bundle. Just as there is a fiber-
wise correspondence between (complex) quadratic forms and (Hermitian) in-
ner products, every (Hermitian) metric yields a (complex) quadratic form
on a vector bundle.

It is a basic result in differential geometry [19] that any real vector bundle
admits a Riemannian metric and that every complex vector bundle admits
a Hermitian metric.
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Let us briefly recall what is meant with principal fiber bundles and their
morphisms.

Definition 2.40 (Principal fiber bundles). The quadruplet (B, n, M,G) is
a principal fiber bundle? when:

e (G is a Lie group;
e B is a manifold equipped with a free right-action of G;
o 7: P — M is a smooth map;

e B/G is a manifold and there is a diffeomorphism ¢ : PB/G — M such
that m = @ o p, where p : P — P/G is the canonical map.

For each p € M, n=1({p}) is called the fiber of the bundle. Freeness of the
action of G implies that each fiber is isomorphic to G. G is also referred to
as the structure group of the bundle. M is said to be the base manifold
and Q is referred to as the total space of the bundle.

Let (Q, 7', M, H) be a second principal fiber bundle. A morphism of principal
fiber bundles is a smooth map f : P — Q and a Lie group morphism A :
G — H with the following properties.

° ﬂ/of:ﬂ';

e Forallp € P and for allg e G, f(p-g) = f(p) - A(g).

A Spin® structure is a global version of equation (2.74).

Definition 2.41 (Spin® structure). Let B be the special orthogonal frame
bundle associated to M. The direct product of this principal bundle with a
trivial principal fiber bundle with U(1) as structure group is again a principal
fiber bundle. We say that M has a Spin® structure when there is a principal
fiber bundle Q with Spin,, as structure group such that there is a short exvact
sequence of principal fiber bundle morphisms:

{1} x M O 0 P x UML) —{1} x M, (2.78)

where O is some principal fiber bundle on M having Zo as its structure
group.

We will now describe two equivalent ways to verify whether M has a
Spin® structure, and if so, whether the Spin® structure is unique. After
briefly reviewing the equivalence of both methods, we finish with the defi-
nition of a Spin structure and the criteria for its existence.

ZNote that we explicitly do not require the principal fiber bundles to be locally trivial
because we will not make explicit use of this property. Therefore, the definition of principal
fiber bundles is more condensed. However, in all the cases we shall encounter the involved
principal fiber bundles will be locally trivial. This property is highly useful to deduce
further results regarding the construction of algebra bundles out of vector bundles and
the associated bundle construction. The interested reader is referred to the first few
chapters of [50].
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2.4.1 The classical method

The first criterion for the existence of a Spin® structure is a differential ge-
ometric one [31], [4].

In definition D.13, appendix D, we show how to construct a cochain com-
plex taking values in any Abelian group G from a chain complex. Let
{Ci(M);i € N} be the homology groups of M.> We furthermore write
CY(M;G) = Hom(C;(M),G). Quoting from [23, 3.E], an application of
the zig-zag lemma, cf. lemma E.4 in appendix E, yields:

Lemma 2.42. The SES of Abelian groups

0 7 X2 7 mod 2 Zs 0

defines a long exact sequence

H(M;Z) — Hi(M;Z) — (2.79)

HI(M; Z) —> H (M, 2) —— -
where B is called the Bockstein morphism.

TM, and in fact every vector bundle on M, defines a set of elements
{wi(TM) € H'(M;Zs3)}, called the Stiefel-Whitney classes. See [34, §4]
for a detailed treatment. When p > 2 it turns out, see [31, Ch.2, App. D],
that M supports a Spin® structure if and only if

W3 (TM) = B (wy(TM)) € H¥(M; Z) (2.80)

is equal to zero. The different Spin® structures, if they exist, are in bijective
correspondence with the elements in

2H*(M;Z) & H' (M;Zs). (2.81)
Example 2.43 (S*). The /-sphere is homotopic to a 4-simpler, so
Hy (S%Z) = Hy (S Z) = H3 (5%,Z) =0,
Ho (S%2) = Hy (S*2) = Z.

Using Poincaré duality, we see that H" (S4) = H? (54) = H3 (54) =0, so
the 4-sphere has a unique Spin® structure.

3As a consequence of the Handle Theorem [48, Ch. 6], every compact manifold is a
finite CW complex. Therefore, the homology of a CW complex is meant here. Several
manifolds (such as the circle and the 4-sphere) are triangularizable, i.e., homotopically
equivalent to a simplicial complex. In those cases also the simplicial homology is meant.
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The Spin® structure of the circle is more interesting. In the example
below, we explicitly use the classical method to examine the constituents of
the Spin® structure. Later, when discussing the noncommutative variant of
definition 2.41, we use a different method to identify the Spin® structure on
the circle.

Example 2.44. Since H' (S';Zy) = Zy and H*(M;Z) = 0, the circle has
two inequivalent Spin® structures. Recall that Spini = U(1). We identify the

two Spin® structures as follows. The first structure is defined by the trivial
principal fiber bundle

Q=5 xU(1). (2.82)

Let B be the special orthogonal frame bundle on M. Since SO, = {e}, P is
the trivial bundle M x {e}. The principal fiber bundle map

FiQ P xUQL) =M xU(L) (2.83)
of equation (2.78) is given by
f(exp(2mif), p) = f(exp(4mif),p) 0 c[0,1),pc S (2.84)

Note that on fibers ker f = Zso, as it should, so the principal fiber bundle O
in equation (2.78) is given by:

O =7y x M. (2.85)

The second Spin® structure on the circle is the “twisted” version. We first
describe the total space of the bundle Q in equation (2.78).
Take the space U(1) x [0,1]. We identify the edges of this tube as follows:

(exp(27if),0) ~ (exp(2mif + i), 1). (2.86)

The quotient space, which we shall denote with Q, is a structure similar
to the Mobius strip, which happens to be a vector bundle associated to the
principal bundle also described here. This space is a principal fiber bundle
with U(1) as structure group and the circle as base space. The map f :Q —
B x U(1) in equation (2.78) is given by

f([exp(2mif), p]) = exp(2mif, p), 6 €[0,1),pe S". (2.87)
Its kernel, on fibers, is again the group Zo. Instead of a direct product, the

principal fiber bundle O in equation (2.78) is given by the edge of the Mdbius
strip.
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2.4.2 Plymen’s criterion

A second way of describing a Spin® structure is an algebraic approach de-
scribed in the 1986 article of Plymen [39]. Before introducing it, we define
what is meant by a C*-algebra bundle, which is basically a specific type of
infinite-dimensional vector bundle.

Definition 2.45 (Bundle of C*-algebras). Let A be a C*-algebra. A bundle
of C*-algebras B over a manifold M is a topological space with the following
properties:

o There is a surjective map 7 : B — M called the projection of the
bundle;

e There is a cover {Us;i € I} of M and a set of homeomorphisms ¢; :
7 1(U;) — U; x A called the coordinate functions;

e For each i,j € I such that U; N U; # 0, the map
piop; ' UiNUix A= U;NU; x A (2.88)

is a diffeomorphism of the submanifold U; NU; in one variable and an
automorphism of A in the other.

We also refer to B as the total space of the bundle. If the C*-algebra
imwolved is finite dimensional, it makes sense to equip B with a manifold
structure and demand that the projection and the coordinate functions are
smooth maps.

Recall [34, §3] that any functor T : FVecy — FVecy can be used to
construct a new vector bundle from (co)tangent space, where F = R or C.
The fibers of the newly created vector bundle are equal to the image of the
fibers of (co)tangent space under the functor 7'. In particular, the Clifford
algebra (CKI(,H can be described by a functor (see definition 2.29). By using
a Riemannian metric on cotangent space, we can construct a C*-algebra
bundle whose fibers are the C*-algebras (C€§,+), where p is the dimension
of the manifold. See [21, Ch. 9.1] for further details. In a nutshell, the
construction of this C*-algebra bundle is done by composing the functor
CZI(,—H with the coordinate functions of the cotangent bundle as to form the
coordinate functions of the C*-algebra bundle. So the role of V' in C{(V, g)
is played by the Ty M with z € M.

This C*-algebra bundle is called the Clifford bundle and is essentially
unique, given the manifold M. We denote this bundle by

COH(M). (2.89)
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We furthermore denote the set of continuous and smooth sections of the
Clifford bundle by

B(M)=T (M, ce™ (M)) , (2.90)

B(M) = T (M, u<+>(M)) ., (2.91)

respectively. We can equip B(M) and B(M) with a norm as follows. Let
||I|| be the norm as defined in lemma 2.34. The association

b — sup [|b(z)]] (2.92)
zeM

then defines a norm on B(M) and B(M). By standard arguments, one ver-
ifies that the closure of B(M) in this norm equals B(M), i.e., B(M) lies
dense in B(M).

Plymen’s criterion now states:

Theorem 2.46. M has a Spin® structure if and only if B(M) is Morita
equivalent to the C*-algebra of continuous functions on M.

We refer to appendix C for definitions regarding Hilbert modules and
Morita equivalence. If a manifold has a Spin® structure, we denote the
equivalence bimodule implementing the Morita equivalence between B(M)
and C(M) with S. We shall also refer to S as the continuous spinors.
More on this nomenclature later.

Note that in NCG, theorem 2.46 is taken to be the definition of a Spin®
structure of a manifold.

2.4.3 Spin structures

Similar to a Spin® structure, we can also define a Spin structure on a manifold

M.

Definition 2.47 (Spin structure). Let Q be the special orthogonal frame
bundle associated to a manifold M. M 1is equipped with a Spin structure
if and only if there is a principal fiber bundle B having Spin,, as its structure
group, such that the following SES of principal fiber bundle maps exists:

W xM 9 =P =1} x M, (203
where O is a principal fiber bundle having Zo as its structure group.

The classical criterion to the existence of SES (2.93) is the condition that
wy (TM) = 0 [31, Ch. 2, Thm. 1.7]. An equivalent result is given by the
following theorem, [21, Thm. 9.6], which is a global version of lemma 2.31.
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Theorem 2.48. One has wa (T'M) =0, i.e., M admits a Spin structure if
and only if there is a bijective anti-linear map C' : S — S such that for all
v,pe S, feC(M)andbe B(M):

Cf)=C@)f; (2.94)
C(by) = k(b)Cep; (2.95)
g (Cp,CY) = g, ), (2.96)

where g is a Hermitian metric on S.

Sketch of proof: The collection of “dual” sections
S* = Home(ar) (S, C) (2.97)

is a B(M)-C(M)-bimodule, with the actions of B(M) and C(M) defined
point-wise by the actions of (CE;H and C on Af, as in lemma 2.31. Identical
to the proof of that lemma, a global charge conjugation operator exists if

and only if there exists a B(M)-C(M)-bimodule isomorphism
S =~ GF (2.98)

Such a bimodule isomorphism always exists between the fibers of the spinor
bundle and its dual, as illustrated in lemma 2.31. The obstruction to
the existence of a global bimodule isomorphism is the element we(T'M) €
H? (M;Zs), see [21, Thm. 9.6] and the rest of [21, Ch. 9]. In other words,
such an isomorphism exists if and only if the second Stiefel-Whitney class
wo(TM) is equal to zero.

O

Note that the grading operator y extends globally to an operator with the
same name. Just as in the local case, x grades the spinor bundle globally.
To summarize, the moral of the story is [55]:

Spin® structure + global charge conjugation = Spin structure.

2.5 Dirac operators

Let M be a closed and connected Riemannian spin manifold of dimension
p. We also refer to M as a spin manifold. For simplicity of exposition,
throughout this section, assume that we have fixed a Spin structure on M.
We denote the spinor bundle associated to the Spin structure by &.

The continuous and smooth functions on M are denoted by A = C(M)
and A = C°°(M), respectively. We shall furthermore use the following
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notations:

S=T(M,6); (continuous spinors) (2.99)
S§=T"(M,6); (smooth spinors)  (2.100)
c:B(M)—TI'(M,Ends(6)), (Clifford multiplication)  (2.101)

where the latter are isomorphic as C*-algebras.

Definition 2.49 (Spin connection). By the Serre-Swan theorem [52]

(see [28] for the smooth version), S = pA™ for some projection p € My(A).
Hence we can associate to the spinor bundle a generalized Levi-Civita
connection (see appendiz F for definitions) called the spin connection:

VO:S = Sa 0t (M), (2.102)
defined by
VS = pd, (2.103)
where d is the exterior derivative.

We are now ready for our main definition, the canonical Dirac operator.

Definition 2.50 (Canonical Dirac operator). Combining the spin
connection with the Clifford multiplication ¢, we obtain a complex-linear
operator ID : S — S given by

D=—i(coV?), évey)=ch)(y) YieS. (2.104)

There is a canonical representation of the algebra of smooth,
complex-valued functions on M.

Definition 2.51. Let H = L?(M, &) be the Hilbert space of square
integrable spinors on M. There is a representation p: C*°(M) — B(H)
given by

(p(N))(x) = f(@)v(x) (2.105)

forallxe M, f € C®°(M) and ¢ € H. Whenever this representation will
be implied we simply write fi instead of p(f)1.
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For the cases M = S! or M = 8%, let us calculate the local expression of
the Dirac operator using equation [21, (9.20)] and evaluate some of its
properties.

Example 2.52 (S1). We choose the Spin structure on S* corresponding to
the trivial spinor bundle, i.e., S = C* (Sl), so the projection associated to
the set of smooth spinors is the unit in C° (51). Relative to a coordinate
x, the action of the spin connection on spinors is locally given by
d
VoY =dy = dﬁdx. Vi € S. (2.106)
T

c(dv) is the identity operator on C, so the action of the Dirac operator is
locally given by

Dy = —i%zb- (2.107)

We see that the Dirac operator is an elliptic first-order differential
operator. It symbol is given by the identity operator on C, which coincides
with the action of c(dx). Using the expression of the charge conjugation
operator and the chirality element we have found in example 2.33, we
establish the following commutation relations.

{C. D} =0
[x. D] =o0. (2.108)

Take some f € C* (51) and some square integrable spinor 1. The
commutator [ID, f], seen as a multiplication operator on the collection of
smooth spinors, satisfies the following property:

(D, flv = —i%(fw) + if%w = —i (if) . (2.109)

This implies that for all f € C'* (Sl):

1D, f] = —ic(df) = —iaP (-, df). (2.110)

Take some Hermitian metric g on the circle. This yields the following
C-valued inner product on S:

(¥, ) = /g(w, P)v. (2.111)
Sl

The Dirac operator ID is symmetric with respect to this inner product,
since the circle has no boundary. Due to the compactness of S, the Dirac
operator has a unique self-adjoint extension to the Hilbert space of square
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integrable spinors on S* with respect to the inner product
(2.111) [40, VIIL.2]. Note furthermore that the C'-spinors are dense in
this Hilbert space. Defining:

D=0 Vo €kerD, (2.112)

we obtain a well-defined inverse of the Dirac operator given by

1

D) =i / 10.2¢(y)dy. (2.113)

0

where we have identified C*°(S1) with {f € C*([0,1]); £(0) = f(1)}.
The inverse of the Dirac operator is an example of a Fredholm integral
operator and, as such, is a compact operator.

We know highlight the differences of the Dirac operator on the circle
associated to twisted spinor bundle versus the trivial one. As announced,
this time we describe the Spin® structure in light of theorem 2.46, instead
of definition definition 2.41, which is more geometric in nature.

Example 2.53. Instead of the more geometric description given in
example 2.44, we shall regard the spinor bundle S’ as a B (Sl)—C (Sl)

equivalence bimodule. Define
S"= {1 :]0,27) — C,v continuous,(x) = —h(2m + x)} . (2.114)

We shall first show that S’ is a right-C (Sl)-Hilbert module. The action of
any f € C (Sl) on S’ is simply given point-wise (right-)multiplication. The
inner product (-,-) : 8" x 8" — C (5’1) of the Hilbert module is defined using
any metric g on the circle:

(W, 0)(2) = go(Y(2), p(2)) Vo e St (2.115)

It is rather straightforward to verify that with this inner product, S is
indeed a right-C (Sl)—Hilbert module.
We now show End%(sl) (8) = B(S'). S’ is a one-dimensional bundle.

The compact C (Sl)—endomorphisms of S" are therefore given by the
collection of continuous sections of the complex trivial, 1-dimensional
bundle over S, acting on S’ by point-wise left-multiplication.

Recall that the Clifford bundle is constructed using the cotangent bundle.
The fibers of the Clifford bundle are the Clifford algebra of the fibers of the
cotangent bundle. In case of the circle, the cotangent bundle is a trivial,
1-dimensional bundle. As we have seen in example 2.23, the Clifford
algebra of V=2 R is given by

Ch=CaC.
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This implies that
ciH ~c.

Hence, B (5’1) is given by the continuous sections of the trivial bundle
S1 x C. By defining the action of B (Sl) on S" by point-wise
left-multiplication, we see that End%(sl) (Y= B (Sl). As a consequence,
S’ is the imprimitivity bimodule implementing the Morita equivalence
between C (5’1) and B (Sl), and hence called the collection of continuous
spinors.

Locally, the Dirac operator of the twisted Spin structure is given by

. d
D= e (2.116)
for the local coordinate x. This Dirac operator has the same properties and
inverse as the one associated to the trivial Spin structure (say, the
ordinary Dirac operator). However, a crucial difference lies within its
spectrum. Whereas the eigenfunctions and the eigenfunctions of the
ordinary Dirac operator are given by the sequences

{62m'nx cC (Sl) ne Z} , {27rin, n e Z} , (2117)

respectively, the eigenfunctions and eigenvalues of the twisted Dirac
operator are given by:

{627ri(n+1/2)m0 (1) ,ne Z} ’ {2mi(n+1/2),n € Z} . (2.118)

Example 2.54 (S*). For the 4-sphere we only have one Spin structure to
our disposal. Let us calculate the local expression of the Dirac operator
using equation [21, (9.20)]. Namely, in terms of a local parametrization by
spherical coordinates (01,0, 03,04) € [0,27)3 x [0,7) = U, the Dirac
operator is given by the expression

0 0 f303 —ifs04  f101 —if202
D= —i 0 0 101 +if202  —f303 —if104
f303 +if104  f101 —if200 0 0
f101 +if202  —f303 +if104 0 0

4 4
—iZgwi = (WHD_) —iZgi’yi. (2.119)
i=1 =1
Note that
(DY) =D". (2.120)
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Here, the functions f;,g; are real smooth functions given locally by the
following expressions. Note that, with the exception of g4, they are
non-zero on U.

fl - 17
1
f2 N sin@l’
1
= sin 0 sin @y’
1

fa=— - - )

sin 01 sin 65 sin 03

1
o= [3 cot 0y + 2c9t 02 cot 03 cot 03

sinf;  sinf;sinfy  sin 6y sin O sin 03

cot By + cosfysinf;  cot By + cos By sin Oy sin® 6,

sin 64 sin 64 cos 64

cos 01 sin 0 sin® Oy sin? 05 + cot 6,

)

sin A1 sin O sin O3
1 [cot 0y + cosfysinfy  cot By + cos Oy sin Oy sin? O

g2 =

4 sin 61 sin 6 sin 0 sin @, sin 63 ’
_ 1lcot 03+ cosfssinfs
93 = 4 sin 6 sin O sin 03
g4 = 0.

The Dirac operator on the 4-sphere satisfies the same commutation
relations with the chirality element and the charge conjugation as the Dirac
operator on the circle. The principal symbol of the Dirac operator is locally
given by

0 0 fa—ifs fi—ifs
By y_ 0 0 fitifs —fa—ifs
TEI=N it h—if 0 0 - (@12
fitifo —fs+ifs 0 0
Pl = 1 B,
e e

Again, we see that the Dirac operator is elliptic and that, as a
multiplication operator on the smooth spinors:

1D, f(x) = —ic(df)(z) = —io? (x,df (), (2.122)
for all f € C (54).

Instead of verifying that the Dirac operator on the 4-sphere has the same
functional analytic properties as we have described for the example of the
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1-sphere, we quote the general theorem that establishes these properties
for any Dirac operator defined on any spin manifold without boundary.
Note that the aforementioned examples might suggest that the
commutation relations (2.108) always hold. It turns out, however, that the
commutation relations are dependent on the dimension of the manifold.
From [20, Ch. 3] and [21, 9.5], we now have

Theorem 2.55. Let M be a boundaryless spin manifold. Choose a Spin
structure on M and fix a Hermitian metric g on the spinor bundle
associated with the Spin structure. Let ID be the canonical Dirac operator
defined with respect to that Spin structure. Let H be the Hilbert space of
square-integrable spinors relative to g. We have the following results:

e 1) is a closed and essentially self-adjoint (therefore self-adjoint)
operator on H with dense domain;

o 1D is elliptic and, as a multiplication operator on H, we have the
identity:

1D, f] = —ic(df) = —ioP (-, df) (2.123)
for all f € C®(M);

o We define the inverse of the Dirac operator to be zero on the kernel
of ID. This inverse is a compact operator on H;

o The (anti)-commutation relations of I) with C and vy are given by

_ pC p=0,2,3,4,6,7

CIZ)_{ PC p=15 (2.124)
_ Dy p odd

v = { Dy p even (2.125)
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Chapter 3

Spectral triples

In this chapter we define the basic element of post-1995 noncommutative
geometry,! namely the spectral triple, and define several additional
properties which are elevated to the status of axioms. It will turn out that
for any commutative spectral triple satisfying all of these (eight) axioms,
the involutive algebra involved is isomorphic to C*°(M), the algebra of
smooth functions on a closed and connected Riemannian spin manifold.
This is Connes’ celebrated reconstruction theorem as presented in [14]
and [21, Ch. 11]. The proof basically consists of two steps. The first step
is to show that the spectrum of the algebra is a compact connected
manifold. This is taken up in chapter 4. The second part, discussed in
chapter 5, shows that the manifold is orientable, has no boundary, and is
equipped with a spin structure.

The algebra A, which in the commutative case turns out to be equal to
C*°(M), is defined, in the spirit of the Gelfand-Naimark-Segal
construction [25, Th. 4.5.2], through a representation on a given Hilbert
space H. To define a spectral triple, we add to the doublet (A, H) a third
mathematical object, the abstract Dirac operator D, which is an
(unbounded) operator on (some domain within) the Hilbert space.
Together, these three objects form the building blocks of a spectral triple.
We shall start with a definition of the spectral triple, and explain its
relation to the concepts introduced in chapter 2. Subsequently, we shall lay
out the additional axioms of the spectral triple and motivate them.

The axioms are grouped as follows. In the next section we will present the
axioms that are related to the properties of the abstract Dirac operator
and the way the Dirac operator interacts with the other two objects of the
spectral triple. In section 3.2 we focus on several bounded operators on H.
The last two axioms, discussed in section 3.3, equip H with additional

'In 1995 Connes published the article “Noncommutative and reality” [13], which con-
tains an early exposition on spectral triples and their relations with spin geometry and
the Standard Model of high energy physics.
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structure. The discussion will rely on the existence of an “integral”

f: A — C. In section 3.3 we will therefore define this integral and show it
has the required properties, except for positive definiteness. One uses the
fact that f is positive definite in the last step of the reconstruction
theorem to show that the manifold constructed in that theorem is a spin
manifold. It therefore seems appropriate to postpone the proof of positive
definiteness to chapter 5.

3.1 Spectral triples

Definition 3.1 (Spectral triple). A triple (A, D, H) is called a spectral
triple when:

o H is a separable Hilbert space;

o A is a unital and involutive algebra that has a faithful
*-representation m on H;

o D is an unbounded, self-adjoint operator D : dom D — H such that
(D — i)t is compact and dom D is dense in H. Note that due to
self-adjointness, D is also a closed operator. D is also referred to as
an abstract Dirac operator, or just as a Dirac operator.;

e Forallaec A, [D,a] € B(H).

The spectral triple is called commutative when A is (as an algebra). We
furthermore define D' as zero on the kernel of D and as the inverse of D
on (ker D)*.

Denote the inner product on the Hilbert space by

(I HxH—=C, (3.1)
and let
€15, = (& E)n- (3.2)
Last, we define:
1> = (1) dom D". (3.3)
i=1

Remark 3.2. When the action of A on H is implied we shall simply write
a& instead of m(a)§.
The map

a = |m(a)ll,, = ”;HuP:l{HaiHH} (3-4)
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defines a norm on A, denoted by ||al|. Its completion is a commutative
unital C*-algebra, denoted by A. By Gelfand’s theorem [25, 4.4.3]
A= C(Spec A), with Spec A a compact Hausdorff space.

Let us outline how the spin manifold S* gives rise to a commutative
spectral triple.

Example 3.3 (S'). The commutative, unital and involutive algebra
A=C*® (5’1) lies dense in the C*-algebra of continuous functions on S'.
For the Spin structure on S* we choose the trivial principal fiber bundle
St x Spiny = St x Zy, so that the spinor bundle & is isomorphic to S* x C.
The set of square-integrable sections of the spinor bundle H = L*(M, &) is
a Hilbert space on which A has a faithful representation given by

(f-¥)(2) = fle)p(z)  VfeA VieH. (3.5)

The abstract Dirac operator D : dom D C H — H is given by the canonical
Dirac operator of the Spin structure on S, which is locally given by

D= —i% on a coordinate chart (z,U) of S*. As we have seen in the
previous chapter, this operator satisfies all the properties in definition 3.1.
The domain of the Dirac operator is the Hilbert space of the
square-integrable spinors on S'. Using the local description of the Dirac
operator one sees that H™ is given by the collection of smooth spinors
'>~(M,S).

We return to the general case. Just as smooth spinors are dense in the
Hilbert space of square-integrable ones, the definition of the spectral triple
has the following implication:

Lemma 3.4. H™> is dense in H.

Before stating the first three axioms of a commutative spectral triple, let
us quote a result regarding the modulus of the Dirac operator. Though not
all unbounded operators admit a polar decomposition, the closed ones do.
From [40, Th. VIIL.32]:

Theorem 3.5 (Polar decomposition). There is a unique positive (and
hence self-adjoint operator) |D|: dom D — H and a partial isometry U on
H with initial space (ker D)*, final space ran D, and ker |D| = ker D, such
that

D =U|D|. (3.6)

Axiom 1 (Finite summability). |D|~! is a compact operator. Its
etgenvalues form a sequence {Sn (\D|_1) €R",nc N}. By compactness,
for large n this is a decreasing sequence. We demand that there is a p € N

1
such that the n-th eigenvalue in that sequence is of order O <n75> as

n — oo. The smallest such p is called the dimension of the spectral triple.
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We illustrate this axiom by analyzing the eigenvalues of |IP|~1, where I is
a Dirac on the circle.

Example 3.6 (S'). As seen in the previous chapter, D' is given by

1

D () =i / 0.2yt (y)dy (3.7)

0

when 1) is not in the kernel of D, and D™! is zero otherwise (i.e., on
constants). D~ is a compact operator. Since H is isomorphic (as a
Hilbert space) to the set of square integrable functions on the circle, a base
for H is given by the set

{en : S' = Csen(z) = exp(2minz),n € Z} . (3.8)

The eigenvalues of D™ with respect to this base form the sequence

2mn’

1
{orine 2/},
implying the eigenvalues of |[D|™! are given by the sequence

1
with each of ﬂ%e eigenvalues having a multiplicity of 2. The n-th eigenvalue
is of order n™1 =n"1, so that the dimension of the spectral triple

(COO (Sl) I, L? (Sl, 6)) equals the dimension of the circle, namely p = 1.

For a spin manifold M, the spectral triple is given by

(C>(M), 1, L*(M,S)). Any spin manifold M satisfies axiom 1 with

p = dim M. This follows from the fact that I} is the formal square root of
the spinor Laplacian modulo a multiple of the scalar curvature. This is the
Lichnerowitz formula [21, Th. 9.16]. The behavior of the eigenvalues of
|IP| =1 then follows from the behavior of the eigenvalues of the spinor
Laplacian, which are similar to those of the scalar Laplacian [55, Ch. 3.5]
and are given by Weyl’s theorem.

Relationship (2.123) implies that the commutator of the canonical Dirac
operator with any smooth function on the spin manifold is a section of the
endomorphism bundle of the spinor bundle. Such a section is pointwise
C-linear and globally C°°(M)-linear. This implies that

1, £, 9] = —ile(df), g] = 0. (3.10)
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We will require this property to hold for noncommutative spectral triples
as well:

Axiom 2 (First-order). for all a,b € A, [[D,a],b] = 0.

The last axiom of this section is a very strong assumption regarding the
functional analytic properties of A and several related algebras. It will
play an important role in the definition of the noncommutative integral in
section 3.3 and in the first part of the reconstruction theorem in chapter 4.
In essence, it tells us which operators on ‘H we can regard as being
“smooth”. Provided that H> is a (right) .A-module (which we will require
by imposing axiom 7):

Axiom 3 (Strong regularity). Let
o(T) = [|DI, T, (3.11)
with
dom 6 ={T € B(H);Tdom |D| C dom |D|,6(T) € B(H)}. (3.12)

Then A, [D, A] and Enda (H™) are in
B>(H) = () dom &". (3.13)
i=1

Here 0° is the identity map, with dom §° = B(H).

The predicate “strong” is used to set the above property apart from
(ordinary) regularity, which is defined as follows.

Definition 3.7 (Regularity). A spectral triple (A, H, D) is said to be
regular when A and [D, A] lie in B> (H).

3.2 Orientation

In this section we focus on several bounded operators on the Hilbert space
H. One of those is the grading operator, which we have encountered in
chapter 2 in its local form as x in definition 2.27, and in its global form at
the end of section 2.4. The 4" axiom will establish a connection between
the grading operator and the noncommutative volume element, which
is an element of the top Hochschild homology group C,(.A) of A. See
appendix D for more background information regarding de Rham
cohomology and Hochschild homology.

The purpose of the noncommutative volume element is twofold. Firstly, as
shall be proved in chapter 5, the volume element ensures that the manifold
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is orientated. We shall briefly discuss this result (in the context of the spin
manifold S4) below. The second purpose, which we shall discuss in chapter
4, is that the volume element encodes part of the data used to reconstruct
the coordinate functions of the manifold associated to a commutative
spectral triple.

Let us start with stating a condition of orientability of a manifold.

From [19, Ch. 2.8]:

Lemma 3.8. A p-dimensional manifold M is orientable if and only if
there is a non-zero section of O (M). Such a non-zero section is also
referred to as a volume form.

Example 3.9 (S*). Take some coordinate chart (U,x), U C S*, such that
the cotangent bundle is locally trivial on U. Let {dz*, ..., dz*} be a local
base of the cotangent bundle on U. By construction, the Clifford bundle is
also trivial on U. According to definition 2.26 and example 2.33, the local
section corresponding to the chirality element can be represented by

—dzt - dx? - da® - dat. (3.14)

As vector bundles, A% (54) = Cly (5’4): let p € S* and let w, 7 be the
projection of the complexified exterior bundle and the projection of the
Clifford bundle, respectively. Take some (p, Azt A - A d:ci’v) e 1({p})
and (p,dz™ ---dz'*) € @~ ({p}) with k <4 and i1 < ... < iy. Point-wise,
on pure elements in the fiber of Ag (54), the bundle isomorphism is given
by

(p,dz™™ A -~ Adz') — (p,da'™ - - dz'*), (3.15)

and is extended to the whole fiber by C-linearity.

Combining this isomorphism with lemma 3.8, we can conclude that the
condition for S* to be orientable is equivalent to the condition that there is
a section w € B(M) for which w(p) is equal to the chirality element -y of
Cly, for each p € S*.

Using the Clifford multiplication ¢, we can represent w as a bounded
operator on the Hilbert space of square integrable spinors H.:

(c(w)Y)(p) = —c (d:vl) oc (de) oc (dx?’) oc (dx4) (Y(p)) = (3.16)
— 7' ooy oy (w(p), (3.17)

VpeU, Vop € H=L2 (54, 6). For a suitable choice of base, the action of
w locally corresponds to the grading operator:

10 0 O ¥1(p)
=y o o o || Y (318)
00 0 -1 Ya(p)
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Since S* has a Spin structure, the Clifford multiplication c is a bundle
map, so the identification of w with the grading operator carries over to a
global level.

The grading operator can also be expressed using the identity (2.123). We
(locally) obtain:

c(w) = —i4[lD,:U1][lD,x2] []ﬁ,x?’] []ﬁ,:v4] € B(H). (3.19)

To make a link with Hochschild homology, we use the anti-symmetrization
map Ay, as defined by equation (D.19), appendix D, to locally identify an
anti-symmetric Hoschchild 4-chain with the volume form on M. Locally,

1 ag g
Ay (da:1 ARRRWA dx4) =1 Z €)'V @ . @z7®. (3.20)
oESy

Let A= C> (S*). Define a map w5 : Ci(A) — B(H) by

Tp(fo® - ® fi) = folD, fr]--- D, fil, (3.21)

and extend mp by C-linearity. Locally:

T oAy (dxl/\-~-/\d$4) = x Z @)D,z [P, 2] =

4!
oESy

(i)' g 3 elo)e(dr™) - e(da®) = —c(w),

due to the fact that the base elements anti-commute under the Clifford
representation.

These identifications also hold on a global level. Instead of taking the base
of cotangent space on a single chart, one should use a partition of unity 1,
subordinate to some atlas {(Uqa,xq)} and apply the previous formulas to
the volume form

wdzt A - Adzt e QY M. 3.22
> thada), .

The corresponding element Cy(A) is then given by

4,22 BYa @2V @ .. @ 2f®. (3.23)

o [ESy

The previous example indicates that finding a suitable element in the top
homology chain group Cp(.A), where A is the involutive algebra of a
commutative spectral triple with dimension p, might be sufficient to show
that the manifold we construct from the spectral triple is orientable. Note,
furthermore, that in the previous example this element in the Hochschild
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chain group consisted of sums of tensor products consisting of all
coordinate functions. Part of the difficulty of the reconstruction theorem is
obtaining these coordinate functions.

Before moving on, we need to generalize a map used in the last example.

Definition 3.10. Let wp be as defined in equation (3.21). For pure
elements in the i-th Hochschild chain group:

o : Ci(A) — B(H), mp(ag ® - ®a;) = ag[D,a1]---[D,a;]. (3.24)

Subsequently, mp s extended to the whole chain group by C-linearity.
Note that axiom 3 guarantees that the right-hand side of this equation lies
in B(H).

For commutative spectral triples, we have an object equivalent to the
grading operator. We relate it to an element in the top Hochschild
homology class.

Axiom 4 (Orientation). Let (A, D,H) be a commutative spectral triple
satisfying axioms 1 to 3.
There is an anti-symmetric Hochschild p-cycle ¢ € Zy(A) such that
X = 7p(e) satisfies:
o X' =x;
° X2 — 1}.
e if p is even, then xD = —Dx; otherwise x = 1.

This ¢ is called the Hochschild orientation cycle or the
noncommutative volume form.
In what follows we shall denote the expansion of ¢ in Cy(A) by:

Z Z LedlVg... 0l (3.25)
a BeSy

which we shall often abbreviate to

c:ch®c}1®-~-®c§é, (3.26)
e

for a in some finite index set.

The second bounded operator we want to define on the Hilbert space H is
the charge conjugation. There is no need to adjust the definition of the
global charge conjugation in theorem 2.48.

Axiom 5 (Reality). There is an anti-unitary operator C : H — H with

C? = +1, CD = £DC and Cx = +£xC, where the sign depends on the
dimension and is given in table 3.1. Moreover, a = Ca*C~'. This operator
C s called the reality operator.
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Table 3.1: Values of C? and its (anti)-commutation relations with D and Y,
relative to the dimension p of the manifold.

pmod8 [O0[1[2[3[4]5]6]7
CP==£1 |+ |+ |-|-|-|-]+|+
CD=+DC |+ |- |+ |+ |+]|-|+]|+
Cx=£xC |+ |+ |- |+ [+]|+]|-|+

The purpose of charge conjugation is to turn a Spin® structure on a
manifold into a Spin structure. It is therefore no surprise that the operator
will play no role in this chapter and the chapter to come. It will enter the
stage again in chapter 5 when we will prove that the manifold we construct
from the commutative spectral triple is, in fact, a spin manifold.

The next axiom will guarantee that the manifold we construct from the
commutative spectral triple is connected.

Axiom 6 (Irreducibility). There is no non-trivial projection on H that
commutes with w(A), D,C and x.

Remark 3.11. Aziom 6 is not strictly necessary. If there were such a
projection, then A = Ay ® As in the C*-algebraic sense, H = H1 ® Ho as
Hilbert spaces, and D = D1 ® Do, x = x1 ® Xx2,C = C1 & Cy as operators.
It is easily checked that for i = 1,2, (A;, Hi, D;, xi, C;) are two spectral
triples satisfying axioms 1 - 5 and 7-8. The compactness of Spec A
guarantees that by repeating this process one would eventually end up with
a finite set of irreducible spectral triples satisfying all the axioms.

We try to avoid cluttered and awkward notation as much as possible, and
therefore we impose irreducibility right from the start.

3.3 The noncommutative integral

The purpose of this section is to establish an integral on A in the sense of
a trace, which we will denote by f : A — C. We will also refer to this trace
as the noncommutative integral, since the definition will turn out to be
valid for noncommutative spectral triples as well. We cover the
noncommutative integral now since we need to define it first before we are
able to formulate the last two axioms.

Let us start by generalizing the usual definition of a trace a bit. See
appendix C for definitions regarding positivity (in relation to involutive
algebras).
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Definition 3.12 (Trace). Let A, B be involutive algebras. A trace
Tr : A — B has the following properties:

1. Tr(ab) = Tr(ba) for any two a,b € A;

2. Tr is C-linear;

3. Tr is a positive map, i.e., when a € A* then Tr(a) € BT;

4. Tr is non-degenerate: if Tr(a) =0 for any a € AT then a = 0.
Together, conditions (3) and (4) are also called positive definiteness.

As stated earlier, in this section we focus on the definition of the integral
and we show that it satisfies properties (1) to (3). We shall postpone the
proof that f satisfies (4) to chapter 5.

Before delving into a general formulation of the noncommutative integral
we will take a look at integration of smooth functions on the circle in order
to get more insight on how to proceed in the general case. The ordinary
Riemannian integral on a manifold [19, Ch. 3] makes ample reference to
the underlying space and its atlas. Those concepts are contrary to the
philosophy of NCG, which tries to depart from spaces and their points as
much as possible. Instead, we focus on algebraic and functional-analytic
concepts, which rely heavily on the properties of compact operators. We
will therefore first state some definitions on compact operators before
proceeding.

Definition 3.13. Let H be a infinite-dimensional, separable Hilbert space
with inner product (-,-) and T € K(H) a compact operator. If T is
self-adjoint, we can apply a special case of the spectral theorem: the
eigenfunctions {e;;i € N} of T' form an orthonormal base of H. Denote the
set of eigenvalues of T by {\;(T);Te; = \i(T)e; }. Relative to this base,
there is a unique expansion

T=> X(T)p; (3.27)

where A\ # X\j for i # j, lim |\;| =0, and p; € B(H) is the

11— 00
finite-dimensional projection such that p; = > (e;,-).

i =A;

The dimension of p;H = Tr(p;) is called the multiplicity of the eigenvalue
i
From now on, we shall always assume that we have rearranged the
orthonormal base of H corresponding with T in such a way that {|\,(T)|}
is a decreasing series.
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For general compact operators S € K(H), we have the following unique
expansion:

S=>"si(S)ej, )&, (3.28)
J

where {e;},{€;} are two orthonormal bases of H, and the set {s;(S)} is the
collection of eigenvalues of v/ S*S = |S|. They, too, have finite multiplicity
(except, possibly, the case s; =0). The {s;(S)} are also referred to as the

singular values or characteristic values of S. Just as we did with the
etgenvalues we shall arrange them as a decreasing series.

For any T € K(H), define the partial sum

N-1

on(T) =) su(T).

n=0

It turns out that for compact operators T a description of on(T') as a
series is too limited for our purposes. We need to extend oo(T) to a
function on the real line. For each T € K(H) define the function
ox(T) : RT — R by interpolation as follows:

ox(T)=(1—=t)op,(T) + top+1(T) A=n+t,n=|\]. (3.29)
As announced, we now discuss an example.

Example 3.14 (S'). As we have seen in the previous chapter, S* admits
two Spin structures. As in example 8.3, we are interested in the one
associated to a trivial spinor bundle. Let us identify both the smooth
functions on the 1-sphere and the smooth spinors with the collection

{f:[0,1] CR—=C; f(0) = f(1), f smooth} . (3.30)

Recall that we have the following expressions for the Dirac operator and its
inverse (in terms of the local coordinate x):

b _Z_%7 (3.31)
1
ﬁ_lw(»@) _ iofl[o,x}lb(y)dy Y ¢ ker D (3.32)

0 Y € ker ID

for all smooth spinors 1. The eigenvalues of the compact positive operator
|D|~1 are given by the sequence (3.9):

{2;71;71 € N/{O}} , (3.33)
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where each eigenvalue has multiplicity 2. The eigenfunctions of |ID|™1,
given by the sequence

{enien(x) = ™ n e Z/{0}}, (3.34)

form a base of the Hilbert space of square-integrable spinors H modulo the
constant ones, which is isomorphic to the Hilbert space of non-constant
square-integrable functions on the circle.

Let f e C® (Sl) be a positive function. Before arriving at an alternative
expression of the integral of f, we shall first take a look at the operator

fIpI,  seC, Rs>1. (3.35)

The eigenvalues of |IP|~% are summable. Since f is bounded, we see that
the operator f|IP|~* is trace-class. Therefore, the value of the trace is
independent of the base used to calculate the trace. Hence, we evaluate
Tr (f|P|~%) using the base {e,} described above.

TP = Y (e A1) = Y

W<em fen). (3.36)
nez/{0} nez/{0}

Using the fact that Fourier expansion

f — Z ake27rikz

kEZ

converges uniformly on the circle, we see that (3.36) is equal to:

2a0 12
(271_)5 Z E - (27r)5a0C(3)7
neN/{0}

where ((s) is the Riemann zeta function.

We now derive the alternative expression of the integral. Let again be f a
positive smooth function on the circle and let {e],} be some orthogonal base
of H. The expression

N

> e, DI

n=—N,n#0

is log N-divergent. Therefore (disregarding convergence and independence
of based used), we symbolically define

N
Y (e fIDIT ). (3.37)

n=—N,n#0

BB = i
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It turns out that [42, Thm. 12, Prop. 15] (3.87) does converge, is
independent of base used and equal to:
lim (s — 1) Tr (f|]~°) . (3.38)
st1t
As we have seen before, the last expression equals a constant times the

coefficient ag times the value of the residue of the zeta function at s =1,
which equals 1. Therefore, we have (up to a constant):

7 (A1) = a0 = /fy. (3.39)

This result is readily extended to any smooth function g on the circle by
noting that any given g € C'™ (5’1) can be written as the sum of four
positive functions.

Last, we note the following. We know that f|D|~' € K(H). Hence, we can
also see Tr™ as a map

Trt :dom Tr* c K(H) — C.

The above example will serve as a model for defining integration on
general (both commutative and noncommutative) spectral triples. Let us
list some key properties of the procedure.

1. We needed a compact operator [I)|~! on a Hilbert space that carries
a representation of 4 = C* (S 1). The existence of such a Hilbert
space will turn out to be necessary in general. Not surprisingly (for a
spectral triple), H fulfills this role.

2. We defined a map Tr ™ : dom Tr * € K(H) — C;

3. We found an operator |)|~! lying in the domain of Tr *. Notably, for
each a € A, a|P|~! € dom Tr*. Tt will turn out that the domain of
Tr T is quite rich in structure and that, judging from the calculations
done in previous example, the singular values of any compact
operator will determine whether that operator lies in the domain of
Tr T,

4. The compact operator |IP|~! € K(H) is such that for M = S, for
each f € C*°(M), we have

/fu:Tr+ (f1D71). (3.40)

M

Mimicking this procedure, our goal will be to find a formulation of the
integral for spectral triples such that for commutative spin geometries

53



equation (3.40) holds. As suggested, we use a certain subclass of the
compact operators on H as a domain for a map Tr *, whose definition shall
be our first concern. Secondly, we will show that |D|™? € dom Tr *, with p
the dimension of the spectral triple (A, D, H). We then wrap up with a
discussion on Connes’ trace theorem, which establishes (3.40) for a general
canonical spectral triple associated to a spin manifold.

3.3.1 The Dixmier trace

Let H be the Hilbert space of definition 3.1, with the spectral triple
satisfying axioms 1 to 6.

The definition of the integral in example 3.14 heavily relied on the
behavior of the eigenvalues of the compact operator |I)|~!, as the
eigenvalues go to infinity. With respect to that behavior, |IP|~! is in a
sense neither “too small” nor “too large”. It is not “too large” because it is
a compact operator. If we would order its eigenvalues to form a decreasing
series in RT, that series would converge to zero, in such a way that for
each € > 0 there is a finite-dimensional £ C H such that ||T|g.|| <e.

On the other hand, |/)|~! is not “small enough” to be trace-class: indeed,
the limit

N N 1
lim (en, || Yen) = C lim -, (3.41)
N—o0 N—oo n
n=1 n=1

with C some constant, does not exist.

The intermediate size we are looking for is a so-called infinitesimal
(operator) of order 1. We say that the compact operator T is an
infinitesimal of order « when « is the smallest real number such that
the singular values of T" are of order O(n™%) as n — co. In example 3.14,
||~ is an infinitesimal of order 1.

An infinitesimal of order 1 has at most logarithmically divergent singular
values. The collection of compact operators with that property is called
the Dixmier ideal:

_ _ on(T) _
LY H) = {T € K(H),Js\&g{ g N = 'yN(T)} < oo} : (3.42)

Like the name suggests, the Dixmier ideal is a two-sided ideal in the
algebra of bounded operators on H. See [21, Ch. 7.C] for more information
on ideals of compact operators.

It would be tempting to define Tr ™ : L (H) — C as

T H(T) = Jim yn(T) VT e LY (H). (3.43)

However, the property that vy (7) is bounded is not strong enough to
guarantee the existence of this limit. Luckily, this defect can be fixed in an
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ingenious way. In [18], Dixmier defined a whole array of traces on £ (H),
which are related to the aforementioned limit in a special case. These
traces, called Dixmier traces all sprlng from the so-called Cesaro

A
A . 44
o / ng € [3,00) (3.44)
3

Note that 7,(+) is not a trace. It turns out [16, Lemma A.4], however, that
for all positive T, S € LT (H),

A — o0. (3.45)

AT) +72(S) = AT+ 5) = O (bg(logA))

log A

The next step is therefore to get rid of the right-hand side of equation
(3.45).

Lemma 3.15. Let C([3,00)) be the C*-algebra of bounded and continuous
functions on [3,00). Form the unital C*-algebra

Boo = C([3,00))/Co([3, 00)). (3.46)

The association X — 7\(T') defines a unique element 7(T) € Boy such that
7(T+S) = 7(T) + 7(S) for all 8, T € (L'*(H)) ™.

Proof. The fact that T € L1 (#) implies that 7,(7T) is bounded. We are
finished when we are able to show that the function

A — logigz)%\A) € Cy([3,00)). This can be shown by ordinary calculus O
The map 7 is almost a trace:

Lemma 3.16. Restricted to positive elements in the Dixmier ideal, T is a
trace.

Proof. Let T, S be positive elements of £1F(H).
e 7(S+T)=17(S)+ 7(T) by lemma 3.15;

e For any a € C with a > 0, 7(aS) = a7(95), which follows from the
definition of singular values;

e 7(S) > 0, since the integrand of the Cesaro mean (3.44) is positive;

o 7(ST)=7(TS). By result A.2 in [16, App. A] we have the following
property, which is notably stronger than what is required for 7 to be
a trace on L' (H):

7(AT) = 7(TA) VT € LY (H), VA € B(H). (3.47)
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Theorem 3.17. 7 extends to a trace on L1 (H).

Proof. From [21, 7.C] we know that £'*(H) is linearly generated by its
positive operators in the following way. For some self-adjoint 71" in the
Dixmier ideal we can find two projections P, and P_ such that:

1
Py = 5(1 +F) with F' a symmetry;
P+’T|P+,P_‘T|P_ > O,

T = Py|T|Py — P_|T|P-.
We define 7 on LT(H) in two stages. For self-adjoint T, let:
7(T) = 7(P4|T|Py) — T(P-|T|P-). (3.48)

For general T' in the Dixmier ideal, use the usual decomposition into
self-adjoint operators to define:

r(T) = o7 (T +T%) + g7 (T —iT"). (3.49)

1
2
This shows that the domain of 7 includes the Dixmier ideal. We verify
that 7 has the properties of a trace.

By construction, 7 is C-linear on the Dixmier ideal and is a positive
function. Assume 7(7') = 0 for some T € £ (#). In general, 7(T) has
non-zero values only at A\ — oo, implying that the contributions of the
eigenvalues of 1" to 7)\(7") come from the o,(7") for very large x. Since the
singular values of T, and thus the 0,(T"), are actually converging to zero
for large z, this situation will not occur. Hence all the singular values of T’
have value zero and 7' = 0. In conclusion, 7 is a non-degenerate (faithful)
map.

Now, again use the equality (3.47) to show that 7 is a trace on £ (H). O

To define a trace from the Dixmier ideal to the complex numbers, all one
has to do is to compose 7 with some function from By, to the complex
numbers that does not spoil the properties of the trace. If we would
demand that this function takes value 1 on the unit of B, we see that a
minimum requirement is that the function is a state on B.,. There are
plenty of states on By,: for example, each character w € AB,, is a state
(since w(a) = w(b*b) = w(b)*w(b) > 0 for each positive a). By the Gelfand
correspondence there are as many characters as there are points in the
spectrum of By, the latter being nonempty.

So we arrive at the following definition.
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Definition 3.18 (Dixmier traces). There is a collection of traces on the
Dixmier ideal, called the Dixzmier traces, defined by

Tro(T) = w(r(T)) VY TeLlL(H),VweS(Bs), (3.50)

with S(Bso) defined as the collection of states on
Boo = C([3,00))/Co([3, 00)).-

The last step is to remove the unwanted reference to states on By,. The
essential result is given by the following lemma.

Lemma 3.19. The Dizmier traces of an operator T € LY (H) are equal
for each choice of state w on Boo if and only if the limit in equation (3.43)
exists and is finite. In that case

Tr,(T) = A}i_{noony(T) =Tt (T) VweS(Bx). (3.51)

Proof. From the definition of the Cesaro-mean it directly follows that
)\lim A(T) exists iff vy (T") has a limit.
—00

Let us denote the limit )\lim 72(T) by C. Then the equivalence class of 7
—00

in By is a constant function: A — 7\(T) — C € Cy([3,0)), so

[TA(T')] = C € Bs. As aresult, w[1\(T")] = C for each state.

Conversely, assume that /\lim Tx(T) does not exist. This implies that for
—00

each real positive number z there are x,y € [3,00) such that z,y > z and
[T (T)](z) # [Ta(T)](y). Since By is a commutative C*-algebra, each
character is mapped to an evaluation map under the Gelfand transform.
Hence we are able to find two characters w,,w, € S(Bs) such that

we[TA(T)] = [A(T)](2) # [T (T))(y) = wy[mA(T)].

The measurable operators on H are those elements 7" in the Dixmier
ideal such that Tr *(T) exists. For measurable operators we refer to Tr *
as the Dixmier trace.

The Dixmier trace gives meaning to the concept of “size” we talked about
earlier: the trace maps the “small” infinitesimals of order higher than 1 to
zero. Measurable infinitesimals of order 1 have the right size for the
Dixmier trace, since the trace can take any value on them. “Large”
operators, i.e., the infinitesimals of order lower than 1, are not in the
domain of the Dixmier trace.

We finish this section by describing an important property of the Dixmier
trace, which is a special case of the so-called noncommutative
Holder-inequality. Quoting [21, Prop. 7.16]:

Lemma 3.20. Let T € LY (H) and S € B(H). For any Dizmier trace
Try (as well as Tr™) we have

Tro(ITS)) < IS Tro(IT1). (3.52)
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3.3.2 Measurability of |D|™?

Let p be the dimension of the spectral triple (A, D, H).

Since the Dixmier ideal is a two-sided ideal in B(H) and A has a
representation on B(H), we can, mimicking example 3.14, look for a
compact operator K such that a/K is measurable for all « € A. Axiom 1
suggests that a good candidate for K is |D|™P. Our next step shall
therefore be to show that

a|D|P (3.53)

is measurable for each a € A. The easy part lies in showing that

a|D|7P € L1*(H), using axiom 1.

The compactness of |D|~! implies that of |[D|™. Axiom 1 then implies
n—1

that o, (|D|7P) = 3 sp(|D|7P) ~ C1 + Ca(n — 1) - 1, for some positive
=0

constants C7,Cy as n — oo. Then:

sup{a"(am_p)} < |all jg;{m} < 0,

n>3 logn logn

by the previous remark.

This leaves us with checking that Tr,(a|D|™P) is independent of the state
w used. The author is unaware of a direct proof showing

Tr,(a|D|7P) = Tr v (a|D|~P) for two different states or that the limit

o 0917

exists, so we take the option of deriving a different expression for the
Dixmier trace that is not dependent on the states of B,,. We shall, in fact,
show that Tr,,(a|D|7P) is, up to a constant, equal to the action of the
Chern-Connes character on ac. The latter action has no reference
whatsoever to characters in By,. See appendix G for more background
information.

We first do some preparatory work. Quoting from [21], theorem 10.20:

Theorem 3.21. If the p-dimensional spectral triple (A, D, H) satisfies
aziom 1, then Tr,(-|D|™P) is a hypertrace on A. That is, for each
T € B(H)

Try(Ta|D|™?) = Tr,(aT|D|™P).

Let us rewrite the integral in a more suitable form, using axiom 4. Take
some w € S(By) and a € A.

Tr,, (a|D]7P) = Try, (XQQ‘D|—p) hypertrace

Tr, <Xazc(o]c [Daca] e [D7CI(;] |D|—p> )
@

Tr, (XaX|D|_p) =
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where the ¢!, are the elements of A as defined in axiom 4, i.e.,

c:203®03®---®c§é.
(6%

This justifies the following definition.

Definition 3.22 (¢2). Let w € S(By). Define a map

PP AX - x A—C;
—_—
p+1 times
¢£ =\ Ty (XGO [D,a1]---[D,ap) \D[‘p) , (3.54)

where X\, is the same constant as defined in equation (G.27), appendiz G.

This leads to the following tidy expression:
Tro, (alD|7P) = A, du(ac). (3.55)

®D is linear in each of its entries, so the map is a Hochschild cochain. It is
precisely this cochain which coincides with the Chern-Connes character on
ac. In order to define the Chern-Connes character we need to show that
the commutative spectral triple defines a Fredholm module that satisfies
the requirements of theorem G.6, appendix G. The proof is mainly taken
from [8].

The first step is to prove some results regarding several operator-valued
functions of D.

Lemma 3.23. Let (A, D,H) be a spectral triple satisfying axiom 1. Then
for all u in the resolvent of D:

1
D4 € K(H). (3.56)
If X € (—00,0) then

1
) € K(H); (3.57)

1 1
ok AH < (3.58)
DH <1, (3.59)
Ny |

D 1
DQAH—mﬂ—A (3.60)




Proof. The first statement follows from the resolvent equation and the fact
that D=2 = |D|2 is compact and ﬁ is bounded:

1 1 _ n
D2 D?—pu DAD*-p)
1 1 n

D D2 DAD*—p) C K. 352

EKH) = (3.61)

We now prove the other four identities, starting with relation (3.57).
D? is a positive operator so its spectrum is contained in R*, implying that
for A € (—00,0) and ¢ € dom D?:

(D? = N)&, &) = (D%, &3 — ME,En > 0. (3.63)

So D? — )\ is a positive operator. The operator \/Dlzi_/\ is the square root of

a positive compact operator and is therefore a positive compact operator
itself.
The function f : x — is bounded by 1, since X is negative. Using

D
VvD2-)\’

x
VaZ-\
the spectral calculus for unbounded self-adjoint operators on
see that

we

sl

Applying the same trick to the functions ¢; :  +— IQ—; and go 1 T 5

proves the third and the fifth statement. O

The next step is to use this lemma to show that a commutative spectral
triple, together with several of the aforementioned axioms, defines a
Fredholm module.

Theorem 3.24. Assume a spectral triple (A, D, H) satisfies axioms 1 and
3. If p is even, the spectral triple defines an even Fredholm module

(A, F,H). When p is odd the Fredholm module is odd.

Proof. Assume ker D = {0}. We first prove the theory based on this
assumption. At the end of the proof, we generalize the result.
We define

F=D|D|™. (3.65)

F' is a symmetry by construction. We now show that [F,a] is a compact
operator for all a € A. We first rewrite the commutator as

[F,a] = [D,a]|D|™* + D[|D| ™}, al. (3.66)
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The starting point is an operator-valued integral representation of the
bounded and positive operator |D|~!. From [38]:

1
|D|™t = (|D|7?) 2:1/)\ 2 (14AD72) "' D%d) =
s
0
/(D2+)\)_1d)\. (3.67)
0

Applying this to (3.66), we obtain:

o0

d d\
+)) 1—A+— /D2+)\ 1—)\,@
0 0

Using (3.58) of lemma 3.23, we see that (3.67) converges in the operator
norm on H. As a consequence, for all bounded operators A € B(H):

1 T —1 dA

AD|™' = /A (D*+ X)) —. (3.68)
7'(' A
0 \/>

So the expression for [F)a] is identical to:

[F,a] =

am

7 A\ D L1 dA
[D,a] (D* + ) 1—+ / D2+/\ o] £ (369
0/ |5 6o

Let us focus on the last term of this expression. Define for the moment

f(D,a)= |(D* 4+ )" al. (3.70)
We wish to show that
DT 1] X
Wo/f(Daa)ﬁ—ﬂo/Df(Dya)ﬁ- (3.711)

Note the due to the fact that D is a closed operator on H, we can pull D
inside the integral “point-wise”, i.e., for all £ € dom D:

D7 d\ 17 d
D 0/ 0% e=1 O/ DJ(D.a)e (372
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We obtain a stronger result as follows. By strong regularity and the polar
decomposition, a dom D? C dom D?. So:

) 1 D24+ )X D24 1
_= a _ a =
DZ4+ XN D24+ X D24 )\ D24+

f(D,a

1 1 D 1
- - Ip? S D.al—— —

A dpr s T AP pE

1 D

D
DA p ey 7
D? 1 D D

DFf(D,a)| < D D <
IPFD. )l < || Bl ’a]D2+)\H+HD2+>\[ ’a]D2+>\H_

0.all (5 + 532

due to lemma 3.23. Hence the integral (3.72) converges uniformly and the
identity (3.71) holds. So we finally obtain:

[Fv CL} =
1 D? 1 D D )\

1 [D, a]
w/[D2+>\ D2+)\[D’G]D2+)\ D2+A[D’Q]D2+)\ NN (
0

3.73)

All terms are compact operators: for the last term, use

D D 1
D2+ XN VD23 AVDZH+ N

So [F,a] € K(H).

When p is even, xy = mp(c) yields a Zg-grading of H which commutes with
the action of A and anti-commutes with F' so (A, F,H) is an even
Fredholm module. When p is odd this grading is effectively lost and

(A, F,H) is odd as a Fredholm module.

We now move to the general case, where ker D # {0}. Any Hilbert space
H of the general spectral triple (A, D,H) can be expressed as

H=H dkerD, (3.74)

where the kernel of the restricted map D : dom D C H' — H' is zero.
We construct a Fredholm cycle on the spectral triple (A, D, H) in the
following way. From [12, Ch. 4], we gather that the kernel of the Dirac
operator is finite-dimensional. So without any issues, we can construct a
Fredholm module (A, F’,H') as done above. Assume this Fredholm
module is odd.

We define the Fredholm module (A, F, D) by letting A act on H as

a(¢,n) = (a,0) € H, ¢eH nekerD. (3.75)

62



The partial symmetry F' is then defined as
F=F & lwap, (3.76)

where lyer p : H — H is the identity operator on ker D and zero
everywhere else.

In the other case, namely, (A, F',H’) is an odd Fredholm module, see the
last paragraphs [12, 4.2.] for an explicit construction of a Fredholm
module on (A, D, H). O

In order to construct the Chern-Connes character on (A, F,H), we need a
result that links the dimension of the spectral triple with the Schatten
class of the commutator of F' with any element of the algebra A. For
reference, see the pre-requisites of theorem G.6.

Theorem 3.25. The dimension of the spectral triple is the smallest
integer p such that

[F,a) € LPTH(H). (3.77)

Proof. Take b € A to be skew-adjoint, i.e., b* = —b. Then both [D,b] and
[F,b] are bounded self-adjoint operators. Using the order structure of
self-adjoint operators on B(H) we see that

=D, bl < [D, 0] < [I[D,0]]] - =
— I[P, o)l |7 < [F,0] < ||[D,b]|| [DI,

since by the proof of the previous theorem:

[F.a] = [DID|",d] = jr/z[)l;f&jl/}
0

This implies that relative to a base that diagonalizes |D|~!, the singular
values s ([F), a]) satisfy:

si([F,al) < |[D,all s (D7) =
sk([F ) < [[D,a)l s (D) =0 (n75).

1

We know from ordinary calculus that the sequence n™" is not summable,

p+1

whereas n~ » is, so indeed the dimension of the spectral triple is the
smallest integer such that [F,a] lies in the Schatten p + 1-class. O

All the preconditions of theorem G.6 in appendix G are met. Hence the
Chern-Connes character is well-defined on C,,(A), i.e., there is a cyclic
Hochschild cocycle

p € CP(A);
Tg(am cee ,ap) = APTI‘ (XF [F’ al] T [F7 ap]) )

63



where Tr is the ordinary trace as can be defined on trace class operators in
LY(H).
This leads to the final result of this section.

Theorem 3.26. For any a € A
o8 (ac) = Th(ac). (3.78)

Proof. Connes’ character formula [12, IV.2.7] states that for a regular
spectral triple satisfying axioms 1, 2, and 4, the Chern-Connes character
and ¢ coincide on cycles. By virtue of commutativity of the algebra A,
also ac is a cycle. We can see this by direct evaluation:

p—1
blac) = Z Z(—l)’acg ®--@cdl® - @d+
a =0

D (—1)Pdadd @ch @ - @ = ab(c) At

[0}

3.3.3 Defining the noncommutative integral

Taking stock, for any commutative spectral triple satisfying axioms 1 to 6,
we have defined a map

][:A—MC;

][a = Te+ (a|D[ ) = Tr(a|D|?) = A; 6P (ac) Vo € S(Bx). (3.79)

This map is called the noncommutative integral. As announced, it
satisfies three-quarters of the properties of a trace on A. As a result of
theorem 3.17:

Corollary 3.27. The noncommutative integral satisfies properties (1) to
(3) of definition 3.12.

We verify property (4), that is, the positivity of the integral, in chapter 5.
The expression for the integral on S, as derived in example 3.14, coincides
with the noncommutative integral. This is no coincidence. Up to a scaling
factor, which depends on the dimension of the spin manifold, the trace
coincides with the ordinary integral on a spin manifold. As a corollary of
Connes’ trace theorem [21, Corr. 7.21] (see the last paragraph of [21, Ch.
9.4]) we see that for any spin manifold M and all a € C*°(M):

][a _ / av. (3.80)
M
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In chapter 5, after we have established that the spectrum of the C*-algebra
A is a manifold in chapter 4, we will turn this relation upside-down to
define a volume form and investigate its properties. In the process, we will
find that the noncommutative integral defines, up to a constant, the
ordinary integral over the manifold.

3.3.4 Axioms 7 and 8
The preceding theory enables us to state the last two axioms.

Axiom 7 (Finiteness). H™ is a finitely generated projective
right-A-module. Write p as the projection in My(A) such that

H® = pA” (3.81)
as A-modules.

Remark 3.28. It turns out that a projection p € M, (A) defined by
H> = pA™ is unique up to the adjoint action of a unitary element in
My (A) for some N. In other words, if H* = q A" for some projection
q € My(A), then there is a unitary element such that p = uqu*.

See lemma F.1 in appendix F for more background information.

For spin manifolds, axiom 7 is just an application of the Serre-Swan
theorem for smooth vector bundles [52], which states that:

H>® =T(M,S).
Note that, given axiom 7, H* has a useful structure.
Lemma 3.29. H™® is a right-A-pre-Hilbert module.

Proof. The right-action of A on H*> is given by
(a1,...,an)-a= (a1 -a,...,an-a). (3.82)

Since A is commutative, H° is actually a symmetric A-bimodule.

We now need to find an A-valued inner product on H*°. Take any basis

{e;} € A™ and define (§,m)4 = > a}p;jb; where the a;,b; and the p;;’s are
2%

the components of £, n and p in terms of the chosen basis, respectively.

This definition would not be proper when it is depends on a choice of base
of A". Let {e}} C A™ be another one, connected via a unitary U € M,,(A).
Then

&) = _aipibj = > (Uar) UnpimUs;Ujnbn =
.3

i7j7k7l7m7n

Z azUljiUilplmU:njanbn = Z az(sklazplm(smnbn = Z azpk’mbm-
k,m

i,7,k,l,m,n k,l,m,n
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The A-sesquilinearity property is evident from the definition, so all we
need to check is positive definiteness. Writing (£,£).4 in a base where p;; is
diagonal, we see that the inner product is a sum of a;a;, which by
definition is strictly positive, provided the a;’s are non-zero for all <. O

Let S be the collection of smooth sections of a spinor bundle on a spin
manifold M. There are two ways to describe an inner product on S. The
first is the inner product inherited from the Hilbert space of square
integrable spinors. In the framework of a spectral triple, this inner product
should correspond to (-, -)3. The second one is by using the

right-C'* (M )-pre-Hilbert module structure and then integrating the

C° (M)-valued inner product over the whole space. The latter inner
product should correspond to a noncommutative integral of the form

][<'7'>A- (3.83)

For any commutative spectral triple, as it stands, (-,-)% and (-,-) 4 are
unrelated. The following axiom links both inner products.

Axiom 8 (Absolute continuity). Let n,§ € H* and a € A. Then:

(€ = ][ € mha.

From now on we shall assume that any commutative spectral triple we
encounter satisfies the previous 8 axioms.

As a final remark for this chapter, note that any commutative spin
geometry satisfies axioms 1 - 5 and 7 - 8 in general, and 6 in particular,
when the manifold is connected. This is thoroughly discussed in [21, Ch.
9,10 & 11.1].
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Chapter 4

A differentiable structure on

Spec A

In this chapter we outline the construction of a manifold from a
commutative spectral triple satisfying all of the previously introduced 8
axioms. This construction is the proof to Connes’ reconstruction
theorem [14]. Furthermore, we shall show that such a manifold arising
from a commutative spectral triple is compact, connected and has
dimension equal to the dimension of the spectral triple.

In section 4.1, we prove the reconstruction theorem, given several key
assumptions. Sections 4.2 to 4.5 are dedicated to showing how these
assumptions follow from the definition of a commutative spectral triple
satisfying the 8 axioms introduced in the previous chapter.

4.1 Connes’ reconstruction theorem

Note that in this thesis, we have implicitly identified an element of (a
subset of) a C*-algebra with its Gelfand transform, and also identified the
elements of the spectrum with the points in a topological space. We shall
now explicitly make this identification to elucidate the proof of the
reconstruction theorem.

When constructing a manifold from a commutative spectral triple, one of
the first few questions to arise is what topological space will be admissible
to define a differentiable structure on. The answer, as it will turn out, is
that the spectrum of the commutative C*-algebra A = A can be used,
which (by Gelfand duality) is a compact Hausdorff space. The first
assumption relates the spectrum of A with that of A.

Assumption 1.

Spec A = Spec A. (4.1)
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The following two assumptions deal with local homeomorphisms mapping
from Spec A to RP, which will eventually act as coordinate functions for
the differentiable structure on Spec A.

Spec A is a compact Hausdorff space because A has a unit. Suppose that
assumption 1 holds. We see that the spectrum Spec A is a compact
Hausdorff space as well.

Assumption 2. Let p be the dimension of the spectral triple (A, D, H).
There ezists a cover {Ny;a € I} of Spec A such that for each character

x € Spec A, there is a neighborhood N, with the following properties. There
are p self-adjoint elements {xfl,z e{l,... ,p}} C A such that the map

Zo : Spec A — RP, To = (:E1 L ER) (4.2)
defines a local homeomorphism of N, with some open open set in RP.

As already mentioned in chapter 3, we shall see in the next sections that
the z!, derive from the elements ¢}, € A that occur in the expansion of the
noncommutative volume element:

c=) A0c® - ®d e yA), (4.3)

for a in some finite index set (that is not necessarily equal to I).

Assumption 3. Suppose that the first two assumptions hold. There is a
smooth family of maps {1¢;t € RP} with:

Te : RP — Aut(A), (4.4)
and 19 = id 4, satisfying:

1. For each x € Spec A and all a € A, the function
X 0 Te : RP — Spec A, defined by

x o mi(a) = x (7i(a)) (4.5)

for all t € RP, is a homeomorphism of a neighborhood of 0 € RP with
a neighborhood of x € Spec A;

2. For each o € I (where I is the index set of the cover introduced in
assumption 2), the map

T 0XOTe : RPF — RP (4.6)

1s a local diffeomorphism.
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Next, we shall require A to be a stable under smooth functional calculus
(refer to definition 2.11 in section 2.2 for the terminology):

Assumption 4. Let {a1,...,a,} be a set of self-adjoint elements of A and
denote their joint spectrum with A C R™. Take f : R™ — C a smooth
function defined in a neighborhood of A. Define f(a,...,an) as the image
of fla in the C*-algebra generated by {1,a1,...,a,} under the Gelfand
isomorphism.! Then f(a1,...,a,) € A.

Last, we require that there is a “smooth” partition of unity of Spec A.

Assumption 5. Subordinate to any given cover {Ug; 3 € J} of Spec A,
there is a partition of unity {¢g} C A.

We now prove the reconstruction theorem.

Theorem 4.1. Let (A, H, D) be a commutative spectral triple satisfying
azioms 1 to 8 and hence assumptions 1 to 5 (which follow from axioms 1
to 8).

There is an involutive algebra isomorphism A = C*° (M), where M is a
compact p-dimensional manifold.

Proof. The proof consists of several steps. In the first one, we show that
Spec A is a compact, p-dimensional manifold. In the second, we show that
locally, Aly = C*°(V) for some V' C Spec A. Last, we show we can extend
this result globally.

1. According to assumption 1, Spec A = Spec A, so that Spec A is
isomorphic to a compact Hausdorff space. The pertinent
homeomorphism is implemented through the evaluation map. We
start with showing that Spec A is a manifold.

Let {N4;a € I} be a cover of Spec A such that &, is a local
homeomorphism of N, with some open set in RP. Take some

x € Spec A. Pick a such that N, is a neighborhood of y. Here, we
have used assumption 2, which verifies the existence of these objects.
Now choose Ng to be a second neighborhood of x such that x5 is a
local homeomorphism of Ng with some open set in RP. We shall
modify the tentative charts {(Z4, No); € I} so that we can apply
assumption 3.

We first translate the functions &, and #g such that:

Za(x) = 25(x) = 0.

Second, we shrink N, and Ng such that both 1. and 2. of assumption
3 hold. We claim that {(Z4, N,),« € I} is an atlas of Spec A.
Namely, we show that on the overlap N, N Ng the expression

Za 0@yt ws(Na N Ng) CRP = z4(No N Ng) CR? (4.7)

'Note that we have used the fact that A is stable under continuous functional calculus.
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is a smooth map. On the modified domains, the map x o 7, is a
homeomorphism. We can rewrite the above expression as:

@aog}gl:jaoxoT,o(XoT.)_logﬁgl:

A A~ -1
TooxoTeo (TgoxoTe) .

The latter, then, is a smooth map due to point 2. of assumption 3.
The above holds for each x € Spec A and, after modifying the
coordinate functions and coordinate neighborhoods in the way as
described above, we see that {(&4, N, ), € I} is an atlas for Spec A.

. We already know that the Gelfand transform *: A — C(Spec A) is
an involutive algebra morphism. Hence it is our goal to show the
Gelfand transform implements a bijective correspondence of A with
C*>°(Spec A). As announced, we first realize this result locally.

Take some x € Spec A and choose a neighborhood V' of y with
compact closure that is small enough to be fully contained within a
coordinate neighborhood and on which the assumptions 2 and 3 hold
relative to an index « € I.

Take some f € C*®(x4(V')). This implies that f : 2,(V) — C is
smooth. Now (V') is the joint spectrum of the self-adjoint elements
To = (m}l, ... ,xﬁ), so we can apply the smooth functional calculus,
assumption 4, to f:

flz . 2P) = f(zq) € A. (4.8)

Now take some a € Aly. We show that @ o2, : RP — C is a smooth
function.

1 1

S =doxomo(xom) toag! = xor(a)o (a0 xom) .
By assumption 3, the part in round brackets, x, o x o 7o, is smooth.
The same assumptions states that 7;(a) is a smooth function

RP — A, where smoothness is relative to the supremum-norm of A
(see also appendix A). Composing 7¢(a) with a character does not
spoil this smoothness property, hence the latter expression is a
smooth map. Hence a o x o 7, is smooth, so that a € C*°(V).

The above two results show that if f : x4(V) — C is smooth, then
f(zs) € Aly, and when a € Aly, then aoz;!: 24(V) — Cis
smooth. Hence we want to verify whether

flaa) ozt L, (4.9)
(a0dy") (za) = a. (4.10)



We first show that f(x,) = f o x,. Take some k € Spec A. As in the
continuous functional calculus, f(z,) is defined as the norm-limit of
a series in A. Since any character in Spec A = Spec A is continuous
(see lemma 4.10), we see that x(f(za)) = f(k(z4)). This holds for all
K in the spectrum, hence f/(x;) coincides with f o Z,. This implies

—

flza)ody! = foiqoiy! = f,

which shows that equation (4.9) holds. Relation (4.10) readily
follows from this (bearing in mind that the Gelfand transform is an
isomorphism):

—

(aoig")(za) =Godqoay'=a & (aoiyt) (za) = a.

In conclusion, we have the following local relationship:
acAly & aoiyleC™(V), (4.11)

where the association is a bijective correspondence.

The above constructions do not depend on x or its neighborhood V,
so we can state that for each x € Spec A we can find a neighborhood
V such that (4.11) holds.

. By assumption 5, relative to any open cover {U,} of Spec A we can
find a “smooth” partition of unity {1} C A such that any a € A
can be written as

a=>_aps, (4.12)

with supp v, C U,, i.e., athy € Aly,. Using compactness of the
spectrum we can make sure that the we can find a finite partition of
unity relative to a cover for which each of the elements is “small”
enough to satisfy the conditions of assumptions 2 and 3. Hence,
using the linearity of the Gelfand transform and the result (4.11), we
see that:

ac A & aeC™(Spec A), (4.13)

where the association is a bijective correspondence. Recall that the
Gelfand transform is an involutive algebra morphism. Hence (4.13)
implements an isomorphism

A = C*(Spec A). (4.14)
0
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In the remainder of this chapter we will validate assumptions 1 to 5. We
will do this in the following order:

1. In the next section, it will be shown that Spec A = Spec A
(assumption 1);

2. In sections 4.3 and 4.4 we will validate assumptions 2 and 3;

3. The results on the smooth functional calculus and a smooth partition
of unity (assumptions 4 and 5) will be discussed in section 4.5.

4.2 Topology of A and H™>

The main result in this subsection is the proof that the character spaces of
A and its closure A are equal. At the end of this section we will treat the
topology of H* in depth.

Before delving into the main results of this section, we first introduce the
concept of the bicommutant of an algebra. We then cover the definition
of weak operator topology and strong operator topology. We will
then relate these concepts by the bicommutant theorem.

Definition 4.2 (Bicommutant). Let M be a unital and involutive
subalgebra of B(H), with H a Hilbert space. The commutant M’ of M
relative to B(H) is an involutive algebra defined by

M' = {a € B(H),am = ma Ym € M} . (4.15)

The bicommutant M" is the commutant of the commutant of M relative
to B(H).

The following lemma can be proven using elementary algebra.

Lemma 4.3. Let M be as in definition 4.2. Relative to B(H) we have:

M/ — M///’ (4.16)
M= M". (4.17)

Definition 4.4 (Weak and strong operator topology). Let M be a unital
and involutive subalgebra of B(H). Let {T;;i € I} be a net in M, that is,
18 a function from a directed set I to M.

The weak operator topology of M, or WOT, is the weakest topology of M
such that (n, T;§) converges for all n,& € H and any net in M.

The strong operator topology, or SOT, is the weakest topology such that
(T;¢, T;) is continuous for any & € H and any net in M.
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We now quote the bicommutant theorem. From [25, Thm. 5.3.1]:

Theorem 4.5 (Bicommutant theorem). Let M be a unital and involutive
subalgebra of B(H). The following three statements are equivalent:

e M=M".
e M is closed under the weak operator topology.

e M is closed under the strong operator topology.
In what follows, we shall need the following result:
Lemma 4.6. A" is a C*-algebra.

Proof. Via a faithful representation of A on B(H) (see definition 3.1) we
can identify A with a unital and involutive subalgebra of B(#). This
implies that A” is an unital and involutive subalgebra of B(H). We equip
A" with the operator norm of B(H). Since A” C B(#H), this norm is
submultiplicative and satisfies the C*-property for elements of A”.

Since A” = A", by lemma 4.3, A” is closed under both the WOT and the
SOT. Tt follows [25, Ch. 5] that A" is closed with respect to the operator
norm on B(H) as well.

In conclusion, A” is a C*-algebra whose norm is given by the operator
norm on B(H). O

The last preparatory step is to present an important result. We will often
use the following lemma, proven in [14, 2.1]. The proof of the lemma
makes integral use of axioms 2, 3, 7, and 8. We state the lemma

Lemma 4.7 (Workhorse lemma). For any a € A", the following
conditions are equivalent:

1. a€ A;

2. [D,a] is bounded and both a and [D,a] belong to the domain of 5™,
for any integer m;

3. a belongs to the domain of 6™, for any integer m;
4. aH>™ C H>.

Note that

Corollary 4.8. §™(a) € H™ for all m and § € H™.

Proof. For m = 0 this is true by the workhorse lemma. Let the claim be
correct for m and take & € H*°. Then

6(6™(a))§ = [D[6™ (a)€ — 0™ (a)|DIE.

By definition of H* and the induction assumption the first term on the
right-hand side lies in H>°. Hence |D|¢ € H™® as well, so 6™ (a)¢ € H™.
This concludes the proof. O
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In theorem 4.9 we will show that A is a pre-C*-algebra. When reading the
proof of the theorem, the following picture might help. The top row
consists of algebras, of which A, A” and B(H) are C*-algebras. The
bottom row denotes the topology in which the algebra is closed. The
seminorms {px; k € N} (which turn out to make A a Fréchet space) are
defined by equation (4.22).

T C /Tl C A C B(H)
{pr; k € N} lall = [lm(a)lop WOT lallop

Theorem 4.9. A is a pre-C*-algebra.

Proof. We first prove that A is stable under holomorphic functional
calculus. We then proceed showing that A is a Fréchet-space with
topology finer than A.

Recall that any C*-algebra is stable under holomorphic functional
calculus [25, Thm 3.3.5], so f(a) is well-defined in A” for a € A and any
holomorphic function f defined on an open set U around Spec4a.

f has a power series expansion which converges to f(a) € A” in the SOT
and WOT, i.e.,

N
Y E_ 1
f(a) = lim kzocka = A}gnoo fn(a), a € dom 9. (4.18)

N—oo

Take some N, M, K € Nwith N > M > K.

655~ el < Y el |5 (o) |- (4.19)

k=M+1

Using the identity

) (ak) = iak_id(a)ai_l,
i=1

we see that the right-hand side of (4.19) is dominated by

N k N
>3 kel ||t at@a'e]| < 5@y €N D7 Klerl lal*T. (4.20)

k=M+1 i=1 k=M-+1

For every z € U the derivative of f is given by

fl(z)= Z kepzFL.
k=1
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The derivative f’, as a continuous function on A, has a compact
spectrum [25, Ch. 4]. The radius of convergence of f’ is therefore strictly
larger than ||a||. This implies that the left-hand side of equation (4.20)
goes to zero as the integer K goes to infinity. Hence d fy(a) is a Cauchy
sequence in A", thus converge. The closedness of 4 (which follows from
that of D and the definition of the domain of §) implies that the sequence
converges to df(a).

For higher powers of §, the explicit expression for §'(a*) can quickly
become quite intractable. However, all of these higher powers satisfy the
inequality

N N Kl
> led|o'ahe| <liel o gyl @]l ca2)
E

op

provided that the integer M is large enough. As a complex function, every
derivative of any power of f has a radius of convergence larger than ||a/|.
This implies that ¢’ f(a) exists in A” for all [ € N, from which it follows
that f(a) € B®(H). Then f(a) € A, by the workhorse lemma. This
finishes the proof that A is stable under holomorphic functional calculus.
In the spirit of lemma A.3, appendix A, we shall find a countable family of
seminorms which define the Fréchet-topology on A. Just as in example
2.17, defining the semi-norms as HDkaHop for k € N is fruitless. However,
the map ¢ is a differential operators, just like I) in example 2.17. We
proceed along identical ways as we have done in case of the circle and
define a submultiplicative norm as follows:

ka
a &la) - 516(!)
pela)=| 0 @ o pe(a) = k(@) ey, (422)
: . a d(a)
0 0 a

with HM 1 =H o @ .

—_——

k+1-times

By definition, pg(a) = a. The norm on the right-hand side is the operator
norm on the Hilbert space H**1.
The py, have the following properties: pi(a + b) = pir(a) + pr(b) and
pr(Aa) = Apg(a) for all A € C and a,b € A. Moreover, if pi(a) = 0 for all k
then pop(a) = ||al]| = 0, showing a = 0. So, for each k, pj is a semi-norm.
We show these seminorms are submultiplicative and that A is complete in
the topology defined by this family of seminorms.
As we already have verified in example 2.17, [pi(ab)]i; = [pr(a)pr(b)]s,; for
all i, j and k, so we see that pj is a representation of A on H*¥*!. The
Banach-property of the norm ||+ g(3x-+1) then shows py is submultiplicative.
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Let {ay} be a Cauchy sequence in A converging in the topology generated
by the seminorms. Then a, — a € A, so certainly a € A”.

The closedness of 6% shows that 6*(a,) — 6*(a) in B(H), so a € A by
lemma 4.7. From this, we conclude that pi(an,) — pi(a), showing that

an — a in the topology generated by the seminorms, as required.

Lastly, recall that the sets Be(a) = {b € A;pr(a —b) < € Yk} form a base of
the Fréchet-topology. Since pg(a) = ||a||, this topology is necessarily finer
than the one induced by the representation of A on H.

In conclusion, A is a pre-C*-algebra. O

Lemma 4.10. Spec A = Spec A.

Proof. By restriction, any character x € Spec A is a *-morphism from A to
C. So Spec A C Spec A.
Conversely, if each x € Spec A turns out to be continuous, then x can be
uniquely extended to a morphism y € Spec A, finishing the proof. We now
validate that claim.
From [25, Cor. 1.2.5] we know that x, as a linear functional on A, is
continuous if and only if its kernel is closed. From [25, Cor. 3.2.4] we see
that x’s kernel is a maximal two-sided ideal in A. Hence, its kernel is
closed and x is continuous.

O

The Fréchet-algebra structure of A induces a topology on pA™. We are
now able to extend the algebra isomorphism H* = pA™ of axiom 7 to an
isomorphism of topological spaces as well.

Lemma 4.11. As topological spaces, pA™ = H®.
Proof. Choose a set of generators {&1,...,&,} C H*. By axiom 7, the map

filan,. . an) =Y Ga, (4.23)

from A™ to H®°, is linear, surjective, and injective when restricted to p.A™.
If we can prove that both pA™ and H* are Fréchet-spaces and that this
map is continuous in the pertinent Fréchet-topologies, we can apply the
open mapping theorem (theorem A.7 in appendix A) to show this map is
open, thereby finishing the proof.

Equip A™ with the n-fold product of the Fréchet-topology on A and take
some sequence {a@,} C pA"™ converging to @ € A™. This implies

pr(al, — a’) — 0 for large n, for all i € {1,...,n} and all k. Then:

i ((pa)' —al,) = pi | Y pjia’ — pjial, — (@' —aj,) | <
j

S pelpsila’ — al) + pula’ — i) < 3 pelpsidpra’ — al) + pula’ — a).
J J
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Thus pd = d, showing @ € pA™. Combine this with lemma A.2, appendix
A, to conclude that pA™ is a Fréchet-space as well.

Let {ry : H™® — R*; k € N} with ri(€) = || D*¢||,,. These are all
semi-norms and, if HDkaH = 0 for all &, then certainly ||£[|,, =0 =& =0.
Now let {¢,} C H* be a Cauchy-sequence, i.e. | D¥(&, — fm)HH < € for all
k and n,m > N. The completeness of # guarantees that D¢, — %) e
for all k. Since D and all its power are closed, we see that £ (%) equals DF¢.
Hence H is a Fréchet-space as well.

From lemma 3.5 we gather that

D€, = (UIDIE, UIDIE) < [|U |l [|DI€]l3, where D = U|D] is the polar
decomposition of D. By definition U,y p| is an isometry so

|D|U|D| = |D|?. This implies that || D*¢| is dominated by [|U]| ||[D|*¢||.
Let C = ||U]|,,, then

@) <Y | Drass

We now proceed with proving that

op’

(25 [Pt

ID|Fag = Z( ) (@)|DI* "¢ VEeH®,Vace A

By the definition of §(a), this is correct for k£ = 0. By corollary 4.8

DJFag = Z()Dlé” D =

k
> (1) @ + @i 1o = (a2

n
n=0

2165 () remte

by shifting n + 1 + n in the first term of (4.24) and noting that by
definition (k_kH) = (_kl) = 0. The property (nﬁl) + (S) (kH) then proves
the statement. Hence:

<Zc( ) <;C<Z) 167 (as)]

using the boundedness of §(a). Evaluating the definition of pg(a;), i.e.,
equation (4.22), directly shows that if pi(a;) — 0, then also ||6™(a;)|| — O
for all n < k. Hence f is continuous, as required. ]

5n az |D|k n&

)

o |IDI 61|
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Lemma 4.12. Enda(H*) = pM,(A)p as algebras.

Proof. Take some T' € End 4(H*°) and let f : pA™ — H>™ be an A-module
isomorphism, whose existence was postulated by axiom 7. Let

T'= f~toTo f then T' € M,(A). By point-wise evaluation we obtain
pT' =T'p=T', so T lies actually in pM,,(A)p. So T — T’ is now an
invertible morphism, yielding the desired isomorphism. O

Corollary 4.13.
Enda (H™) = pMn(A)p (4.25)
as topological spaces.

Proof. This follows from lemma 4.11.
The topology on pM,,(A)p is defined by the set of seminorms

Pe(A) = sup S pi [(AD)' | 1@ = (@, a0), 30 D pi(a’) = 1

i=1 j=0 i=1
(4.26)
Analogously for End 4(H>) we define:
Ry(T) = sup § r(TE); Y rj(§) =15 . (4.27)
j=1
The required isomorphism readily follows from these definitions. O

Remark 4.14. The previous material can be used to show that A is
norm-separable by proving that A is separable in its Fréchet-topology,

which is done in [14, Prop. 2.3 (2)].

4.3 Local openness

As announced, the coordinate charts of Spec A will be derived from the
noncommutative volume element

c:ch@)ca@---@cg.
(03

Let us start defining the function s, : Spec A — RP by:

saz(c}l,... ).

b}

Though the s, are closely related to the x, of assumption 2, they are not
identical. In the next section we show how s, and z, are related. Here, in
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this section, we prove that the s, are locally open. That is, we show that
we can find an open cover {U,} C Spec A such that s,|¢, is open for all a.
As we proceed we find and define the rest of the functions of assumptions 2
and 3.

We start with constructing an open cover {U,} of Spec A in the next
subsection. In subsection 4.3.2 we shall construct p derivations (i.e.,
noncommutative vector fields) d; of A. It will turn out that for all x € Uy,

we have:
v (5 () #0.

This expression, reminiscent of the condition that the determinant of the
Jacobian is non-zero, is then retro-actively used to define a (local) function:

hy : RP — Spec A,
with the property that the Jacobian of the function
(chohy,....cEohy) :RF — RP

does not vanish. We then apply the implicit function theorem to derive the
local openness of the s, on U,,.

4.3.1 A cover of Spec A

Recall that the Hochschild orientation cycle c is anti-symmetric. Its
expansion in Cp(A) can therefore be written as

> Z 00V e...0dl0), (4.28)

a BeS(p

with 2 # 0.
Its image under the map 7p, as defined in axiom 4, is given by:

=X Y @R ] D] )

a BeS(p)

By definition of H*°, the workhorse lemma and axiom 2, we see that

[D,a] € End 4(H*) for each a € A. This implies that the whole right-hand
side of (4.29) is an element of End 4(H°), showing y is as well. This
implies that for both sides of the following equation:

Linaa) = 30 3 e [D B >} [D,cg@} (4.30)

a BES(p)
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we can take the trace in End 4(H>). Let us define:

po= (1T [ 6(5)X[D,a§<1>}...[D,ag@)} 7
BesS(p)

where the factor (—1)7"“’2 ensures p, is self-adjoint. The map
Pa : Spec A — C is therefore both real and continuous. This show the sets

Ua = {x € Spec A; pa(x) # 0} (4.31)

are open. They cover Spec A if we can prove that there is always at least
one « such that p, (k) # 0 for each k € Spec A.

By the Serre-Swan theorem [52], axiom 7 tells us that H> is a dense
subring of C(Spec A, X) where X is some continuous vector field. The
trace of the left-hand side of (4.30) equals the function that adds to each
X € Spec A the dimension of X at that point. There is at least one
connected component of Spec A on which this dimension is not zero,
otherwise H> would be trivial. But in fact, by using axiom 6, we can show
that there is only one connected component.

Lemma 4.15. Spec A is connected.

Proof. Assume for a second that Spec A is not connected (say it has
disconnected pieces U and V). Then the indicator function of U, 1y, is a
non-trivial projector in B(H) commuting with .A. Moreover,

C,1y] = Cly — 1yC = 1;;,C — 1yC = 0.
mp(c)ly = lymp(c), since [D, a| satisfies axiom 2. Lastly,
1U[D, 1U] = [D, 1U}1U & 1yDly —Dly=Dly —1yDly <
21yD1y = Dly +1yD = 1yDly =1yD & 1yDly = Dly.

We conclude also [D, 1] = 0, thereby contradicting axiom 6. Hence
Spec A is connected. O

Returning to the discussion about the open cover of Spec A, we see that
dim X = Y &Y p,, implying for each x € Spec A there is always at least one

pa such that p,(x) # 0. In conclusion, {U,} is a cover of Spec A.

4.3.2 Derivations of A

To eventually formulate the implicit function theorem we need to find
several derivations on A. When A = C°°(M) for any spin manifold M, we
do not need to look very far: the smooth vector fields and the Dirac
operator provide us with multiple derivations. So far, for the commutative
spectral triple we do not have such powerful objects. Luckily, it turns out
that the commutator of D with any a € A has a sufficiently rich structure.
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Lemma 4.16. [D,a] equals a finite sum Y §;(a)y’, where the +* lie in

7
Enda(H™>) and the §; are *-derivations of A, which are continuous in the
Fréchet-topology.

Proof. In the previous section we have seen that [D,a] € End 4(H™).
Given the standard base {v;} of A" (i.e., elements consisting of a 1 on the
i-th position and zero elsewhere) we can define e; = pv;, with p as in 7, to
find a base of H>°. The coefficients of [D,a| in the base

{eij = e; ®e;} C Endy(H™) are given by:

(ei,[D, alej) 4 = 8; ;(a). (4.32)

We check this is a derivation. C-linearity is obvious from the definition of
the inner product. We have:

(e, [D, ab]ej)A = (e;, [D, a]bej)A + (e;,a[D, b]ej)A =

(ei,b[D, alej) 4 + a57’;7j(b) = bég?j(a) + aég,j(b) = (ﬁ?j(a)b + aégd(b).

However, ¢; ; is not a *-derivation, as can been seen by explicit verification:
5£7j(a*) = (e, [a*, Dlej) = (ei(aD — Da), e;) = — (e, [D, ale;).

This is fixed by taking the linear combination

1 1 1 1
5i,j(a> = Z(eiv [Dv a]ej) + i(ejv [Dv a]ei) + Z(eiv [D7a]€j) + Z(ejv [D7a]€i)7
which is an involutive map.
By changing the base of End (%) by e;; — 1(1+14)e;; + (1 +i)ej; we
can see directly that [D, a] expanded in this base is a normal matrix. It
can be diagonalized and written as:

[D,a] = Z 5i(a)y, (4.33)

for some elements 7 € End_4(H>).
This finishes the first part. We now show d; is continuous.
The map a — (e;, [D, ale;) is the composition of the following maps:

fl ;A—)EndA(HOO)’ fl(a‘):[‘Dva])
fo : End 4 (H™) — H™, f2(T) = Te;,
f3 : HOO X Hoo — ./4, f3(777§) = (n7§)¢4

By lemma 4.11 and corollary 4.13, for the purpose of this proof we can
replace H* by pA™ and End 4(H>) by pM,,(A)p. We consecutively show
that the f; are continuous.
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1. Let us define the following mappings:
P A= R, pi(a) = pi([D, a). (4.34)

These are seminorms as well. Since [D, -], just like ¢, is closed, A is
complete with respect to the seminorms pj.. Let us denote the
original Fréchet-topology by (A, 7). We create a new
Fréchet-topology on A by using the norms py and pj. Denote this
one with (A, 7). The identity map from (A, T") to (A, T) is linear,
bijective and continuous by construction. Apply the Open Mapping
theorem for Fréchet-spaces, theorem A.7, to see that the two
topological spaces are homeomorphic. This implies that f; is
continuous.

2. By definition of the topology on End 4 (H*°), the function fs is
continuous.

3. Take some a,b,c € pA™ such that for all i € {1,...,n} and all k we
have that py(a® — b") < 6. Then:

n
pi((a—b,0)) < > m[((a)) = () )pijej]

ij=1
for all [ due to the submultiplicativity of the seminorms. Combine
this with the fact that for the C*-norm on A we have ||a*|| = ||a|| for
all a € A to see that the above inequality implies continuity in the
first variable of the inner product. Analogously, it can be shown that
the A-valued inner product is continuous in the second variable,
proving the joint continuity of f3.

O
The above results yield the following property of the derivations 9;.
Theorem 4.17. Let U, be the cover of Spec A defined in section 4.3.1.
For each x € Uy, one has x det(5;(ak)) # 0.
Proof. We have (omitting the index «):
Z e(B) [D’Cﬁ(l)} [chﬁ(p)] —
BeS(p)
Z e(B)5; (Cﬂ(l)) A 55, (Cﬁ(p)) e (4.35)
Byd1se-sdp

Let us evaluate equation (4.35) for fixed j; to j,. Assume there are k and i
such that jp = j; = n. Then

> eB)s; (Cﬁu)) s (Cﬁ(k)> s <C/3(z')) 5 (Cmp)) N

BeS(p)
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since the ¢; commute. This implies the sum in equation (4.35) is over the
J1 # j2 # ... # jp and the equation can be rewritten as:

ST eB)8ay (D) G (PPN o),
B,2€S5(p)

The commutativity of the §;’s simplifies this sum to

Z det <5j (ck)) A1) yel), (4.36)

a€S(p)

Recall that up to a constant and up to composition by x, equation (4.36)
equals p, (when inserting back the indices «, that is). Now p, does not
vanish on U,, so neither does y det (5j (ag)) for all x € U,.

4.3.3 The maps h,

Take some x € U,, where the U, form the cover of Spec A as defined in
subsection 4.3.1.

Theorem 4.17 gives us a hint about how to define a local inverse h, for s,.
We are looking for a function h, : RP — Spec A satisfying

k k
50 Ca © hy » = x0;(cq). (4.37)
The first step in solving the above equation is an analysis of the following
differential equation. See appendix A for more background regarding
Fréchet-derivatives.

Theorem 4.18. For each derivation 0; as defined in lemma (4.16), the
expression

%ag’ (@)= 6,(ci(a)  (o0=ida) VaeA (4.38)

has a unique solution of class C'. Let oy =0}, 00 afp. Then

1. oy € Aut(A);
2. o¢(a) is of class C* for all a € A.

Proof. In [14, §5,86] it is proven that (4.38) not only has the required
unique solution, but also that o7 : A — A is continuous. The fact that
such a solution exists depends on a certain property of the derivation d;.
This property of derivations of A is called expability. Note that the proof
depends on the spectral triple being strongly regular instead of just
regular. See section 3.1 for definitions.

Let us now verify 1. and 2. of theorem 4.18.

83



1. Uniqueness of the solution of (4.38) implies that any two maps
s, : R x A — A satisfying (4.38) are equal. So, for instance, we can
show C-linearity of the solution:

d . .

Cola) =50i0a),  oj0w) =da &

dy o O d G\ oy _
%)\Ut (a) = )‘%Ut (a) = 5]()‘0} (a)), Aog(a) = Aa,

where at (x) we have used the linearity of the Fréchet derivative (see
lemma A.9). Hence o7 (Aa) = Ao} (a). In the same manner we can
exploit the fact that J; is a *-derivation and that the
Fréchet-derivative is C-linear to see that

ol (a+b) = ol (a) + ol (b), (4.39)
ag(ab) = ag(a)og‘(b), (4.40)
ol(a*) = o} (a)*. (4.41)

Hence ag € Aut(A) and, as a composition of automorphisms, also oy
is an automorphisms of A.

2. Assume for now that J; (o7(a)) is of class C! with derivative
5]2 (0] (a)). By comparing the derivatives

do G s o
Loytodta) = 50 85(01 (@) & (1.42
d s s,
dtat (6j(a)) = dj01(05(a)), (4.43)

which for ¢ = 0 give the same result on the boundary, and using
uniqueness we see that d;(o7(a)) = o{(d;j(a)). This not only shows

ol (a) is of class C* but also proves that all its higher derivatives
i—iai are continuous maps from A to itself.

We now verify that 5]-(0{ (a)) is of class C*'. Indeed,

b (£ [iotsca)) = Sionta))] - o)) =

n (5 (2 (o) - ot@) = 5ii(@)) ). (@

As the argument of 6; in (4.44) goes to zero in the Fréchet-topology
(which it does by differentiability of a{ (a)), the continuity of J; in
that same topology dictates that also (4.44) goes to zero. The limit
exists, and formally we write

d j -
65(0f(@) = D(t,5). (1.45)
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Continuity in the first argument follows from continuity of o;(a) as a
map R — A and continuity of the J;. This leaves us with:

p(D(t,51) = Dltss2)) =i (1 0 (0., 0) = (@) ).
(4.46)

By comparing again %agl (UZQ( a)) =6; (atl(atQ( a))) and
C‘litat( ) =6j(o J(a)), which coincide for ¢ = t; 4ty = 0, we can
rewrite (4. 46)

Lo
o (im0 (o1, (0) = ot @) ).

The continuity of Jg shows the right hand side of (4.46) goes to zero
as s1 — So.

By lemma A.9 in appendix A, the composition of smooth functions is
smooth, so o¢(a) is of class C°.

O

We now define h,, as follows:

Definition 4.19. Fiz some « and take x € Uy, where {Uy} C Spec A is
the open cover constructed in subsection 4.3.1. Define the map
hy : RP — Spec A by:

(hy)t = x 0 0y t € RP, (4.47)
aohy = xoo0.(a) Va € A. (4.48)

Corollary 4.20. h, : RP — Spec A is a continuous function, ko hy is a
smooth function at t =0, and

9k

gt o () =x (95(ch).- (4.49)

Proof. The topology of Spec A is given by point wise convergence. Recall
that in corollary 4.10 we have shown that any character is a continuous
function. This implies x o g4(a) : RP — C is continuous for each a € A.
The characters are linear by definition and the Fréchet-topology on A is
finer than the one induced by the representation on H. Therefore, we can
use the same method as in the proof of theorem 4.18.2 to show x o o(a) is
a smooth function. Since o is an automorphism of A, c¥ o y o o is a real

smooth function. Let ¢t = (¢1,...,t,). Using the chain rule of lemma A.9 in
appendix A, we see that
9 k 9 1 P (.k
@ca o (hX)t o =X at] Utl OO'tp(C ) o -
5 Jj+1 Pk 5
x(obo ooy todioa) o af(ch)) = x(d(ch)).
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4.3.4 Local openness of s,

Combining equation (4.49) with result 4.17, we see that for all xy € U,:

0

k
g ol _, 70

As a result of the implicit function theorem, this implies that the function
54 0 hy is a local diffeomorphism of some neighborhood of zero in RP with
sa(x) € RP. Using this fact, we show:

Lemma 4.21. s, : U, — R? is an open map (in the relative topology on
Ug, i.€., Sqo : Spec A — RP is locally open).

Proof. Take some open subset V C U,. By corollary 4.20, h;l(V) is open.
So

Sa 0 hy o h ' (V) = s4(V) (4.50)

is open as well. O

4.4 Injectivity of s,

In short, we have gathered from the preceding section that there exists an
open cover {U,} C Spec A such that:

e s, : Uy, — RP is open;

e For each y € U, there is an open V C RP, with 0 € V', and a
neighborhood V' C s,(U,) of sq(x), such that s, 0o xoo:V — V'is
a diffeomorphism.

e The map h, : R? — Spec A, defined by

(hy); = X 001, (4.51)
is continuous.
From [14, Thm. 10.3] we gather:

Lemma 4.22. Take any open subset V. C U, such that V C U,. There is
a dense and open Y C s4(V) such that for each x € s;*(Y)NV there is a
neighborhood N with s.|n injective.
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This lemma paves the way for the next important result:

Theorem 4.23. Assumptions 2 and 3 of theorem 4.1, as stated in
subsection 4.1, hold true for a commutative spectral triple.

Proof. We use the same notation as in lemma 4.22. Take x € Spec A. Let
d be any metric on the spectrum of .A. Due to the fact that Spec A is a
compact Hausdorff space, by Urysohn’s metrization theorem, such a metric
exists [37]. There is an « such that x € U,. Let € be small enough such
that

B(x) = {r € Spec A;d(x, k) < €} C U,.

Then B(x) C U, as well. We could be done very quickly if it happened
that, in applying lemma 4.22 it would be guaranteed that s,(x) € Y. This
is unfortunately not the case, so we need to shift around in the spectrum
of A a bit until we hit a point in Y.

Since x o o is continuous, we can find a small neighborhood (say W) of

0 € RP, contained in V', such that W is mapped to Bc(x). Then s, 0 x oo
maps W bijectively to an open set around s, (x) which should intersect Y
by virtue of the density of Y. Let therefore tg € V' C R? be such that

Sq 0 X 00, € Y (which, again, is possible because Y is dense). Define

X0 = X © 04,. By lemma 4.22 there is an open neighborhood N, of xo such
that sa|n,, v, is a homeomorphism. Let:

z* = oy, (cF) , Tt = Oty4t O 0;01. (4.52)

The remainder of this proof is devoted to showing that this shift in A does
not spoil the homeo- and isomorphism properties of the shifted maps z,
and 7. Indeed:

1. 2o = (x},...,2h) is a homeomorphism of some neighborhood of

with a neighborhood of z/(x).

Proof. Let Ny ={ko Ut_ol; k € Ny, }. As remarked earlier, oy, is a
homeomorphism of A, so N, is an open neighborhood of x. By
construction, z4|n,nv, is a homeomorphism with some open
neighborhood of z,/(x).

2. x4 0 x 0T is a diffeomorphism from an open neighborhood of 0 to an
open neighborhood of z4(x).
Proof. xq 0 X 0Tt =840 X0 0t44,- The right-hand side is
differentiable as a composition of a differentiable function with a
translation in RP. Since tg € V by construction, also x, o x o 7+ has
the same local diffeomorphism property as s, o x o 7¢.

3. x o7 is a homeomorphism of an open set around 0 € RP with some
neighborhood of x in Spec A.
Proof. This follows directly from the previous two statements.
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This finishes the verification of assumptions 2 and 3 of subsection 4.1.
O

Due to compactness of Spec A, a finite number of the IV, cover U,.
Denote the index set of these x by X,. Then the collection

{(xa, Ny); x € Xy} is a good candidate for an atlas on Spec A.
Re-arranging these index sets into a single index o with index set I we get
the notation {(z4, Ng), @inl} as used in theorem 4.1.

Sa

SpeC A sa(Be(0)

Figure 4.1: The relevant open sets and maps illustrating the properties of
the maps s, and x o o, as defined in theorem 4.23. Note that, due to the
continuity of o, we can adjust xo such that tg € V.

4.5 Smoothness properties of A

We have already seen that A is stable under holomorphic functional
calculus. Holomorphic functions can be seen as a special type of
differentiable functions (i.e., the harmonic ones) and therefore stability
under smooth functional calculus is a much stronger statement. We only
need to apply smooth functional calculus within the context of theorem
4.1, so it suffices to show the stability of A under smooth functional
calculus of self-adjoint elements of A only.

Theorem 4.24 (Smooth functional calculus). Let {ai,...,a,} be a set of
self-adjoint elements of A and denote their joint spectrum by A C R™.
Take f : R™ — C a smooth function defined in a neighborhood of A. Define
f(ay,...,ay) as the image of f|a in the C*-algebra generated by
{1,a1,...,an} under the Gelfand isomorphism. Then f(ai,...,a,) € A.
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Proof. We start with finding a different expression for f : R™ — R using

Fourier analysis.

Note that the joint spectrum A is compact. By using a suitable smooth

bump function, f can be restricted to a function in C2°(R",R) such that

its restriction equals f on A. Take some (y,...,y,) € R, so
exp(is;jy;)* = exp(—is;y;) for any real s; € R, with j running from 1 to n.
We express f(y1,...,Yyn) using the Fourier transform:

1 A -
f(yly---ayn):W/f(sl,...,sn)exp zZsjyj dsy---dsp, (4.53)
j=1

where f is a Schwartz-function of class J.2

Now take a set of self-adjoint {a1,...,a,} C A. Since f is a continuous
function, the continuous functional calculus of A” implies that
f(ai,...,a,) € A”. We will use the workhorse lemma to show that
f(ai,...,a,) € A by showing that f(ai,...,a,) € B¥(H). This is similar
to the strategy used in theorem 4.9.

The first step is to rewrite f(a1,...,a,) € A” by a “Fourier transform”,
that is, we apply the continuous functional calculus of A” to the
right-hand side of equation (4.53). Using the fact that the a; are
self-adjoint, so exp(isja;)* = exp(—is;ja;), we obtain f(ai,...,a,) € A”,
where f(ay,...,ay,) is defined by (4.53).

As in theorem 4.9, we use the workhorse lemma and proceed by showing
that f(a1,...,an) € B®(H). First, note that by the result of the
aforementioned theorem,

n
exp ZZ sja; | € dom 5" Vk € N.
j=1
We simplify the exposition a bit by first setting n = 1. We prove:
H&k exp(isa)H <Culslt VB & |s| = oo (4.54)
Let us derive an expression for k = 1. In B(H), the operator
6ista5(a)eisa(t—1)

is bounded and dominated by ||§(a)l|,,- This allows us to integrate the

%A smooth function f : R — R is Schwartz when || || ; 5= sup |y58§f(x)| < oo for
BT ern

each multi-index &, ,g .
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function as a function of ¢:
1

is/exp(isat)é(a) exp(isa(t —1))dt =

’lS n+k+1 kon k:
Z (=0 a"d(a)a"dt =
n,k=0
> )n+k+1 X
"6 dt.
; (n+1)! ).(n+k+1)a (a)a

We rearrange the sum in the following way: first, we sum over all

n+ k =m — 1, and then sum over all m > 0. There is double-counting
involved by the amount equal to the number of ways we can choose n out
of m — 1. Correcting for double counting, the above equation equals:

> (i8)™ "= fm—1\ "1 1 PR
Z: ;( n ) A= 2@
e’} . m m—1
Z (is Y P Z a”fl(s(a)am*".

n=1

m= 1

According to the results in theorem 4.9, this expression equals § exp(isa).
Hence

1
/0 exp(isat)d(a)exp(isa(t —1))dt

H(51 exp(isa)Hop = |s|
op

< s / 16(a)lo, dt = Casl.
0

The general expression for 6% (exp(isa)), which is somewhat more involved
but derived in the same manner, is given by equation (18) of [14]. Let
Bi(T) = exp(itsa)T exp(—itsa) for any real ¢ and operator T' € B(H).
Then:

L 5" [exp(isa)] exp(~isa) =

K / Bun <5 ) " <5all<!>> i, .

o ENT; Za-—k e

l
where the integral is over the standard [-simplex o;: > u; = 1, u; > 0 and
i=1
up < ...<wu;. Hence

<kl D> sl 6@ oy - 18(a) gy

o ENT Y o=k

H(Sk exp(isa)
op

90



For large |s|, the highest-order term of |s|' is the dominant one, so we
obtain

Ha’f exp(isa)Hop < Spls|F Hd(a)kHop = Culsl® |s| = oo (4.56)

Therefore, in general:

6k exp iZSjaj =
Jj=1 op
k k—k1
k k—k

Z <k‘ >(5k1 exp(islal) Z ( L 1) §k2 exp(iSQCLQ) .
k1=0 1 ko=0 2

n—2

k— Z k n—2

oFn=1exp(isp_1an-1)0 = exp(isnan)

= (’f— > k?j) =5

op

This expression is the norm of a finite sum of terms which, for large |s;],
are dominated by bounds of the form of equation (4.56). Note that for
each term the powers of d are never larger than k. Hence we can find a
constant C}, such that:

F (0> sja; < Cyls™* |s| = oc. (4.57)
j=1
op

Since § and its powers are closed operators we have:

1 P .
(5kf(a1,...,an): (QW)n/f(sl,...,sn)ékexp ZZsjaj dsy---dsp,

J

where the right-hand side exists in B(#) because f is a Schwarz-function,
using the inequality of equation (4.57). Le., f € A”NB>®(H) = A, as
required. O

The last property of A that we need to prove is that it admits a “smooth”
partition of unity. As a compact space, Spec A admits a continuous
partition of unity with respect to some open cover. If Spec A = M, for
some manifold M, what we then could do is use the continuous partition of
unity in the following way. Let {U,} be an open cover of Spec A. Let 1y,
be a partition of unity such that

1= Z%, (4.58)
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with supp ¥, C U, for each a. Now, multiply each of the v, with
smoothing operators such that the newly created (smooth) partition of
unity lies arbitrarily close to the old continuous one in the supremum norm
on C'(M). One could imagine that a continuous partition would involve
several pillbox type of functions (with slightly inclined edges). Operating
on these pillboxes with smoothing operators basically means that we
smoothen out the offset at the lid of the pillbox. For the case of a
commutative spectral triple, such a constructive proof does not lie within
comfortable reach. We therefore move to the framework of algebraic
K-theory by noting that each continuous partition of unity determines a
one-dimensional bundle on Spec A. Since Ky(A) = Ky(A) (see theorem
F.4 in appendix F) we can reconstruct a partition of unity on A from the
vector bundle associated to the projection in the one-dimensional
continuous bundle. Roughly, one takes the element [p] € Ky(A)
representing the continuous partition of unity and uses a continuous path
of idempotents in My (A) (for large N € N) to construct an element
['](= [p]) € Ko(A) such that

lp—1[|,, <¢ (4.59)

for any € > 0. Then, one uses p’ to construct a partition of unity of A.
In [44, Lem 2.10] and [55], these steps are described in detail. We quote
the result here:

Theorem 4.25 (A smooth partition of unity). Let {U,} be any finite open
cover of Spec A. There exist 1o, € A with supp Yo C Uy, o € [0,1] and
d>al(x) =1 for each x € Spec A.

«

In summary, we have done the following in this chapter. For a commutative
spectral triple satisfying the eight axioms first discussed in chapter 3, we
have shown in the first section that the spectrum of A is a manifold, given
five assumptions. In the preceding four sections, we then showed that for a
commutative spectral triple satisfies the eight axioms, the assumptions are
correct. That finalizes the proof of Connes’ reconstruction theorem.
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Chapter 5

Spin structure on Spec A

In the previous chapter we have established that, given axioms 1 to 4, 6
and 7, the pre-C*-algebra A equals the algebra of smooth functions on
some compact and connected manifold M of dimension p. In this chapter
we prove three additional properties, which are all related to the topology
of this manifold. We start showing in section 5.1 that M has no boundary
and is orientable. Also, the deferred proof of the positive definiteness of
the noncommutative integral will be given in this section. The last part,
section 5.2, is devoted to showing that the manifold has a Spin structure.
In what follows, we shall denote the manifold as constructed in the
previous chapter by M. Whenever we refer to “the” or “this” manifold, M
is implied.

5.1 Closedness and orientability

Lemma 5.1. M has no boundary: OM = ().

Proof. Assume M has at least one boundary point z. In that case, there is
a chart (z,U) around z such that x(U) lies in the half-plane

H? ={(y1,...,yp) € RP;y, > 0} with z(z) € OHP. In that case, according
to the results in section 4.4, there is another chart (x4, Ny N U) with
2o(No NU) C HP and an open neighborhood of z,(z) = xz(z). With
respect to the topology on RP, however, the point x(z) cannot have any
open neighborhoods that are contained in HP, so this is a contradiction.
Therefore, OM is empty. O

The remarks at the beginning of section 3.2 show that if we want to prove
that the manifold is orientable we might as well construct a section of
QF (M) that is non-zero everywhere. Specifically, from [19, Ch. 2.8]:

Lemma 5.2. A p-dimensional manifold M is orientable if and only if
there is a section v € QR (M) such that v(z) # 0 for allz € M (i.e., v is a
volume form).
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In section 3.3 we omitted the proof that the noncommutative integral

][:A—HC (5.1)

is a faithful non-degenerate map. The volume form and the integral are
related by the usual procedure of integration on any oriented manifold. It
is therefore no big surprise that in the next theorem we can demonstrate
the existence of a volume form and the positive definiteness of the integral
in one go. The map ¢, as defined in equation (3.54), is pivotal to the
argument. We therefore first list some properties of this map. Recall that
the Hochschild cochains are defined as

CP(A) = Hom (A®<P+1>, «:) : (5.2)

Refer to appendix D and E for notation and other background information
regarding cyclic cohomology.

Lemma 5.3. The map ¢- € CP(A) has the following properties:
1. ¢P is a Hochschild cocycle;

2. Let A, : C"(A) — C™(A) be the anti-symmetrization map for
Hochschild cochains, defined by

1
Anp(for- o fu) = — > (B (for fay o fow) - (5:3)

" BESK

Then Apgog is a Hochschild cocycle, too, and in Hochschild
cohomology we have the equality

[¢£] = [Ap‘bg] : (5.4)
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Proof.

1. This is verified by direct evaluation:

b5 (for- - fpr1) =
Tr., (xfof1 [D, fo] -+ [D, fps1]|D| ) +

( Z )' folD, f1]- [Dafifi-&-l]”'[D?fp-i-l”D‘p) +

(-1 )pHTl”w (Xfofpr1[D;a1]---[D, f,]| D|7P) =
Try (Xfof1[D; fo] -+ [D, fp41]| D|7F) +

(XZ Y fofil D, f1] - m---[D,fpﬂuDrp)+ (5.6)

( Z ) fofira[D, fi] - [ﬁl]”'[Dafp-&-l]’D‘p) +

(_1)p+1Trw (XfOfp+1[D7 fl] e [D7 fp”D‘_p) )

where the notation = expresses omission of that particular term.
Shifting ¢ — i+ 1 in term (5.6) shows the whole expression cancels in
pairs, hence bp?) = 0 and ¢ € ZP(A).

2. See corollary D.20, appendix D.
3. Define p € ZP(A) as
o=o¢P - Th. (5.7)

The map ¢ : Cp—1(A) — C, defined by

() = { @(c) a=bcfor c € Cp(A) (5.8)

0 otherwise ’

is well defined since diy and ¢ coincide on Z,(A) by Connes’
character theorem, see theorem 3.26 in section 3.3. Since

Bp_1(A) C Cp_1(A) is a linear subspace, the map 1 lies in CP~1(A).
Therefore,

¢l — = dy, (60 = [rp] € HHP(A). (5.9)

Note that 75 is cyclic, see lemma G.7 in appendix G, and Bb = —bB
from corollary E.13 in appendix E. So

B[Qﬁg}:B[Tﬁi], Bl =Ns'(1-X\)1h=0 =
Bsl] =0 (5.10)
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We are now ready to continue with the main result of this section.

Theorem 5.4. There is a non-degenerate volume form v € Qf (M) such

that
][f:/fy (5.11)
M

for all f € A.

Proof. Recall from section 3.3 that
][f:¢3(fc) =Tr,, (f|D|?) Vfe A Ywe S(Bg). (5.12)
We write ¢ € Z,(A) as

C:ch@)c}l@---@cﬁ. (5.13)

Then [gbg ] = [qubg ] by the previous lemma. According to the
identification (D.39), we can find a p-current Cyp = C' € QIR (M) such
that for all f € A,

][f:/chgdc}l/\---/\dcg. (5.14)
C (03

We shall show that the p-form

v= Z Adel N Ndeb, (5.15)

[0}

defined by the previous equation is the volume form we are looking for.
The properties of v are derived using the properties of the Dixmier trace
and the associated cocycle ¢2. From the discussion in [21], pages 494 to
498, we gather that if f is a real and positive function then

Tro(fID?)=0 = f=0. (5.16)

Together with the earlier results, this finally establishes that the
noncommutative integral is a trace, see also definition 3.12 in section 3.3.
By lemma 5.3 and theorem E.7, appendix D, we see that C € QZR(M) is a
closed current. The positive definiteness of the trace then shows C is a
non-zero closed current. Since the p-boundaries in QSR(M ) are empty, the
equivalence class of C' in HSR(M ) is non-zero.
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Applying Poincaré-duality for general (i.e., potentially unoriented)
connected and closed manifolds (see for instance [23, Ch. 3.3] or [5, §7]) we
see that either M is oriented and HSR(M ) # 0 or M is unoriented and
HSR(M ) = 0. The latter case does not apply here. Hence M is oriented
and C' is a non-negative multiple of the fundamental class, i.e., [C] = t[M]
for t > 0. We can therefore write:

ff:t/fE:%m%Au.A@g (5.17)
M (63

This leaves us with showing that v(x) # 0 for all x € M. Assume there is a
g € M with v(q) = 0. Take some local chart (U, z) around ¢ and
tentatively define f as a real and positive function that is non-zero on
some neighborhood around gq.

Then:

/ﬂmUM~AMp:f4Mme@H”qﬁﬂ§
M

1
il 2

BES,

m@(xfﬁmﬁm}nipﬂﬂthrﬂ’. (5.18)

Fix some 3 € S,. Since the z are real, f, x, and [D, z'] are self-adjoint for
any i. We therefore have a self-adjoint 7' € L'+ (), defined by

T =f [D,xﬂ(l)] [D,xﬁ(p)] |D|7P. (5.19)
By theorem 3.17 we know that we can decompose T as

T=T, -T

T.=PufT|Pe,  Pa= (1F),

with T4 > 0 in the Dixmier ideal and F' a symmetry. From this we infer
that:

PLPr=0 =
TP=T=T} -T,T- -T- Ty + T2 =T? + T2 = (T, +T_)* =
T| =T, +T_.

Using the positivity of the integral we derive

Tr,(T) = Tr o (T4) — Tr,(T-) =
Teo(T)] < [T (T + [Tro(T2)] = Tro(Ts) + Tro(T-) = Tro ().
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The right-hand side of equation (5.18) is therefore dominated by
1 —
o S Tr, <f ‘ [D,xﬁ(l)} ‘-~HD,$5(”)] ‘ D P) , (5.20)
BESp

where in the latter expression we have used the fact that x* = x and

X2 =1, 50 |x| = V/x*x = 1. We are now set to apply the special case of the
noncommutative Holder-inequality, i.e., lemma 3.20, repeatedly to (5.20).
This yields:

Ty (|[D.2"O]] | [D.27]| DI 7) < [T 1D T o711 7).
=1

Plugging this into inequality (5.18) we see that

P
/fdxlA...Adxp <t |[D. 2] Tew(£1D]7) =
if: =1

P P
T ND 2] A5 L2 (fe) = TT 1D, 2 /fzcgdc;A...Adcg.
i=1 i=1 oo
The next step is to rewrite v around q.

Let (Ny,xq) be a chart around ¢, where the chart is constructed via the
method of chapter 4. According to definition (4.52) we can locally find an
automorphism of A, say G, such that

2 =Gock Vk e {1,...,p}. (5.21)

As a corollary of Milnor’s exercise, theorem [34, p.11], the automorphisms
of the algebra of smooth functions of a compact manifold are in bijective
correspondence with diffeomorphisms of that manifold. See [35] for more
background information.

This correspondence is implemented via the pullback construction, i.e., we
can find a diffeomorphism v of M such that

F=Gocdt =cF oy Vke{l,... p}. (5.22)

Relative to differentiation on the chart (U, x), we denote respectively the
Jacobian of z, in the point 1/ ~!(q) by Jy-1(g)(Za), the Jacobian of ¢, in
the point ¢ by J,(ca) and the Jacobian of ¢ in ¢~ (q) by Jy-1(¢)(¥).
Using the chain rule

Jyp-1(g)(Ta) = Jg(ca) - Jyp-1() (¥),
0 75 det Jw_l(Q) (:L‘a) = det Jq(ca) - det Jw_l(q) (1/))
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This implies det J;(cq) # 0. So:

acl,

Loa... p = o
(deg A -+ Ndch) (q) = det e

(dz' A -+ A daP) (q) # 0.

q

We can now rewrite the expression for v using the common coordinate
functions:

V:chdet [gcéf]dml/\---/\dxngdxl/\~--/\d$p, (5.23)
x

o

with ¢ a smooth function such that g(q) = 0. By continuity of g, there is
some compact K C U, with ¢ € K, such that

P —1
(2] < (H!HDMH) | 520
=1

We now specify f as follows:
e f=1on K;
e f=0o0on M\U;
e f€[0,1] on U;

Functions with the same properties as f exist in abundance on any
compact topological space, see [37, Ch. 4].
In summary, there is an € > 0 such that

Vol(K) + € =

P
/fdxl/\-~/\da:p SH“[D,:ci]“/fgdxl/\--‘/\da:p§
M =1 M

g | (0,2 | max{ £ ()9 @)} - Vol(K) < Vol(E).

This is a contradiction, so v is non-zero everywhere. This concludes the
proof of theorem 5.4.

5.2 Spin structure

We now proceed showing that the manifold has a Spin® structure. Due to
Plymen’s theorem, see section 2.4, we need to show that there is a
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right-C (M )-Hilbert module that implements a Morita equivalence between
C(M) and the Clifford bundle Bt (M). In the light of axiom 7 it is not
surprising that the spinor space H will fulfill this role. We will take the
following steps. First we show that # is a right-C'(M )-Hilbert module.
Then we will construct the Clifford bundle. Next, we shall prove that both
C*-algebras are Morita equivalent. We finish showing there is a global
charge conjugation operator, thus establishing the fact that M has a Spin
structure.

Lemma 5.5. H is a right-A-Hilbert module.

Proof. Since H™ is a finitely generated projective A-module we have a
canonical action of A on H*°. We extend this action to a right-action of A
on H the following way. Let a € A and £ € H. There are sequences

{an} C A and {&,} C H* such that

lan —all =0 [[& =&l — 0.
Let n,m > N for some N € N. Then:

énan — §mam”7{ < n — gmHH llan|l + llan — am|| HmeH .

Therefore {zpa,} is a Cauchy sequence in H. Its limit defines the
right- A-module structure on H by setting

£-a= ILm Enn. (5.25)

The spectrum of A is a metrizable space, since it is a compact manifold.
The algebra A is therefore a separable algebra. The preliminary
requirements of definition C.3 are now met. We consecutively prove points
(1) to (3) of that definition.

In lemma 3.29, we have already constructed a nondegenerate 4-valued
inner product

()a: MY XHS 5 A (&,&)a=D alpib,  (5.26)
0.
with a; and b; the components of §; and &, under the module morphism
H> — A". The p;; are the components of a projection p € M,(A).
Noting that any projection p € M, (A) is also a projection in M, (A), we
can, using the same limiting procedure as before, extend this inner product
to an A-valued inner product on H by defining

(Ema= lim (nmn)a with & =& & m— . (5.27)
In corollary 4.11 we have shown that the module isomorphism

H™ = pA” (5.28)
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is a homeomorphism of Fréchet-spaces. Both Fréchet-spaces are generated
by semi-norms which include ||-||,, for #* and the product norm based on
||| for pA™. This implies that the module isomorphism is continuous with
respect to the norm on H* as a subspace of H and with respect to the
norm of pA™ induced by the product norm on pA™. “Closing” (5.28) in
these norms then yields

H = pAT (5.29)

as topological spaces. The product norm on pA™ is equivalent to the norm
I{-,-) 4], hence H is complete with respect to the latter norm.

Take some positive real f € A. Thanks to the result in lemma 3.29, we see
that the value of (£,71)4 does not change as we transform the base in A™.
Let U be a base transformation such that p is a diagonal matrix with only
zero’s and the unit of A on the diagonal. For convenience, assume the
top-left element in the matrix representation of p is non-zero. In this base
we see that the element

a=(/f,0,...,0) (5.30)

n . .
satisfies pa = a and ) (a’)*psja’ = f. Moving back to H by
t,j=1
U-la s & € H shows

(& &a=f (5.31)
We can construct any positive and real element of A in this manner. A is
C-linearly generated by the positive and real functions so H is full. O

Just as in the case of the 4-sphere, constructing the Clifford bundle boils
down to defining a metric on the (co)tangent space. We will therefore first
explore an alternative method for defining a Riemannian metric on the
4-sphere and then apply this construction to the more general case of a
commutative spectral triple.

Take some section a € Qf(S5*). Using the local expression of the principal
symbol (2.121), it follows that

4

o (2,002 = f2 () 1s,, (5.32)

=1

where the components of «, are given on the same base used for the
matrix representation of the principal symbol. Recall that the f; are all
real functions. So this equation defines a non-degenerate quadratic real
form on the fibers of the cotangent bundle in the following way:

ay = go(ag, ay) = Ulp(x,ozx)2. (5.33)
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From the discussion of the end of appendix B we know that the principal
symbol is invariant under coordinate changes. The 4-sphere is orientable,
so we can take a section of the algebra bundle Endceo(g4)(S) such that the
section equals (some positive multiple of) 1s, everywhere. This implies
that (5.33) defines a Riemannian metric on the cotangent bundle.

We can go even further and define a Hermitian metric on the complexified
cotangent bundle of the 4-sphere. Take some o € Q* (5’4). By formula
(2.122) we know that

O']'Z)<l', ag)* = aw(x,a;) =
4
alp(ac, ax)*alp(x, ag) = Z f? }aif 1s,. (5.34)
=1

Hence we can construct the Hermitian product from the following
complex, positive and non-degenerate quadratic form:

ay = go(ag, ay) = aw(x,ax)*am(x,az). (5.35)

From the Serre-Swan theorem, we know that H> consists of the collection
of smooth sections of some smooth vector bundle & on M. This implies
that D : H* — H is a linear partial differential operator of order 1.
Hence D has a principal symbol and we can try to copy the aforementioned
procedure to construct a metric on T*M. Consecutively, we will therefore:

1. find a useful representation of the principal symbol of D;

2. show that for real a € Q} (M), the principal symbol generates a
subalgebra of End(S,) on which the square of the principal symbol
has a multiplicative action;

3. prove that this action is non-degenerate.
Similar to equation (2.122) for the case of the 4-sphere:
Lemma 5.6. For all f € A:

o (z,dfy) = —i[D, f](x). (5.36)
Proof. This is an application of identity (B.15), appendix B, i.e.:

exp(itf(2))D (exp(—itf(z)))
t

Both the numerator and the denominator go to infinity as ¢ — co. The
fraction of the derivatives of both functions is given by:

—if(z) exp(—itf(z))D(x)exp(itf(x))+
exp(—itf(z))D(x)if () exp(itf(z))
= —iexp(—itf(z)) [D, f] (z) exp(it f(z)).

o (w,dfz) = lim (5.37)
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Since [D, f] commutes with any power f* we see that the above expression
equals —i[D, f](x). Hence we can apply de L'Hopital’s theorem to prove
the result. ]

With some foresight, we now define a map ¢ : Q'(M) — End(S):

ol (z,a,) = c(a)(z). (5.38)
Let a € QY (M) and take some chart around x € M. With respect to that
chart we can find an f € A such that df = a. Just as in the case of

M = S*, the map c preserves involution:

c(e”)(x) = =i[D, fl(z) = (=i[D, f](x))" = c(a)(x)". (5.39)

This calculation is independent of the chart, since the principal symbol,
and thereby the map ¢, are invariant under coordinate change.
From this it follows that in End(S,) the elements

{e(a)(z);a € Q' (M)} (5.40)

generate an involutive subalgebra B!, C End(S,) = Mk (C), for some
K e N.

Lemma 5.7. For all z € M and any B € QY (M), ¢(B)*(z) acts as a
multiplication operator in BY.

Proof. Take some a € Q'(M). Choose a local coordinate chart around
and relative to that chart express a = df and § = dg for certain smooth
functions f,g € A. If we can prove that

[c(dg)*(x), e(df)(z)] = 0 (5.41)

for all x € M we are finished: by invariance of the principal symbol under
coordinate transformations the previous equality holds for all choice of
charts.

Using the symbol calculus of differential operators, see appendix B, we see
that

2
c(B)*(x) = o7 (z, Ba). (5.42)
But, by axiom 2, ¢(df) = —i[D, f], which is a rank zero differential
operator. It also has a principal symbol, and we can apply the principal

symbol calculus once again to see that

[c(dg)%(z), c(df ) (z)] = —ioPHPS@N (2 dg,). (5.43)
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Note that the operator D? is of rank 2 whilst the operator [D, f] is of rank
0, so [D2,[D, f]] is of rank 2. Once again using the symbol calculus, we
show that this principal symbol is zero. L.e., we will prove

o DHIDI@N (¢ dg(z)) = tlgrg)t% [exp(—itg(z))[D?, D, f]](z) exp(itg(x))] = 0.

(5.44)
Let us focus on the numerator:
\|exp(—itg)[D*[D, f]] exp(itg)|| = ||[D*[D, f]] exp(itg)|| =
[(IDI6([D, 1) + 6([D, fDIDI) (x) exp(itg)| , (5.45)

where the last equality can be verified by writing out the expression for
[D2,[D, f]], noting that D = D* and using the axiom of strong regularity,
i.e., axiom 3. The latter equation is therefore dominated by

[1DI6([D, f]) exp(itg)[| + 16([D, fDII [ D] exp(itg)| - (5.46)
Also 5([D, f]) € dom &, so
IDI§([D, f]) = 6*([D, f]) + 6([D, f1)| DI,
which implies that (5.46) is bounded by
[6%([D, M| + 2 16([D, /) || D] explitg)| -
Note that by axiom 2,
(D] exp(itg)¢, | D] exp(itg)&)n = (€, exp(—itg) D* exp(itg))n  (5.47)

is of order O(¢?). Hence ||| D|exp(itg)|| is of order O(t) so that

[8%([D, M| + 216D, DI 1D exp(itg) | (5.48)
is of order O(t), too. This in turn implies that (5.44) is zero. This result is
valid for all z € M, so the proof of lemma 5.7 is finished. 0
In general,

Bl = M, (C)&®...® My, (C) C Mg (C) 2 End(S,). (5.49)

Let p; be the projection in Mg (C) projecting on the i-th summand of the
above expansion of B.,. By the previous lemma, the action of ¢(3)? can be
decomposed as

C(B)Q = gx(ﬂzy Bm)lpl + gz(,ﬁxa /890)2]72 +...+ gm(ﬁx, ﬁx)npna (5-50)
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in which each of the g,(-,-)" is a (potentially degenerate) Hermitian form.
Assume ¢(3)? is non-degenerate and n > 1. Since the principal symbol is a
continuous map, not only does End(S) decompose globally into a direct
sum of submodules, but also the abstract Dirac operator then decomposes
into a direct sum of abstract Dirac operators. This would violate axiom 6,
hence the situation that ¢(3)? is non-degenerate and n > 1 cannot occur.
Furthermore,

Lemma 5.8. p; = 1g,.

Proof. Assume the converse, i.e. n > 1 in expression (5.50). According to
the conclusion of the previous discussion, c¢(3)? is degenerate, i.e., there
must be at least one point 2 € M such that ¢(3)?(x) = 0. Let dz* be a
base of Ty M chosen in such a way that dzP lies on the same ray as (3, i.e.,

c(dzP)*(z) = c(dzP)(z) = 0,
which implies that for all 5 € Sp:
‘ (d$6(1)) ()¢ (dxﬁ(p)> (1)=0 =
(—1)Px(z) [D,xl] ---[D,zP] = 0.

This result is invariant under base transformations of 7); M; any such
transformation would only multiply previous expression with a factor equal
to the determinant of the transformation. In the proof of theorem 5.4 we
have seen that {dc., ..., dch} forms a local base for each . Hence

> x(@)ed [D,ca ()] -+ [D, ()] = 0. (5.51)

Thereby, via the identification

[v=e

M

of theorem 5.4, this implies that we have found a point x € M at which
v(z) = 0, what is contrary to the result of theorem 5.4. O

We are now ready for the next important result.
Theorem 5.9. M has a Spin® structure.

Proof. We generate the Clifford bundle in a similar manner as in section
2.4, by using the Hermitian metric on the cotangent bundle, defined as

g0z, Bz) = () (@) c(B) (). (5.52)

105



Denote the collection of smooth sections of the Clifford bundle by B (M)
and call the collection of continuous sections B(T)(M).
First, assume that p is even. Define a map

¢: B (M) = Endy (H®) =T (M, End4(S)) (5.53)

in the following way. For each p € M, choose a coordinate chart (U, x)
around p. The Clifford algebra is locally linearly generated by the pure
elements of the form

da™ - da', (5.54)
with £ < p and i; < ... <1 by convention. Let
¢ (dz" (p) -~ da™(p)) = ¢ (dz™) (p) - - ¢ (d™) (p), (5.55)

and extend ¢ by linearity.

Again, using the transformation properties of the principal symbol, we see
that ¢ extends globally to a map of algebra bundles. Fiber-wise, this map
is an isomorphism of algebras due to the result of the last theorem and the
definition of the Hermitian metric. Hence ¢ implements an isomorphism
between the respective algebra bundles. By taking the C*-closure of the
algebra bundles we can extend ¢ to an isomorphism

B (M) = Enda(H). (5.56)
Note that the fibers of S are finite-dimensional. This implies that
BY)(M) = End (H). (5.57)

If p is odd, then the fibers of B (Jr)(M ) are actually generated by the even
elements of the form

da' - .- dx'?*, (5.58)

This changes nothing to the result of lemma 5.8, so relation (5.57) still
holds. In summary, H is a C(M)-B™) (M) imprimitivity bimodule. Apply
now Plymen’s theorem 2.46 in section 2 to see that M has a Spin®
structure. 0

Before showing that M has a Spin structure, we briefly look at some
properties of the A-valued inner product on H.

Lemma 5.10. Let (-,-) : H x H — A be an A-valued inner product
satisfying

(& nhu —][<€,77>’- (5.59)
Then ()" = (- )a.
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Proof. For any f € A,

& o — (€ Fa = ][ flEma—Enh] =0, (5.60)

Choose f = [(§,n)a — (¢,n)"4]" and use the non-degeneracy of the
noncommutative integral to see that for each &, n € H the different
A-valued inner products coincide.

Theorem 5.11. M has a Spin structure.

Proof. We verify that the map C' : H — H from axiom 5 satisfies the
properties of theorem 2.48. Recall that C' is anti-unitary with respect to
the C-valued inner product on H. Take some &,n € H, f € A and

be BH(M).

1. The condition C'(£f) = C(&)f is a direct consequence of the
anti-linearity of C' and the fact that A acts on H by multiplication.

2. We examine how C acts on the generators of B (M).
C is a bounded operator. Hence, we can safely exchange the action
of C' with the operator valued limit in equation (B.15) of appendix
B, i.e.,

Ce(df)C™! = Jim %Cexp(it f)Dexp(—itf)C~t =
—00
1 - 1 =
th_)ngo : exp(—itf)CDC™ " exp(itf).

The commutation relations of D with C vary with the dimension p
mod 8 (see table 3.1). Hence we examine the various possibilities.
First, let p be even, p =3 mod 8 or p =7 mod 8. Then [D,C] = 0.
This leads to:

C&(df)0" = lim exp(~itf)D exp(itf) = é(~df)) = é(s(df)).

Second, if p=1 mod 8 or p="5 mod 8, then {D,C} = 0. For odd
p, the fibers of the Clifford bundle are generated by the even part. So

Ce(df - df)C™ = Ce(df)e(dg)C™H = (—1)*&(w(df))é(k(dg)) = &(w(df - dg)).
3. Let us define an A-valued bilinear map on ‘H x H by

(&n)'y = (Cn, CE) a.

We want to apply lemma 5.10 to relate this new inner product to
(-,-)a. We therefore show how it defines an A-valued inner product
on H.
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Take some f € C'(M). We compute

(, €)'y = (C&,Cmya = (Cn, CE% = (&))" =
(€,€)4 > 0.

If (£, 6)"y =0, then:

0 :][<g,5>'A :][<05,C£>A =(C&,C&a = (£,8)a,

which implies £ must be zero. In summary, we know that (-,-)/, is an
A-valued inner product on H that satisfies the condition in lemma,
5.10, so

(&miy=(Cn,CEa = (&, a. (5.61)

It then follows from theorem 2.48 in section 2 that M has a Spin
structure.

We are now finished with the Reconstruction Theorem. Given a
commutative spectral triple (A, D, H) of dimension p satisfying
axioms 1 to 8, we have constructed a closed and connected
p-dimensional spin manifold M such that A = C*°(M), D equals the
Dirac operator I and H is the Hilbert space of square integrable
spinors relative to a given Spin structure on M.
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Appendix A

Fréchet spaces

Pre-C*-algebras, as introduced in section 2.2, play a pivotal role in the
reconstruction theorem (chapter 4). An important example of a
pre-C*-algebra is the (involutive) algebra of smooth, complex valued
functions on a manifold. Pre-C*-algebras are Fréchet spaces. In this
appendix we define Fréchet spaces and discuss several of their properties.

Definition A.1 (Fréchet space). A topological vector space V is a
complex vector space with a topology such that addition and complex
(scalar) multiplication are continuous. A topological vector space that is
complete in the topology determined by a translation invariant metric is
called a Fréchet space.

We quote without proof:

Lemma A.2. Let U be a closed subspace of the Fréchet space V.. Then U
1s a Fréchet space in its own right.

Lemma A.3. Let V be a complex vector space and let {py : V — RT} be a
countable set of seminorms, i.e., the pi satisfy all properties of a norm
except the requirement pi(v) =0 = v = 0. Assume furthermore that
{veV;pr(v) =0VEk} ={0}. We can equip V with a topology defined by a
translation invariant metric (in other words, V is a Fréchet space, except
that it is not necessarily complete).

Proof. Let
— ok Pr(z—y)
d(z,y) kE:O T p— Ve, y e V.

From the definition we directly infer that d(z,y) = d(y,z),d(x,z) = 0 and
dx + z,y+ z) = d(x,y) for all z € V. If d(z,y) = 0 then px(x —y) = 0 for
all k£, so x = y. So in order to see that d is a translation invariant metric
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we only need to show that the metric satisfies the triangle inequality,
which is a routine exercise.

Since d(Aa, Ab) = |A|d(a,b), multiplication with C is continuous. Equip

V x V with the product topology. Continuity of addition now follows
directly from the triangle inequality. O

Remark A.4. The topology generated by the metric d in the previous
lemma is equivalent to the topology generated by the open sets
B(v) = {w € Vipr(v —w) < € Vk}.

Definition A.5 (Fréchet algebra). A Fréchet algebra is both an algebra
over the complexr numbers and a Fréchet space, with the property that
multiplication is continuous.

Corollary A.6. Let V be as in lemma A.3. Assume furthermore that V is
an algebra over the complexr numbers and that the seminorms are
submultiplicative, i.e.,

pr(v-w) < pr(v)pr(w) Yv,w eV, Vk € N. (A.1)
Then V is a Fréchet algebra in every respect, except for completeness.

Proof. Take v1,w1,v9,we € V.

pr(viwr — vaws) < pr(vi(wi — wa2)) + pr(we(vi — v2)) <
pr(v1)pr (w1 — w2) + pr(w2)pr(vr — v2).

Which goes to zero as pg(v1 — v2) — 0 and pg(w; — wg) — 0. O

Theorem A.7 (Open mapping theorem). Let f:V — W be a linear,
continuous and surjective map between two Fréchet spaces. Then f is open.

Proof. The Baire category theorem [38, 2.22] shows that any complete
metric space, hence any Fréchet space, is a Baire space. From that point
on the standard proof, as in [38, 2.24] for example, of the open mapping
theorem goes through for Fréchet spaces as well. O

Definition A.8 (Fréchet derivative). Let f:V — W be a continuous map
between two Fréchet algebras V. and W. We say that f is differentiable,

or of class C1, if there is a jointly continuous function Df : V xV — W

satisfying

Df(,t) = lim ~(f( + et) — f(z).

el0 €

Df is also called the directional derivative or the Fréchet derivative
of f. The higher derivatives D f(x,ty,... 1) are obtained by
differentiating D*=Y(x,ty,... t). If f is a function such that all of its
higher derivatives exist and are jointly continuous functions in all of their
arguments, then f is said to be smooth, or of class C°.
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The set of real numbers R is also a Fréchet algebra. We therefore expect
that the usual rules of calculus are valid for maps between Fréchet algebras
as well.

Lemma A.9 (Calculus). Let U,V, and W be Fréchet algebras.
fi,fo: U=V and g:V — W are functions of class C* and X\, u € C.
Then:

o \fi + ufa is of class C*;

e go fi is of class C*. Its first derivative is given by
Dfl(x7t) : Dg(fl(l‘at)’t);

o fi-fyis of class C* with
D(f1- f2)(z,t) = fi(z)Dfa(z,t) + D fi(z, ) fa(z).

Proof. See [22, 1.3] for the proofs. O
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Appendix B

Differential operators

In this appendix we introduce linear differential operators and their
associated symbols. An example of a linear differential operator is the
Dirac operator, first introduced in chapter 2.

A specific type of symbol, the principal symbol, is used at the end of
chapter 5 to prove that the manifold associated to a commutative spectral
triple is spin. In the proof, several results about principal symbols are
used. These results are quoted at the end of this appendix.

To avoid unnecessarily complicated notation, let us first introduce the
multi-indices.

Definition B.1. A multi-index & is a set of natural numbers
a=(a1,...,a;) € NF. The rank of the multi-index is the sum of its
k
components: |d| =Y «;.
i=1
The multi-index is used in two different ways.
o The multi-index is an abbreviated notation for a label. For example,
take two vector spaces V,W and let A : VEF — W be a multilinear
map. Let {v1,...,vp} €V and denote with v} the j-th component of

the i-th vector relative to a base for V. Let {ey} be a base for W.
The action of A on v1 ® - - - @ vk, given by

dimV dim W

A(wr,. o) = Y > AL ot uptey, (B.1)

af,...,ar n=1

can be abbreviated to

dimV dim W

ST Azt vpen. (B.2)

Jisenjie n=1

o We use the multi-index as a shortened way to express repeated
multiplication of several elements in a semigroup G. Take some

113



{91,..., 91} C G. Define:
9" =gi" gt (B.3)
We can use this to condense equation (B.2) even further:

dim V dim W

A(vr,.. o) = > Y AT, (B.4)
a n=1

Another important example is the expression of higher-order
derivatives. Relative to a coordinate chart (U,x) of some

k-dimensional manifold define 0; = %. We then define:
o™ 0%k
0z = e . B.5
« a (wl)al 8 (xk)Oék ( )

In what follows, let M be compact k-dimensional manifold and X a smooth
real or complex n-dimensional vector bundle over M with projection .
We shall use the following notation for the sections of the vector bundle:

DM, X)={f: M — X;mo f(x) ==z, f is continuous} ; (B.6)
'*(M,X)={f: M — X;7o f(z) =z, f is smooth} . (B.7)
Definition B.2 (Linear differential operator). Assume that X is a real

vector bundle. A linear differential operator of order (or rank) m is
an R-linear map

P:T(M,%X) - I'°(M,X) (B.8)
with the following property. For each p € M there is a set of local
coordinates (:Bl, . ,xk) defined on some neighborhood U of p and a
homeomorphism

Xy =2U xR", (B.9)
such that P is given by the expression
= Y A%x)dz Vzel, (B.10)
|| <m

with A% an n-by-n matriz whose elements are smooth functions on M. We
also require that there is at least one [ with 18| = m such that AP # 0.
This definition extends readily to the case of complex vector bundles.

Take some (p € Ty M and let {C,g,j e{l,... ,k}} be the collection of its

components relative to the base defined by the chart (U,x). We define the
symbols of P as follows.

pan me —j (z,Cp), pm j (z,6) = Z Aan' (B.11)

|@|=m—j
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The leading term is called the principal symbol:

P, G)= Y A% (B.12)

|a=m

Lemma B.3. The collection of differential operators on X forms a unital
algebra over C*°(M) with a countable base.

Proof. According to smooth version of the Serre-Swan
theorem [52], [28, 4.2] I'™°(M, X) = pA™ with

A= { C*°(M) when X is a complex vector bundle

CR°(M) when X is a real vector bundle (B.13)

and p an idempotent in M, (.A). Note that the A-linear sum and the
composition of two linear differential operators on X is again a linear
differential operator. The collection of linear differential operators on X is
therefore a subalgebra of all A-linear maps pM,,(A) — pM,,(A), implying
this algebra has a countable base. Note that the unit operator is also a
differential operator, hence the collection of linear differential operators on
X is a unital algebra. O

We quote a list of definitions and results regarding principal symbols. We
use the same notation as in the previous definitions.

e Denote with EndX the endomorphism bundle of X. Its fibers are the
linear maps from the fibers of X to itself. From [31, II1.§1]:

o? e ' (T*"M,EndX) ;
oP(2,Co) : Xy = Xy Yz e M, V¢ e T*M, (B.14)

so the principal symbol is invariant under a change of coordinates.
If oP(z, ;) is invertible for all z € M and for each covector which is
non-zero everywhere then the differential operator is said to be
elliptic.

e The principal symbol of P is given by the following handy
formula [21, Prop. 7.27]. If f € C°°(M) locally satisfies df = ¢ then:

0P (@,G) = lim +" exp(—itf () P(@) [exp(itf(x))]  (B15)
where m is the order of P.

e Let (Q also be a differential operator of order m defined on the
smooth sections of X. Define R = @ o P. By [31, Prop. 1.7]

o = 9ol (B.16)

This is the principal symbol calculus.
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Appendix C

Morita equivalence

In this appendix we introduce modules and specify further to Hilbert
modules. Modules are generalizations of vector spaces; Hilbert modules
are generalizations of Hilbert spaces. We will see that an important
example of a Hilbert module are the smooth vector fields of a manifold M.
Next, we discuss compact endomorphisms of a Hilbert module. These
are generalizations of the set of compact operators on a Hilbert space.
Last, we state the definition of Morita equivalence.

We shall need the concept of Hilbert modules and Morita equivalence in
chapters 2 and 5. In these chapters, we need will need to use Plymen’s
theorem. See section 2.4.2 for more background information. The theorem
states that a manifold is spin if and only if a certain algebraic condition is
met. This algebraic condition is formulated in terms of Morita equivalence.

Definition C.1 (Positivity). Let A be an involutive algebra over the
complex numbers. We say that an element a € A is positive when there is
an element b € A such that

a = b*b. (C.1)
We denote the set of positive elements of A with AT.

Let A be a C*-algebra. From [25, Ch. 4.2] we gather that the relation “<”
on A defined by

a<b & b-acAt = At ={a € A;0 < a} (C.2)

defines a linear partial ordering on the positive elements. Before moving on
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we briefly review the definitions regarding modules, which are
generalizations of vector spaces.

Definition C.2 (Modules). Let (V,+) be an Abelian group and A an
(associative) algebra over the complex numbers. In what follows, let

a,be A andv,weV.

V is a left-A-module when there exists an action - : A XV — V such that

a-(v+w)=a-v+a-w, (C.3)
(a+b)-v=a-v+b-v, (C.4)
(ab) -v=a-(b-v), (C.5)
l-v=w. (C.6)

A right-A-module V satisfies similar properties with relation to an action
SV XAV,
An A-bimodule is both a right-A-module and a left-A-module satisfying

(a-v)'b=a-(v-'b). (C.7)
An A-bimodule is called symmetric when
a-v=v-a. (C.8)

A module morphism for two left-A-modules V' and W is an A-linear
map ¢V = W:

ola-v+b-w)=a-ev)+b-pw). (C.9)

Module morphisms for right-A-modules and A-bimodules are defined
analogously.

Let B be a second involutive, complex algebra. An A-B-bimodule is both a
left-A-module and a right-B-module such that multiplication from the left
with A is compatible with multiplication from the right with B. An
A-B-bimodule morphism is both a left-A-module morphism and a
right-B-module morphism.

We generalize the concept of a Hilbert space.

Definition C.3 (Hilbert modules). Let A be a C*-algebra with norm ||-||.
Let G be a right-A-module. We say that G is a right-A-Hilbert module
when:

1. there is a C-sesquilinear map (-,-)a : G x G — A such that for all
v, p€Ganda € A:

(, pa)a = (1, ) aa; (C.10)
(, 0)a = (o, ¥)a; (C.11)
(Y, )4 € AT; (C.12)
(v, )a=0 = =0 (C.13)



2. G is complete with respect to the norm defined by
{0, ) all- (C.14)

3. G is full, i.e., the closure of the linear span of

{W, 0) a5, 0 € G} (C.15)

s equal to A.

Note this is just the definition of a Hilbert space when we choose A to be
equal to the complex numbers. A left-A-Hilbert module is defined
analogously with the difference that we now demand

(@, p)a = alh,p)  Yae€ A, Y,peg. (C.16)

Morphisms of Hilbert modules are (left- and right-) module morphisms,
continuous maps and preserve the inner product in the following sense. Let
T :G — G be a morphism of right-A-Hilbert modules. For all 1, p € G,

where (-,-) A is the A-valued inner product on G and (-,-)’y is the A-valued
inner product on G'.

We now show how one can construct Hilbert modules out of existing ones.

Definition C.4. Let G be a right-A-Hilbert module with A-valued inner
product (-,-)a. We define

{9 e G {¥l:G = A @l(p) = (¥, ¥)a} (C.18)

in the operator norm relative to the morm on A. We also write
G* = Hom%, (G, A) (C.19)

There is a canonical right- A-Hilbert module structure on G#, though we
shall not present this one. Rather, we discuss an alternative structure that
is used in the proof of lemma 2.31.

Lemma C.5. Assume that A is commutative. G* is a right-A-Hilbert
module.

Proof. We use the same definitions and notations as in definition C.4.
Take some a € A and 1, ¢ € G. The right-action of A on G¥ is given by:

(Y[ - a = (a”], (C.20)
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and the A-valued inner product [-,-] : G¢ x G — A is defined by:

[(&], (plla = (@ ¥)a. (C.21)
We check that G satisfies the properties of a right-A-Hilbert module:
(D1, (ol - al 4 = [(¥, {pa™[] 4 = (pa”, )4 =
(¥, pa")i = ((Yp)aa™)" = a(, ¢)a.

Using the fact that A is commutative, we see that the last term equals:

(¥, p)aa = [(Y], {pl] 4 @,

so that

({1 (pall 4 = [, (el 4 @,

as required.
We continue to verify the other properties:

(W], (lla = (e, )a = (¥, 0)a = [l (Wl a5
[l (Wl]4 = (.90 € AT
0=1[, Wy =W )a = =0

So the left-action and the A-valued inner product on Gt satisfy the first set
of properties of definition C.3. Completeness and fullness of G follow
directly from that of G.

Example C.6. Let A be a C*-algebra. By equipping A with the inner
product

(a,b) e AxA— A (a,b) — a™b, (C.22)
we see that A is a right-A-Hilbert module.

We can take the generalization of Hilbert spaces to Hilbert modules one
step further.

Definition C.7 (Compact endomorphisms). Let G be a right-A-Hilbert
module. The adjointable morphisms are the continuous morphisms

T :G — G that come with an associated linear morphism T* : G — G such
that

(T, 0)a = (0, Te)a Y, p€G. (C.23)

Their collection forms the so-called endomorphisms of G, denoted by
Endy(G).
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For any two v, p € G define the map |Y)(p|: G — A by

W) el(8) = blp,Ba, V€. (C.24)

These maps are examples of adjointable automorphisms of G. The
norm-closure of their linear span is called the algebra of compact
endomorphisms, denoted by End’(G). The collection of compact
endomorphisms is a C™*-algebra. It forms an ideal in the set of
endomorphisms. See [28, A.4] for more background.

Consider the algebra of smooth functions on some compact manifold M.
The collection of smooth vector fields I'*°(M,T'M) forms a
C>°(M)-bimodule. We are able to define a C°°(M)-valued inner product
on the sections by using any metric g:

9(¢,m) € C=(M); (C.25)
9(C;m)(x) = gu(Casme) V¢ € (M, TM). (C.26)

However, the collection of smooth sections is not a Hilbert module since
C>°(M) is not a C*-algebra and requirements C.3.2 and C.3.3 are not
satisfied. We therefore define a weaker notion.

Definition C.8 (Pre-Hilbert modules). Let A" C A be an involutive
algebra lying dense in the C*-algebra A.

G is a right-A’-pre- Hilbert module when G is a right-A’-module
satisfying all the properties of a right-A’'-Hilbert module except for C.3.2
and C.3.3. Analogously, we can define left-A’'-pre-Hilbert modules.

The second important definition defines an equivalence relation on
C*-algebras.

Definition C.9 ((Strong) Morita equivalence). Let A and B be two unital
C*-algebras. We say that A is (strongly) Morita equivalent to B,

denoted by A X B, when there is a right-A-Hilbert module G such that
B = End(G). We call the Hilbert module G in question a
A-B-imprimitivity bimodule.

It is not apparent from the definition that this defines an equivalence
relation, but it actually is. There are several other equivalent ways to
define strong Morita-equivalence from which the symmetry and the
transitivity of the relation are readily verified. See for instance [28, A.4]
or [21, 4.5].
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Appendix D

de Rham cohomology and
the HKRC-theorem

In this appendix we define the algebraic analogue of the de Rham cochain
groups, which, as a result of the Hochschild-Kostant-Rosen-Connes
(HKRC) theorem, turns out to be the Hochschild homology groups
of the algebra C*°(M). More specifically, we shall show the de Rham
cochain groups and the Hochschild homology groups are isomorphic as
graded algebras and symmetric C*°(M )-bimodules.

The material discussed in chapters 3 to 5 relies heavily on the theory
developed in this appendix.

Before delving into the theory let us make some preliminary definitions.

Definition D.1 (Graded differential algebras). Let {Vk; keN, V0 A}
be a collection of left-A-modules. Form their direct sum

Ve = évk. (D.1)
k=0

We identify V* with the inclusion VF < V*. V* becomes a left-A-module
by letting A act on each of the components V*.
We say that a left-A-module V* is a graded differential algebra when:

1. For each k € N, there is a C-linear map d : V¥ — VF+1 such that
d> =0, i.e., (d,V*) is cochain complex;

2. V* is a graded algebra: there is a multiplication - defined on V'*
such that vy, - v; € VEH when vy, € VF and vy € V. We shall
furthermore require that, with respect to this multiplication, V' is an
associative algebra and that the algebra is graded commutative, i.e.

v v = (=D -y (D.2)
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3. d is an odd derivation with respect to this multiplication: for any
v, €VF andveV*

d(vg - v) = d(vg) - v+ (=1)*vg - d(v). (D.3)

We denote the graded differential algebra by (d,V'*®), to make clear which
map plays the role of the coboundary.

A morphism of graded differential complexes (d,V*®) and (d',W?®) is a
collection of A-module morphisms {cpk VE S WEE e N} such that:

1. ¢ is a morphisms of cochain complezes, i.e., pri10d = d oy for all
k;

2. pri(vg - k) = or(vr) - oi(v) for all a, € VF and a; € V.

The definition extends naturally to the case when the differential algebras
are right-A-modules or A-bimodules.

These definitions also apply to the case when (0,Vs) is a chain complex,
i.e., 0 is degree-lowering of order 1. Now instead, for morphisms of graded
differential algebras we demand that

Yr_100 =00 py. (D.4)

For the rest of this section, assume M to be an oriented and compact
manifold and A to be a unital and commutative algebra over the complex
numbers.! We reserve the special notation A for the algebra C*°(M).

We shall denote the de Rham cochains of order k with Q% (M) and the
whole cochain complex with Qf,(M). Note that Qf,(M) is a symmetric
C°°(M)-bimodule. By definition QY (M) = C*(M). Together with the
exterior derivative d the pair (d,Q5,(M)) forms a graded differential
algebra. The latter statements follows from the fact that the wedge
product turns Q3,(M) into a graded commutative algebra and that the
exterior derivative d is odd with respect to this wedge product [19, Ch. 2].
In this section we shall first take a look at the Kahler differentials. To this
algebra we can associate a graded differential algebra which will form the
bridge between the Hochschild homology and the de Rham cohomology.
This correspondence, expressed by the HKRC-theorem, is discussed next.
Subsequently we shall take a look at the dual theory of Hochschild
homology, to so-called Hochschild cohomology.

Let us pose the following universal question: amongst the symmetric
A-bimodules & recipient of a derivation D : A — £, is there a “largest” one?
More precisely, for each pair (D, ), is there a (necessarily unique) pair

(d, Qib(A)) and module morphism ¢p : QL (A) — & such that ¢pod = D?

!Note that, in general, much of the theory in this appendix can be applied to noncom-
mutative algebras as well. See [32, Ch. 1] for more information.
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Lemma D.2. Let Q'(A) = ker{m : A® A — A;m(a ®b) = ab}. Then
QL (A) = QYA)/(QY(A))? is the solution to the aforementioned universal
question. This solution is called the bimodule of Kdahler differentials.

Proof. Define the derivation d: A - A® A by d(a) =1®a—a® 1. Any
element of Q!(A) is of the form > a; ® b; —a;b; ® 1 =Y a;(1®b; — b; @ 1).

(]
Hence we can rewrite that element as ) a;db;. Since
i
adb—dba=a®b—ab®1—-1Rab+bd®a=
—(Il®a—a®l) - (1®b-0®1),

QL (A) is a symmetric A-bimodule.

Now let (D, &) be any other symmetric A-bimodule such that D : A — & is
a derivation. Define the map ¥p : Q'(A) — & by ¢¥p(adb) = aDb and
extend by linearity. This map descends to Q. (A). For all aidas,

bidby € QY(A):

Yp(arday - bidbe) = Yp(ai1bi ® azbs) — Yp(aiazby ® b))+
Yp(arazbiby ® 1) —¥p(aibiby ® az) =
ai1by [D(agbg) — ag Dby — bgDag] + a1a2b1b2D(1) =0.

Hence 9 p is a module morphism. O

We will now proceed to construct a graded differential algebra from Q1 (A).
Take Q2 (A) as the anti-symmetrization of Q!, (A), i.e., the tensor algebra
factored out by the ideal generated by the elements

{da ® da,da € Q},(A)}.

By definition, 2, (A) = A.
Then Q2 (A) is a symmetric A-bimodule by virtue of the following
definitions:

a- (agday A -+ Nday) = aapday A -+ - A day,
(apday A -+ ANday,) - a = aagday A - -+ A\ day,.

—
o
S—

Define

d: Q0 (A) — QL (A),
d(apday N --- Nday) = dag ANday A - -+ A day,.

On constants A € C, d(A) =1 A - A®1=A(1®1-1®1) =0, from
which d? = 0. This implies that (d, Q% (A)) is a cochain complex.
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Defining the product as

(ao Adai N+ Nday) - (bo Adby A+ Ndby,) =
apboday A - Ndap Adby A -+ A dbp, (D.7)

the complex turns into a graded differential complex in which the
multiplication is graded commutative.

The usefulness of the exterior algebra of the Kéahler differentials is
expressed through the fact that they are a natural extension of the de
Rham cochains.

Throughout this appendix, let A= C*(M), for M a compact manifold
without boundary.

Theorem D.3. As symmetric A-bimodules and graded differential algebras
an(A) = Qgp(M). (D.8)

Proof. We are finished when we are able to show that
Qqr (M) = Qg (A). (D.9)

The statement then follows from the fact that both the de Rham complex
and €23, (A) are defined via the same exterior algebra construction.

The result of lemma D.2 can be restated as Der(A, £) = Hom4 (2}, (A),€).
Take £ = A, which becomes a symmetric bimodule by defining the action
of A on itself by multiplication.

The derivations of A, Der(A, A), are the vector fields on M, which we
denote by X;(M). By definition,

Qlr(M) = Homy (X (M), A) =
Hom 4(Der(A, A), A) = Hom4 (Hom 4 (Qib(A), A),A) = QL (A),

where the last isomorphism is due to the fact that Q1 (A) is
finite-dimensional.

[
We shall now describe the (homological!) equivalent of 22, (A).
Definition D.4 (Hochschild chain groups). Let Cp,(A) = A ® A®" for
n >0 and Cp(A) = 0 otherwise. We define the boundary map
b:Ch(A) = Cnh_1(A) on pure elements as:
n—1 '
blag® a1 ® - @ ay) = Z(—l)%m@al R ® sl @ - ® ap+
i=0
(=) "apnag®a1 @ -+ ® ap—1, (D.10)
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and extend b by linearity. Let Co(A) = @ Cr(A).
n=0

We define
Zn(A) =kerb : Cp(A) = Cr_1(A); (cycles) (D.11)
B,(A) =b(Cri1(A)). (boundaries) (D.12)

Writing bo b out in full for arbitrary elements in any Cy(A) shows their
composition is zero. We can therefore form the Hochschild homology
groups

HHy(A) = Z,(A)/By(A). (D.13)

The collection of Hochschild homology groups, denoted with H He(A), is
an Abelian group due to the linearity of the boundary map. For a € A the
actions

a-(a®a1 @ Qap) =aag a1 @ -+ @ an, (D.14)
(ap®a1® - Ray) -a=aaRa; Q- Qay (D.15)

turn H He(A) into a symmetric A-bimodule.
There is a distinguished product on H He(A), called the shuffle product.

Definition D.5 ((p,q)-shuffles). Let S,, be the permutation group of n
elements. If p+q =n, an element o € S,, is called a (p, q)-shuffle when

o(l)<o(2)<...<0a(p) & cp+1)<olp+2)<...<o(p+q).
(D.16)

The collection of (p,q) shuffles is denoted with Sflp’Q).

Lemma D.6. The shuffle product shy, 4 : Cp(A) @ Cq(A) = Cpiq(A),
defined by

shpg (@0 ® a1 ® - @ ap) X (4) @ Apt1 @ Apt2 @+ @ Apig) =

Z 6(0‘)&0&6 ® Qg (1) ® Qg (2) - ® A (ptq) (D'17)
UGST(,?’(I)

makes (b, Ce(A)) a graded differential algebra. We also denote the shuffle
product by

shypq(a,b) =a x b. (D.18)

Proof. See [32, Ch. 4.2] and [29, Ch. X.12] for the proofs that b is odd with
respect to the shuffle product and that Ce(A) is an associative algebra.
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The permutation implementing the interchange a, < aq — a4 x a,, given by
t—=i+gq 1<i<yp
i—1—p p+tl<i<p+g,
is a (p, q)-shuffle with sign
(=1)@=Dp . (—1)P=Na = (_1)2Pa9-P=0 = (_1)PHa,
showing C,(A) is graded commutative. O

Corollary D.7. HH.(A) is a graded commutative algebra under the

shuffle product.

Proof. 1f ap € Z(A) and a; € Z;(A) then, by the preceding lemma,
blap % a;) = blag) x a4+ (—1)*ay, x b(a;) =0 = ap x a; € Z 1 (A).

Let agi1 € Crr1(A) and aj4q € Criq(A).

(ak + bak_H) X (al + bal_,_l) =
ag X a; + b(ak+1 X al) + (—1)k+1ak+1 x ba; + (—l)kb(ak X al+1)+
(—1)k+lbak X aj4+1 + (—1)k+1b(bak+1 X al—i—l) + (—1)kb2ak+1 X apy1 =
ap X a;+b (ak+1 X a; + (—1)kak X aj4+1 + (—1)k+1bak+1 X al+1> ,
which implies that [ax] X [a] = [ar X a;] in HHp1(A). O

In summary, we have established that (b, Ce(A)) is a graded differential
algebra and a symmetric A-bimodule and that H He(A) is a graded
commutative algebra and a symmetric A-bimodule. We now relate the
Hochschild homology groups to the de Rham cohomology.

Definition D.8. Define A, : Q7 (A) = C,,(A), the so-called
anti-symmetrization opera,tor by

Ap(aday A -+ Nday) = o Z 0)a0 ® (1) @+ @ Qg (n)- (D.19)
n O’ESn
Lemma D.9. The anti-symmetrization operator maps any element in
Q% (A) to a cycle in Cy(A).

Proof. We let b act on the right hand side of (D.19). Omitting the
constant %

D b (a0 @ agn) @ @ agm)) =
o€Sn

n—1

Y o) (1Y ar ® - @ ao(jyn(ir) @+ © Go(my+ (D.20)
g€Sn,j=1

(1) 005 (n) @ Ag(1) @ -+ ® Ag(n_1) + Q00x(1) © Ug(2) @ -+ D Ag(m)] -
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Let us start with evaluating the last two terms in equation (D.20). They
differ by the permutation i — i 4+ 1, which has (—1)"~! as sign. Therefore
the last two terms cancel. For fixed j, the first term in (D.20) contains
identical terms for half of the permutations. Since A is commutative, also
this terms equates to zero. This implies A, (Q7, (A)) C Z,(A). O

Does A, also descend to the homological level? That would be the case if
from the equation A, (c) = ba for each a € C,,41(A) it would follow that
¢ = 0. We establish this as follows. Let ¢, : Z,(A) — Q7 (A) be the map

en(ag® a1 ® -+ ®ay) =apday A -+ A day,. (D.21)
We have the identity
En O An = idQZb(A)' (D22)

We evaluate &,,_1(ba) for a € C,,(A):

en—1(ba) = apardag A - - A dan+ (D.23)
n—1
Z(—l)jagdal VANERRIVA d(aja]qu) A Adap+ (D.24)
j=1

(=1)"apaoday A -+ A dap—1.
Let us examine this sum term-by-term:

—agaidas Adas A --- Nda,, — agasdal A -+ A day, =1
+ agasday N dag A - -+ A da, + agagzday A das A -+ A day, (j=2)

(_1)n_1aoan_1da1 A ANdan_o Ndap+
(—1)”_1aoanda1 A ANdan—1 (] =n— 1)

The above calculations illustrate that pair-wise the terms in (D.23) vanish.
In summary:

Lemma D.10.
en t HHy(A) — Q7 (A)) (D.25)
18 a morphisms of A-modules such that
HH,(A) = Q7 (A) @ kere,. (D.26)

For arbitrary unital and commutative algebras over the complex numbers,
kere,, # 0. However, there is a very important case in which the kernel
does vanish. From [32, Ch.4 & App. E|:
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Theorem D.11 (Hochschild-Kostant-Rosenberg-Connes theorem). For
A =C>®(M), with M a compact, boundaryless manifold:

HH,(A) = Q) (A) (D.27)
as symmetric A-bimodules with A, implementing the A-module
isomorphism.

Moreover:

HHJ(A) = Q%(A) (D.28)

as graded commutative algebras.
We will refer to this as the HKRC-theorem.

Using the additional structure of a graded algebra on the Hochschild
homology groups, we can go a step further.

Corollary D.12. Denote with A = {A,;n € N}. This collection of
A-module isomorphisms is a grading preserving algebra isomorphism

HHJ(A) = 0%, (A). (D.29)

Proof. Grading is preserved as a result of the HKRC-theorem. We check
the algebra morphism property of the map. Let

ap = apdar A -+ Nday € QF, (A) and ag = agdapi1 A -+ Adapyq € QL (A).
Let n=p+q.

Sty (play), Aylag)) = —

raittea | 2 (0Nt @ @ gy,

o’'eSp

" /
Z €(07)apaor(p11) @ -+ @ Ugrr(pg)
€S,

1
- Z 6(7’ o T/)a0a6aT(T/(1)) R Q aT(T/(p+q)). (D?)O)

/€Sy x Sq, TS
We shall need to show the following two results.

1. S, and S o Sp x Sy are identical as sets.

Proof. By definition, S? 0 S, x S, C S,.
Take some o € S,,. Let a € S, such that a orders the set

{o(1),...,0(p)}, ie., o(a™t(1)) <o(a™1(2) <... <a(a"L(p).
Define analogously 8 € S, such that 8 orders

{o(p+1),...,0(p+q)}. Let

o — a(7) 0<i<p
Tl Bli-p)+p p+1<i<p+q
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Implying x € S, x S;. The permutation 7 = o o k! satisfies
7ok = 0. By definition, 7 € S,gp’Q), showing 5,, C Sﬁlp’q) oSy x 8.

O

2. For each o € S,, there are (';) combinations T € szp a) and
7' € S, x Sg such that 0 =707,

Proof. As shown in the previous proof, the expression for 7 depends
completely on the choice for 7/. Since 7 is a (p, ¢)-shuffle, the identity
o =7 o7 is in fact determined by the images {7/(1),...,7'(p)}.

There are exactly (;) ways to choose the first p values of 7/ out of
P+ g = n elements. O

The equality

shp,q(Ap(ap), Aglag)) = Apiqlap A ag) (D.31)

now follows directly from the two results obtained above.

Before introducing the Hochschild cochain complex, we first describe a
general method to create cochain complexes from a chain complex.

Definition D.13. Let C be a chain complex with boundary operator 9 and
chain groups C,, freely generated over some Abelian group. Let G be any
Abelian group. Define C™ as the dual space of C,, with respect to G, i.e.,

C" = Hom(C",G) ={p : C" — G, ¢ is a group morphism}. (D.32)
Let d: C™ — C™t1 be the map defined by
(dip)(c) = 9(9c) Vo € C™ L, Ve e Cpyy. (D.33)
Then d defines a coboundary map which turns (d,C*) into a cochain
complex. De cohomology groups of this cochain complex are defined as the
quotient of Z" =kerd : C"* — C"*! and B" = imd : C"~! — C™.
The other way around a cochain complex defines a chain complex.

However, note that in general:

Homg(H,(C,G)) £ H"(C,G). (D.34)
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Example D.14 (de Rham currents). The collection of de Rham
currents of degree k are the continuous C-linear maps Q];R(M) — C.
Their collection is denoted with QI (M). We represent the action of a
k-current C on wy, € QXL (M) by

/wk. (D.35)

C

The boundary map is denoted by

/Wk—l = /dwk_l Wp—1 € Qsél(M). (D.36)
aoC C

When a current lies in the kernel of the boundary map, we say it is closed.
Also the exterior algebra of Kéhler differentials has a dual formulation.

Definition D.15.
Q(4) = Home(9,(4), C). (D.37)

Let QZ°(A) be the anti-symmetrization of Q(A). It is a graded differential
algebra.

Definition D.16 (Hochschild cohomology). The Hochschild cochains
of A are defined as the cochain complex consisting of the chain groups:

Ck(A) = Hom (A®k+1, <c) vk € N. (D.38)

The coboundary operator is also denoted by b and is defined as
(bp)(a) = ¢(ba) for a € Cx(A) and ¢ € C*~1(A). (b, C*(A)) is a cochain
complex. We call its cohomology the Hochschild cohomology.

Theorem D.17 (HKRC-theorem, dual version). Take some ¢ € C*(A).
The association ¢ — Cy defined as

1
/aoda1 A+~ ANdag = Tl E(,B)(ﬁ(a(), ag(1), - - - ,aﬁ(k)) (D.39)
C¢ ’ ﬁesk

yields a k-current Cy € Q%(A). This map induces an isomorphism of
symmetric A-bimodules

HH*(A) — Q¥ (A) (D.40)
and an isomorphism of graded algebras

HH*(A) = Q% (A). (D.41)
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Proof. By definition, Cy is a linear map over QflR(M ). Similar to our proof
that A, descends to the homological level, this map induces a map on the
cohomological level. The HKRC-theorem then shows this map is an
isomorphism of symmetric A-bimodules. The algebra isomorphism now
follows from corollary D.12. O

Remark D.18. We denote the inverse map of ¢ — Cy by C'+— ¢¢.
There is also an anti-symmetrization map within the Hochschild cochains.

Definition D.19. The anti-symmetrization map is denoted by
Ay C"(A) — C™(A) and is defined by

1
Aan(ao, ceey an) = E Z e(ﬁ)gp (a,(], aﬁ(l), ce ,aﬁ(n)) . (D42)
" BES

Corollary D.20. Let ¢ € Z™(A):
[Anp] = [p] € HH"(A). (D.43)

Proof. by = 0, so in particular for every term of (D.42) the action of the
coboundary operator equals zero:

by (ao,aﬁ(l), ey aﬁ(p)) =0 vges, =
App € Z™M(A).

To show that the difference of ¢ and A, is zero in Hochschild cohomology
we use the dual version of the HKRC-theorem.

1
/ apdai N --- ANda, = o] Z €(B)Ane (ao, ag(1), - - - ,aﬁ(n)) =

CAn(P ) BESH
11
i Z e(a)e(B)¢ (a0, an(p)): - - -+ Qa(pn)) =
a,BES,
1
I Z e(a)p (ao, Aa(1)s -« aa(n)) = /aoda1 A= Ndap.
’ aeSn Ccp

This hold for all choices {aq,...,ap}, so Ca,, = C, € QgR(M), implying
0] = [Anep] € HH™(A). ]
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Appendix E

Cyclic cohomology

In what follows, let A be a commutative, associative and unital algebra
over the complex numbers and let M be a compact manifold.

Now that we have made the step of casting the de Rham (co)chains into an
algebraic mold we are naturally interested in taking the next step: what is
a proper algebraic description of the de Rham (co)homology groups? We
shall concern ourselves solely with the de Rham homology groups, and in
particular with the direct sum of the even and the odd ones:

Ht, (M) = €D Hy' (M); Higo(M) = (D Hi (M),
k k

These groups are Abelian with respect to the same addition as in the de
Rham homology.

It would be tempting to formulate the algebraic equivalent of the de Rham
homology by finding a suitable boundary operator on the Hochschild
cohomology groups and showing the cohomology it yields to be identical to
the de Rham homology. Though we are able to cover some ground with
the operator

B: CKA) = CF (A, (E.1)

to be defined in theorem E.7, this operator, however, does not do the trick
(see [32, Ch. 2.3]).

The author is not aware of any (co)boundary operator on the Hochschild
(co)homology groups which does.

We are interested in cyclic (co)homology since it enables us to define a
noncommutative equivalent to the Chern character isomorphism, its
domain and its range. In the commutative case, the Chern character map
happens to take its values in the even and odd de Rham cohomology
groups. The noncommutative equivalent to the Chern character
isomorphism is used in chapter 3, where we will discuss the
noncommutative integral.
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Before delving into an algebraic description of the even and odd de Rham
homology groups we will first discuss some general results of homological
algebra.

E.1 Algebraic preliminaries

Definition E.1 (Bicomplex). A collection of left-A-modules
{CP4Cpa=0Vp <0 & Vg <0} is a bicomplex, or a double complex,
when there are two boundary operators

dy . CP9 — Pl the horizontal coboundary operator, (E.2)

dd . P — cratl the vertical coboundary operator, (E.3)
such that

P odl =dit o dd = {d¥,dl} = 0. (E.4)

As customary, we drop the notation of the index for the horizontal and
vertical boundary operators when their actions are identical for each pair
(p,q). Write C** = CP1.

p.q
This definition translates naturally to the case when the CP4 are
right-A-modules or A-bimodules.

A bicomplex contains an infinite but countable number of cochain
complexes which can be found by respectively fixing p or ¢ in the
bicomplex. There is also third type of cochain complex, supported on the
diagonal.

Definition E.2 (Total complex). For any bicomplex C*® define

(TotC**)" = & CP1, the n-th cochain group of the total complex
p+g=n
(dp + dy, Tot(C**)).

We will need the following useful lemma about the cohomology of the total
complex. From [5, Ch. 14], [32, Ch. 1.0]:

Lemma E.3. Let {H,(C*Y9);q € N} be the collection of horizontal
cohomology groups. Assume that for all ¢ # 0 they are zero. Set
K™ = Ho(C™*). Then

(TotC**)" = H"(K*,d,). (E.5)
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Let us quote a famous theorem [36, §24] about chain maps.

Lemma E.4 (Zig-zag lemma). Let (d,C), (d',D) and (d",E) be chain
complexes. Denote the p-th homology group of the complexes by
H,(C),Hy(D) and Hy(E), respectively. Assume there is a short exact
sequence of chain complexes

0—C—2op-—tog—p. (E.6)

Then for each p € N there is a long exact sequence

e Hy(C) Y (D)~ Hy(€) — - Hy 4 (C) —= - (BT

with 1, ps are the equivalence classes of 1 and ¢ in respectively H,(D)
and Hy(E), and d., is induced by the boundary operator d'. Here d., is
called the connecting morphism.

There is also a zig-zag lemma for cochain complexes. In that case, the
degree-lowering map d., in equation (E.7) is replaced by a degree-raising
map of order 1 and all arrows of equation (E.7) are reversed.

E.2 The map B

As announced before, we do not have a completely algebraic formulation of
the de Rham (co)homology groups. However, we can find a map whose
action coincides with the boundary operator in the de Rham (co)homology.
We discuss it apart from the theory of cyclic (co)homology in this separate
section.

Definition E.5. Let B : C¥(A) — C*1(A) be the map

B(rb(a(% LR ak—l) = ¢(17 ag, - - -, ak—l) - (_1)k¢(a0) sy k-1, 1)

Lemma E.6. Under the HKRC isomorphism (D.27), (D.28)
(?V: QR(M) — QIR (M) corresponds to
B: HH*(C>(M)) - HH*1(C>(M)).

Proof. Take C' € Q4E(M). Then

Boc(ag, .. ap—1) = ¢c(1,a0, ..., ap_1) = /dao Ao Ndag—y =
8,

/aoda1 A - -dak—1 = dgclag, ..., ax_1). (E.8)
ocC
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However, from the skew-symmetry of the integral and the fact that any
element of the form ¢(ag,...,1,...,a,) maps to 0 (due to the fact that
d(1) = 0), we see that we are able to add several more terms to B without
spoiling property (E.8). Let us therefore extend B:

Theorem E.7. For A= C>®(M), define B : C*(A) — C*~1(A) by:

Be(ag, ..., ax) = (—1)j(k_l)g0(1, Qj, .y Q1,00 - -, 0j—1)+
J
(—1)(j_1)(k_1)cp(aj, ey Qf—1,00, ..., aj_l, 1)

E
—_

Il
o

Then O corresponds to %B.

Proof. Just as in the previous lemma, this can be seen by writing out Bpc
under the correspondence ¢ <+ C,. The last term in the expression of
Byc is zero (see the introduction to theorem E.T). Let us calculate the
remainder:

N
—_

(—1* Vo1, a;,...,a5-1,a0,...,aj-1) =

ES
Il
=

(—1)j(k_1) /daj A+ Ndag_1 Ndag N -+ A daj_l =
Co

<.

k [ dag A--- Ndag—1 = kpsc(ag, ..., ak—1),

since j(k — 1)+ j(k — j) = 2jk — j(j + 1), which is even for all
combinations j and k. O

E.3 Cyclic cohomology

We now delve into the theory of cyclic cohomology and show how cyclic
cohomology relates to the even and the odd de Rham homology groups.
The setup of this section is as follows. First, we define cyclic cohomology
using a certain bicomplex. Second, we define cyclic cohomology as a
subcomplex of the Hochschild chain complex. We then show both
definitions are equal. The reason for this approach is that in the last part
of this section, in which we show how cyclic cohomology relates to the de
Rham homology, we use techniques which are best explained using one
definition, and several techniques which are best explained using the other.
We start by defining cyclic cohomology through the so-called cyclic
bicomplex.
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Definition E.8 (Maps in cyclic cohomology). The building blocks of the
bicomplex are given by the Hochschild cochains groups.

CPI(A) = CI(A). (E.9)

Before defining the complex in full we introduce several maps between
Hochschild cochain groups. Let A\, N : C"(A) — C"™(A) be given by

Ap(ag, ... an) = (=1)"p(an, ag, - ., an-1) (cyclic permuter); (E.10)

N = Z)\i (cyclic skewsymmetrizer). (E.11)

Let furthermore b/ : C"(A) — C™T(A) be the truncated Hochschild
boundary map, which equals b : C"(A) — C"1(A) without the last term:

n

Vplag, ... ant1) = Z(fl)igp(ao, ey Qg Ty ey Qpg),s (E.12)
=0
r=b-"0. (E.13)

And lastly, we define the maps s,s', B : C"t1(A) — C™(A) for n >0 by

sp(ag, ... an) = p(1,a9,...,a,) (1** degeneracy operator);
(E.14)

s'o(ag,...,an) = (—=1)"p(ag, ..., an,1) (2" degeneracy operator);
(E.15)

B=Ns'(1-2)) (Connes’ boundary map).
(E.16)

Forn =0 we put s =5 =0.

Connes’ boundary map B is the same operator as the one corresponding to
(n +1)0 in the special case that the algebra A is equal to C*°(M): in
theorem E.7 it was explained that composing B = s'(1 — \) with any cyclic
permutation (or even the sum of all possible cyclic permutations) does not
change the value the integral takes due to the skew-symmetry.

Let us relate the cyclic permuter, the truncated boundary map and 7.

Lemma E.9. The maps b,b' : C"(A) — C"1(A) equal to

Vo= MNrah (E.17)
=0
n+1 ) .

b= Xrx~l (E.18)
=0
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Proof.

(=1)%p(ag, - - -, i@ 1, - s ant1) = (1) No(ajairq, ..., ai1) =
(_1)i+ni+n+1)\imp(ai+1’ cees 41,00, - - -, CLZ‘) =
(_1)i+ni+n+1—(i+1)(n+1))\ir/\—i—l(p(ao, e angn).

Since i +ni +n+1—1in—i—n+ 1 =2, the sign equals +1.

The last statement follows from the observation that A»™! =1 in C"T1(A)
and A" =1 in C™(A). O

We now shows how CP4(A) = C?(A) defines a bicomplex.

Lemma E.10. The diagram

(E.19)
b b’ b —b
b =V b -
1-X N 1-A N

cl(A) 2 01(A) s o1 (A) =2 ot (A) s

b =v b -

C°(A) A CO(A) —= CO(A) A=A o) N~ ...

defines a bicomplex C**(A), called the Tsygan double complex or the
cyclic bicomplex.

Proof. We realize that AN = N, showing the rows of the diagram form a
cochain complex. A careful calculation of (b')? shows it equals zero, so
together with the fact that b2 = 0,a we now have shown that the columns
are cochain complexes. This leaves us with showing the diagram is
anti-commutative, i.e. bN = Nb' and (1 — A\)b = (1 — ). We now make
use of lemma E.9.

PA =AY =) NpAT = XA T =
1=0
n+1

En: ANPAT = N AT = = AT
=0 =1

In C™(A), A"t = X, In C"*F1(A), A="~! = 1. Hence the latter equals

X=X = (1= X\)r & (E.20)
VA-1) =M= =1=-XNr < VI -=X=(1-Mb
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Finally, using lemma E.9 as well,

n+1 ' ‘ n+1 .
bN = Z Np NN = Z AN = NrN =
1=0 1=0

n n
NrY X'=N> A7 M =NV,
=0 1=0
bearing in mind that N\ = N for each j.

An important property of the cyclic bicomplex is that its odd columns
have trivial cohomology.

Lemma E.11. The cochain complex {(—b',C"**(A)) ;n € N} is acyclic.

Proof. Let us start remarking that

n+1
(_b/) © (—S)gp(ao, R an) = Z(—l)lw(l, A0y ooy QiQjg1y .- ,an) =
=0

n
o(ag, ..., an) + Z(—l)”lcp(l, A0y vy it 1y - o Opy) =
=0

(1 —(=s)o (_b/)) w(ag,...,an) =
bos+sob =1.

This shows that the map —s is a chain homotopy between the identity and
the zero map on the cochain complex, showing the cohomology of the
complex is zero. ]

Corollary E.12.
1-=A=0bs1-X\)+5(1-Ab. (E.21)
Proof. Using lemma E.10:

V1-XN=(1-\b =
VB + Bb=bs(1-)\)+sb(1—N).

Using the same strategy as in lemma E.11 we see that b's’ + s’/ = 1. O
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Corollary E.13.
Bb+bB = 0. (E.22)
Proof. Applying the previous corollary:
0=N(1—-X)=NVs(1—-X)+Ns(1—Ab=0bB+ Bb. (E.23)
O]

n .
The total complex Tot™(C**(A)) = @ C*(A) is a cochain complex, whose
i=0

cohomology is called cyclic cohomlology. The n-th cohomology group is
denoted by HC™(A).

The reason for defining cyclic cohomology in this way (there are other
ways, as we shall see shortly) is that we can apply the zig-zag lemma to
get a crucial result. From [21, H10]:

Theorem E.14 (Connes’ long exact sequence). There are maps
I, : HO™(A) — HH"(A), B, : HH"(A) — HC"'(A) and
S, : HC""Y(A) — HC™ L (A) such that

HOY(A) —2 HHM(A) — 2 Hom1(p) — 5~

HOM™ L (A) —2 HHM L (A) —— -+
(E.24)

Sketch of proof. Define the map S : Tot™(C**(A)) — Tot™2(C**(A)),
called the periodicity morphism, on pure elements as

S(po @1 ® ..., 0n) = (0@ ... D, 0@ 0) € Tot""2(C**(A)), (E.25)

and extend by linearity. From the periodicity of the cyclic bicomplex one
can infer that S is a cochain map.

The map which takes S’s image as its kernel is the map

I: Tot"™2(C**(A)) — C"TLO(A) @ C™+21(A) defined as

I(po @ ... ® Pnt2) = Pni1 D Pny2. (E.26)

Were we implicitly have assumed that n is odd. When n is even, the image
of I lies in C"*LH(A) @ C"T20(A). Assume n is odd for the moment.
{On*10 @ C"+2.11 is the direct sum of two cochain complexes. The first
has b as its coboundary map, the second one has —b’ as coboundary map.
It can be shown that I is a cochain map as well [21, 10.1]. Hence we have
obtained a short exact sequence between the following three cochain
complexes. The first two are the cochain groups {Tot™(C**(A))} and
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{Tot"*2(C**(A))}, both with the cyclic cohomology as cohomology. The
third is the cochain complex {b® —b', C*°(A) & C*(A);n € N}, by
lemma E.11, has the Hochschild cohomology of A as its cohomology. In
other words, we have obtained the following SES of cochain complexes:

0—=CC* —2=cc*s —L oo g o0t —0 (E.27)

The required result now follows from the zig-zag lemma.
O

We shall describe the morphisms in Connes’ exact sequence (E.24) in more
detail. In what follows, we shall identify I with I, and S with S,.

First, the notation suggests that the connecting morphism B, equals
Connes’ boundary map extended to the domain of the Hochschild
cohomology groups. That fact is verified in [21, Ch. 10.1].

Second, we can find an alternative description of I. For that we define
cyclic cohomology differently. In this approach, we regard the cyclic
cochains as a submodule of the Hochschild cohomology groups.

Definition E.15. The collection of cyclic cochains C}(A) C Cy(A) is
the submodule defined by Cx(A) = ker(1 — X). Euzplicit calculation shows
that

[b,\] =0, (E.28)

showing (b, C¥(A)) is a cochain complex. Its cohomology is also called
cyclic cohomology. Let Z3(A) and BY(A) be the cyclic cocycles and
the cyclic boundaries, respectively. Denote the inclusion map by

1: CY(A) = C™(A).

To emphasize the distinction between elements in the cyclic cohomology
and elements in the ordinary Hochschild cohomology, we shall write

(¢l € HCM(A).

This prompts us to verify the following:

Lemma E.16. The cohomology of the total complex of the cyclic
bicomplex equals the cohomology of the cyclic cochains.

Proof. Append the cyclic bicomplex (E.19) with the cyclic cochain
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complex as follows:

(E.29)

b b v b v
2 L2 1=A 2 N_ 2 1=A 2 N

CX(A) —= C*(A) —= C*(A) —= C*(A) —=C*(A) ——=

b b v b —v

CLA) —= C1(A) 2 o1(a) s ol a) A oAy s

b b - b -v

CE(A) 4Z>00(A) 1;)\>CO(A) Lco(A) 1;)\>CO(A) L) ...

We wish to apply lemma E.3 to this new bicomplex. To that effect we

show that the rows of the above diagram are acyclic cochain complexes.
Define two maps h,h' : C"(A) — C™(A) by:

n

1 » 1
= - 2% n = id. E.
— ;z & T (E.30)
These maps satisfy:

R'N 4+ (1 —\h = ! f U En N f it

n—I—lZ,: n—i—li: n+1i:1
1 1 < . .
= id — > (= DN = (i — DA + A =id.
T n+1i:1(z ) (=1 +n i

Since h and h' commute with A, also
NK + k(1 - X) = id.

Therefore, h and h' ensure the identity map of C™(A) is homotopic to the
zero map, hence the p-th cohomology groups of the horizontal cochain
complexes are all zero for p > 0. Then apply lemma E.3 to see that the
cohomology of the total complex is equal to the cohomology of the first
vertical cochain complex. ]

Remark E.17. The explicit isomorphism of lemma E.16 is simply given
by

on €CY(A) = 0808 ... ¢, € Tot"(CC(A)). (E.31)

See [32, Thm. 2.1.5].
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Corollary E.18. On the cohomological level I =1, where I is the
morphism in Connes’ exact sequence (E.24) and 1 is the inclusion of cyclic
cochains into Hochschild cochains.

We now demonstrate the main result. The relevance of the cyclic
cohomology groups is that in the case A = C°°(M), for some compact
manifold M, we get a very useful relationship between the cyclic
cohomology groups and the de Rham homology groups. For all £k € N

Theorem E.19.

HCHA) = zIR (M) P HF(M). (E.32)
i;k—2i€{0,1}

Proof. Take some [¢]y € HC*(A). We need to infer that the image of
¢ € Z¥(A) under the map ¢ — C, is closed in the de Rham homology.
Here B plays a decisive role:

k—1
B@(a0> B ak—l) = (_1)](k_1)@(17 Qjyevoy Qk—1,005 -« - ajfl)—i_
=0
(— 1)( Dk~ l)gp(aj, ey Qk—1,00, ..., 05-1,1) =
k—1
i(k— 1) 1 aj,...,ak_l,ao,...,aj,l)Jr

“M

—1>< D41 ay,

—~

k1,00, - -+ Qj—1).

The difference j(k—1) —(j —1)(k—1) —k =k —1—k = —1, so the terms
in the sum cancel pairwise. Hence By = 0 on cyclic cochains, so according
to theorem E.7, C, is a cyclic de Rham current.

According to the dual version of the HKRC-theorem, theorem D.17:

~ Z (a0, agys- - - ag)) = Ar(p) € HH(A).
BESK

A logical step is to calculate their difference in cyclic cohomology, since it
does not necessarily follow that the two terms are also
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cyclic-cohomologous. Hence we shall verify first that Agy is cyclic as well.

1
/\Akgo(ag, ‘e ,ak) = E Z e(ﬁ)(—l)kgo(ag(k), A0y vy aﬂ(k,l)) =

" BESK
(-1
il Z 6(5) aﬂ(k)dao VANREIWAN daﬁ(k_l) =
" BESK Cy
(-1
o > e(B) [ dlaggao) A+ Adagg_1)—
" BESK C
(-1)F
o Z e(B)aodag(k) A -+ A dag—1).-
- Besy

The first term in the last expression is zero, since dC, = 0. In the second
term, moving the dag(y) behind dag,_1) requires k£ — 1 interchanges, thus
adding an extra term (—1)¥~!. This compensates for the factor —(—1)*
and we see that the above expression equals Agp, showing Ay is cyclic.
The above can be neatly summarized by the expression

Ilp — Applr = 0.
According to Connes’ periodicity theorem, theorem E.14, there is a
[Y]a € HC§72(A) such that S([¢]y) ~ ¢ — App € HCF(A). We now repeat
the process for ¢, implying ¥ — Ag_op = S([¢)'])), so
¢ = App + S([¥]n) mod BY(A) =
App + S([Ar—ap + S([¥]1)]) mod By(A) =
A+ S (Arop mod BE2(A)) + S2([W,)

Now ker S = imB, so the the formula reduces to

¢ =App+ S (Ap—20) + S* ([¥'])) -

By repeating this procedure we arrive at the following expression:

p= Y. F(Argp) mod Bi(A).
j=0;k—25€{0,1}

Aj_2j maps to a closed current in Q‘g}fgj(M), just as ¢ does. The

mapping is unique up to a boundary B§72j (A), which corresponds to a
boundary da € 92132 ; 41 (M). Hence every [A_2;jp]) uniquely defines an
element in the de Rham homology. Denote the current obtained this way
by C, with Cy, = C,,. This induces a map

k—2j
k—2ic{0,1}
wi, : HC*(A) — ZI® (M) @ H{%,, (M),
=1
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defined as:

k—2j€{0.1} k—2j€{0,1}
[ola = Z (57 (Ak—20)] = C, @ EB [Coors;] s
j=0 J=1

by remarking that Cy,, = C,, as we have proven earlier.

Here wy, is injective by construction. To prove surjectivity, take some

[Ce] € HgE{Qj(M). Then C¢ — & € HH" %/ (A) by the HKRC-theorem, so
[S9(€)] € HH*(A). The fact that C¢ is closed shows £ is cyclic (this is the
same computation we have done above), hence [S7(£)]y € HC*(A), since S
takes cyclic cochains to cyclic cochains by the periodicity theorem.
Applying the same construction to [S7(€)]x as to [¢],, we see that the
image of [S7(€)]x under wy, has no components in the homology groups
HH{R, (M) for i < j other than C¢ € HH,?E{Q]- (M) (for the reason that
ker S = imB). The terms in the lower-dimensional homology groups are
zero as well, since £ is a closed current. This shows that every element in
the right hand side of equation (E.32) has a unique pre-image in

HCK(A). O

Let us set #k to be zero when k is even, and one when k is odd.

With the help of the periodicity morphism, the above can be restated in a
more elegant way. Note that the set of even cyclic cohomology groups and
the set of odd cyclic cohomology groups form two distinct directed
systems, with powers of S as morphisms connecting the directed set of
Abelian groups. Using the definition of S (E.25) together with the
isomorphism of theorem E.19 we see that

C‘Pk + [Cﬂok72] ..ot [C<P#k] =0+ [CS%] + [C@k—2] +.o..+ [Cso#k]v (E,33)
under the action of S. This leads us to our final conclusion.

Corollary E.20. Let A = C°°(M). Define the two periodic cyclic
cohomology groups as:

HPY(A) = lim HC?*(A) &  HPYA) = lim HC?* 1 (A).  (E.34)
Then
HPY(A) = HIE (M) &  HPYA) =~ HY, (E.35)

where the isomorphism is an isomorphism of algebras over the complex
numbers.
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Appendix F

K-theory

In this appendix we briefly review the elementary properties of topological
and C*-algebraic K-theory, and quote some important results. This
material is taken from [1], [2] and [21]. Next, we define what is meant by
connections and curvature, and finish with giving the relationship between
C*-algebraic K-theory and the odd and the even de Rham cohomology
groups. Connections are used to define the Dirac operator in chapter 2.
Let X be a compact Hausdorff space.! To X we can associate a set of
Abelian groups in such a way that this association only depends on the
topology of X. Namely, let X,9) be two continuous complex vector bundles
on X. We define an equivalence relation on the set of continuous complex
vector bundles by saying that X ~ g) if and only if X and 2) are isomorphic
as vector bundles.

The first topological K-group of X, KY(X), is obtained as follows.
K°(X) is the Abelian group with one generator for every equivalence class
of continuous complex vector bundles. The group operation is defined as
follows:

X[+ =xel, (F.1)

where the sum on the right-hand side of (F.1) is the Whitney sum of
vector bundles.
The association K°: X + K°(X) has the following properties:

e The tensor product of two vector bundles determines a ring structure
on K°(X);
e KU is a contravariant functor from the category of Hausdorff and

compact topological spaces to the category of Abelian groups;

o If X XV are two homotopic compact Hausdorff spaces, then

Ko(X) = Ko(Y).

'Note that most of the following definitions also apply to more general topological
spaces as well.
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The Serre-Swan theorem [52] states that for each complex and continuous
vector bundle X over a fixed base space X, we can uniquely associate a
finitely generated projective C'(X)-module.? Let A = C(X). The
Serre-Swan theorem then implies I'(X, X) is isomorphic to pA™, with p a
projection in the matrix algebra M, (A), for some integer n. Can we fully
characterize the vector bundle by the projection p? Let us make some
observations. Each projection p € M, (A) defines a projection

P € My1(A) by

P = | e Munia). (F.2)
0 --- 0

We want to associate both p and p’ to X, since we want to regard them as
inherently identical. It therefore make sense to define an equivalence
relation on the set of k-times-k A-valued matrices by declaring A ~ B if
and only if B contains A in the upper-left corner and has zeroes
everywhere else (or vice versa). Furthermore, the choice of p should not
depend on the isomorphism I'(X, X) = pA™. In fact:

Lemma F.1. Let ¢ : pA™ — qAF be a module morphism, with q a
projection in My(A). Then there is a unitary u € Myaxin k) (A) such that

p = uqu™. (F.3)

Proof. Let m be the dimension of pA™. We choose a base in M,,(A) such
that p is represented by the diagonal matrix with elements

i ={ o L (F.4)

Give or take a few rows and columns containing only zero’s, ¢ can be
represented in My (A) in an identical manner. Otherwise, pA™ and qA*
could never be isomorphic. Now take m = max{n, k}, and imbed pA™ and
gA¥ in A™. There are two unitary matrices U,V € M,,(A) that
respectively diagonalize p and ¢ in the previous manner. The diagonal
form of p and ¢ exactly coincides on M,,(A), so

UpU* =VqV* & p=U"VqV*U. (F.5)

Now set u equal to U*V, so that p = uqu*. O

2Note that the converse, i.e., that we can uniquely associate a complex and continuous
vector bundle to a finitely generated projective C'(X)-module is, in general, not true.
The converse does hold by mapping the modules to a certain equivalence class of vector
bundles. See [52] for more detail.
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These observations motivate the construction of the C*-algebraic
K-groups.

Definition F.2 (Ky). Let A be a unital (not necessarily commutative)
C*-algebra. Form the set M,(A) = {M,(A);n € N*}. Then M,(A) is
ordered by inclusion of My,(A) < M, (A) by putting M,,(A) in the
upper-left corner of M, (A) (assume m < n). It forms a directed system of
complex algebras. The category of complex algebras has direct limits, so we
can define

M(A) = lim M, (A). (F.6)

This simply consists of arbitrarily large matrices with entries in A, of
which only a finite number of entries are nonzero.

Let U(A) be the set of unitary elements of M(A) and let U(A) act on
M(A) by conjugation. Define Ko(A) as the group freely generated by
equivalence classes [p] of projectors in M (A)/U(A) (i.e., for two projectors
p,q € M(A), p~ q if and only if p = uqu* for some u € U(A)), together
with the relation

] +d =[pedl (F.7)

Note there is also an equivalent formulation of the equivalence relation
defined above. We say p ~ q when there is a path of projections
{e: € M(A)} such that eg = p and e; = q.

Before continuing we define what is meant with saying that two unital
C*-algebras A and B are homotopic.

Definition F.3 (Homotopic C*-algebras). Let ¢,1 : A — B be morphisms
of C*-algebras. They are said to be homotopic morphisms when there is
a collection of morphism {®; : A — B;t € [0, 1]} with the following
properties:

o Oy =
o O =1
o The map t — Dy(a) is in
C([0,1],B) ={f:[0,1] = B, f continuous} . (F.8)
We write ¢ S .

Now, A is homotopic to B when there are morphisms o : A — B,
B:B — A such thataoﬁr’ilA andﬁoaﬁalg.
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We now continue with discussing the properties of the association
A Ky(A). Not surprisingly, Ky has virtually the same properties as the
topological K-functor.

e The direct sum of two projections defines an Abelian group structure
on Ky(A);

e The tensor product of two projections turns Ky(A) into a ring;

e K((A) is a functor from the category of unital C*-algebras to the
category of rings;

e If A~ B are homotopic as C*-algebras, then Ky(A) = Ky(B);
o Ko(C(X)) =2 KY(X).

From the properties of the topological K-groups it is apparent that the
association depends solely on the way the continuous vector bundles twist
around the topological space. One could therefore expect that it would
make no difference if we would consider smooth vector bundles instead.
This turns out to be the case. Topological K-theory extends trivially to
equivalence classes of isomorphic smooth vector bundles, which yield the
same Ky-groups. Algebraic K-theory is also applicable to pre-C*-algebras,
of which C*°(M), where M is a smooth and compact manifold, is an
example. See section 2.2 for the definitions. The main result, quoted

from [21, Ch. 3.8], is as expected:

Theorem F.4. Let A be a pre-C*-algebra and let A = A be the (unique)
C*-algebraic closure of A. Then

Ko(A) 2 Ko(A). (F.9)

The analogous result in topological K-theory now follows from the
identification Ko (C*(M)) = K°(M), or may be proven directly.
Next, we discuss a concept related to projections in matrix algebras of
pre-C*-algebras.

Definition F.5 (Connections). Let A= C(M) for some compact
manifold M, and fix a projection p € My(A). A connection is a C-linear
map defined as follows:

ViA=L, (N=1),V:pAY = pAY @4 QL (A) (N #1), (F.10)
such that for all s € pAN and a € A we have

V(sa) = (Vs)a+ s ® a. (F.11)
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A connection V is said to be Hermitian if for all s,t € pAN
(87 vt)A + (VS7 t).A = d(87 t)A

where (-,-) 4 is the A-valued sesquilinear form that makes p AN a
right-A-pre-Hilbert module and d is the de Rham coboundary (or the
exterior derivative, if you wish). See appendiz D for more background
information.

The familiar fundamental theorem of Riemannian geometry takes a very

tangible form in algebraic language. As a result of [21, 8.14]:

Lemma F.6. Let X be a complexr smooth vector bundle over M such that
I (M,X) = pA™ for some projection p € M,(A). Then every Hermitian
connection on X is locally of the form

Vs =pds+ as

for any smooth section s of X and skew-adjoint o € pM,(QL,(A))p.
When X =T M 1is the tangent bundle, the Levi-Civita connection V9 is
obtained by setting « = 0 (i.e. the connection is torsion-free).

This prompts the following generalization.

Definition F.7 (Generalized Levi-Civita connection). Let X be a complex
vector bundle over M dual to pA™ for some projection in My (A), with
A= C>®(M). The generalized Levi-Civita connection is the
connection that is locally given on sections s of X by

Vs = pds. (F.12)

Let A= C*(M) with M some compact manifold. The classical Chern
character [21, Ch. 8.4] implements isomorphisms

Ko(A) ®z C = Hgg " (M), (F.13)
Ki(A) @7 C = H33(M). (F.14)

These isomorphisms are roughly constructed as follows. One takes a
projection p € M, (A). This projection defines a generalized Levi-Civita
connection. One can then show that the map

ch: M, (A) = Qg (M), (F.15)
ch(p) = Z %Tr [p(dp)%} , (F.16)
k=0 "

with d the exterior derivative, defines a de Rham cochain and is stable
under both types of equivalence classes in the definition of the algebraic
K-groups (i.e., the direct limit and the equivalence up to adjoint action
with a unitary operator).

In the next section we will encounter a noncommutative variant of the
Chern character.
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Appendix G

Fredholm modules and cycles

In this appendix we discuss Fredholm modules and the cycles that arise
from these. Next, we discuss the Chern—Connes character, which links
algebraic K-theory with cyclic cohomology, similar to the classical Chern
character (see appendix F). In chapter 3 we show that any commutative
spectral triple defines a Fredholm module. The fact that this Fredholm
module, in turn, defines a cycle is pivotal to the construction of the
noncommutative integral. Part of the theory of this appendix is also
relevant to the material developed in chapter 5.

We start with defining Fredholm modules.

Definition G.1 (Fredholm modules). Let A be an involutive and
associative complex algebra and let o : A — B(H) be an involutive
representation of A on some separable Hilbert space H. Let F : H — H be
an operator such that F = F*, F? =1 (i.e. F is a symmetry) and

[F,o(a)] € K(H) YVac€A, (G.1)

where K(H) is the C*-algebra of compact operators on H. We call such a
triplet (A, H, F) an odd Fredholm module.

An even Fredholm module consists of the same data with an additional
Zo-grading v on H, that is, a map

YyEBH), v=7" & =1, (G.2)

which splits H = HT @& H~ into the £-eigenspaces of v. We demand that
the grading commutes with the action of A and anti-commutes with the
symmetry F.
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Definition G.2 (Cycles). Let A be an involutive and associative algebra
over the complex numbers. A cycle over A of dimension n is a triplet

(Q°,d, [), where:

n
1. Q* = @ OF is a graded differential algebra over A with coboundary
k=0
operator d : Q' — QY (see definition D.1 in appendiz D);

2. we have an algebra morphism from Q° to A;

3. [ is a C-linear map [ : Q* — C such that:
/wk =0 k <n; (G.3)
/wsz = (_1)kl/wlwk§ (G.4)
/ diwn 1 = 0. (G.5)

We also call [ an abstract integral.

The archetypal example is, of course, the de Rham cochain complex, which
even satisfies 20 =2 C*°(M)(= A). A much larger class of cycles is obtained
through Fredholm modules. Before showing how we can associate a cycle
to (a subclass of) the Fredholm modules, we first need some more
information regarding the Schatten p-classes.

Definition G.3 (Schatten p-class). Let H be a separable Hilbert space.
Take some p € [1,00) and define the Schatten p-class as

LP(H) = {T € K(H); isk(T)p < oo} (G.6)
k=0

where the si(T) are the singular values of T', defined as the eigenvalues
of |T| obtained through the expansion

T = 3 sk(T) (e, e (@)
k

for some base {ex} of H. Note that si(T) > 0 for all k, since |T| is
positive.

We call LY(H) the collection of trace class operators on the Hilbert space
H. These have the property that for each base {ex} of the Hilbert space the
map

Tr : LY(H) — C;
Tr(T) = (e, Ter) (G.8)
k=0



converges and does not depend on the base chosen. This defines a trace on
the trace class operators (also see definition 3.12).

We quote several important results about Schatten p-classes, see [49, Ch.1,
Ch.2] for more background information.

For all p € [1,00) the Schatten p-class is an ideal in the algebra of bounded
operators of the Hilbert space on which the class is defined.

The association

I, = £2(H) — [0, 00);

P

1T, = (Z Sk:(T)p> (G.9)
k=0

defines a norm on the Schatten p-class. Note that this norm can also be
used to define the Schatten p-class:

Tecl’ < |7, <occ. (G.10)

Let r,p,q € [1,00) such that % + % =1 and take T € LP(H), S € LI(H).
Then T'S € L"(H) and

1S, < 1T, 1151l - (G.11)

This inequality is called the Holder inequality (for Schatten classes). It
has two important corollaries.

Corollary G.4. If r =1 then T'S is trace class and the map Tr satisfies
Tr(TS) = Tr(ST). (G.12)
By repeated application of the Holder inequality:
Corollary G.5. For alli € {1,...,n}, let T; € L"(H). The product
Ty -+ Tk (G.13)
lies in L% (M). In particular, Ty - -- Ty, is trace class.

Equation (G.12) is compatible with the fact that Tr defines a trace on
LYH): if S, T € LY(H) then TS € L3 (H) C L1(H).
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We now show how a Fredholm module (with some additional
requirements) defines a cycle.

Theorem G.6. Let (A, H,F') be a Fredholm module with the following
properties.

e Foralla e A
[F,o(a)] € E"H(H). (G.14)

Moreover, this n is the smallest integer such that the relation (G.14)
holds for all a € A.

e The integer n in equation (G.14) is odd when the Fredholm module is
odd, and is even when the Fredholm module is even.

If the above holds, the Fredholm module defines an n-dimensional cycle
with QY = A.

Proof. Let us start by denoting the representation of A on B(H) by
o(a) = a&, for any £ € H and a € A.

We first construct a graded differential algebra.

For k > 0, QO is defined as the C-linear span of operators of the form

ao[F,al]---[F,ak] GK(H), a; € A. (G.15)

For k = 0, we define Q° = A.
The left-A-module structure of QF is given by

a-Zaé [F.al]-[F.a}] = Zaaé [Foal]-[F,a] . (G.16)
We then define

0=t (G.17)
k=0

as well as a map - : Q°* x Q* — K(H), as follows:

wk = ag [F,a1] - [F,ax] € OF:
w; = bg [F,b1] - [F,b] €
WE - W = ag [F,(Il] [F,ak] bo [F,bl] [F,bl]. (G.lS)

The product is then extended by C-linearity to the whole of Q°. We shall
verify that (G.18) lies in Q¥+!. If k + 1 > n, then (G.18) is satisfied by
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definition. For the other case we examine the action of A on wy, from the
right. We claim that for a;y; € A:

ao [Fya1]--- [F,ax] apy1 =
k

Y (D) ag[Fian] -+ [Frajaja] - [F apsa] +
j=1

(—1)*agay [F,az) - - [F, ap1] € QF.

Let kK = 0. Then the formula trivially holds. Assume the formula holds for
k. Then:

ao ([Fya1] -~ [F,ax]) [F, agq1] ap 2 =

ao ([F,a1] - [F,ag]) ([F, arq1ap42] — apq1 [Fapy2]) =
ao [Fyan] -+ [Fyag] [F, agr1ak12] +
k
Y (D) ag [Frar] -+ [Frajaja] - [Fagia] [Fagso] +
j=1
(—1)*agay [F, ag] - [F, ap41] [F, apsa] =
k1 |
S (=1 ag [Fa1] -+ [Fa 2] +
j=1

(—=1)*aoar [F, as] - - - [F, apy1] [F, apya] .

This implies that wy, - w; € QFHL. Since A = QY, the product is clearly
compatible with the A-module structure on Q. Associativity of the
product in 2°® follows from the associativity of composition of operators on
H. We can now safely conclude that Q° is a graded algebra.

The next step is to define a coboundary operator d : QF — QFt1. Take
some wy, € QF and define a map

dw = Fw — (—=1)*wF. (G.19)

Extend d by linearity to the whole of 2°. We now show that d(wy) has the
correct range. First note that:

F[F,a) = F?a — FaF = a — FaF = aF? — FaF = —[F,a]F.  (G.20)
So,

d(wk) = Fao [F, aﬂ s [F, ak] — (—1)kka =
[F,a0] [F,a1] - [F,ax] + aoF [F,a1] - [F,ax] — (—1)*wpF =
[F,ao) [F,a1]---[F,ax] € QFFL.
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Next up is to show that d o d = 0, namely,
d(dwy) = F [F,ao) [F,a1]--- [F,ax] — (=1)* [F,a0] [F,a1]--- [F,ax] F =0
by (G.20).
Now we verify that d is an odd derivation. Take wy,w; € QF, Q as defined
in equation (G.18).
d(wy - wy) = Fwpw; — (—1)k+lwkwlF =
d(wg) - wi + (=1)FwpFuy + (1) (=1) wid(wr) — (=1) T (=1)lw Fw, =
d(wg) - wp + (=1 Fwrd(w,).
By linearity, the required condition

d(wg, - w) = d(wg) - w + (—1)*wid(w)

follows for all w € Q°* and w;, € QF.

This concludes the proof that (d,2°) is a graded differential algebra.
The last step is to define an abstract integral and show it has all the
required properties. We distinguish two cases.

e Let n be odd. Take some {ao,...,a,} C A and define

wp =ao[Foa1]---[Fya,] =
dwp = Fun 4+ wpF = [F,a] [F,a1]--- [F,a,] € LY (H)
by lemma G.5. Since [|-||; is a norm, this results extends to any

w € Q". Recall that all Schatten p-classes are ideals in B(#), so
Fdw € £L'(H). We define the abstract integral as

iTr (Fdw) weQr
=] 2
/w - { 0 otherwise - (G-21)

e Let n be even. Using the same arguments as before, yFdw € L(H)
for any w € 2", so we define

/wz{;Tr(dew) we . (G.22)

0 otherwise

Since d? = 0, the abstract integral vanishes on dw for w € Q" !, regardless
of the value of n. We finish the proof by examining the behavior of the
abstract integral on products.

e Assume n is odd and take some wy,w; € QF, Q! such that k + 1 = n.
Then

)k
Tr (Fwidwy) .

(G.23)

/wkwl = %Tl“ (Fd(wgwy)) = %Tl“ (Fdwy - wy) + (
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By corollary G.5 and the fact that the Schatten classes are ideals, we
see that

Fdwy, € L3+ (H);

w € LT (H);

Fuy, € L% (H);

dw, € LT (H) =
Fdwyw;, Fupdw, € L' (H).

We can therefore apply the identity (G.12) and use the tracial
property of the map Tr. Equation (G.23) then equals

1 (—D)F

ETr (wiFdwy) + 5 Tr (dw Fwyg) =

_1)+1 1)l 1)k

(=1) Tr (dwy - dwy) + ( 2) Tr (Fwidwy) + ( )2 Tr (Fdwjwy) .

Note that &K+ 1+ 1 =n+ 1, which is an even number. So the
right-hand side equals

1\
( 21) Tr (dw; - dwy) + %Tr (Fd(w; - wg)) =0+ (—1)K /wl - W,

since either k or [ is even and the trace is zero on Q"+,

Assume n is even. Using the same notation as before, one has

1 —1)k
/wkwl = §Tr (vFdwy, - wp) + ( 2) Tr (YFwydw;) =

1 —1)k
§Tr (wiyFdwy) + ( 2) Tr (dw; - yFwy) . (G.24)

The grading v anti-commutes with F' and commutes with the action
of any a € A. Hence, for all a € A:

v[F,a] = yFa — yaF = —Fay + aFy = —[F, aly.

We use this relation in equation (G.24) to obtain:

(- St
5 Tr (yw Fdwy) + 5 Tr (ydw Fwg) =
(_1)l+l+1 (_1)l+l
TTr (vdw; - dwy) + Tr (yFwidwy) +
—1)
(2)TI‘ (’dewl -wk) =
(=1

5 Tr (’yF [dwl cwg + (—1)lwldka = (—l)l/wl W
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If [ is odd, k is odd and kl is odd. If [ is even, so are k and kl. Hence
the last expression equals

(—1)kl/w F W

This finishes the proof that the Fredholm module (A, H, F'), under the
additional assumptions, defines a cycle (Q', d, f ) ]

Now take a Fredholm module (A, H, F') that satisfies the prerequisites of
theorem G.6, so that it defines an n-dimensional cycle. Assume,
furthermore, that A is unital and commutative. According to the
definitions in appendix D, we can construct a Hochschild chain complex
from A. It is easily verified that the abstract integral

/:Ax-~><A—>(C (G.25)
—_———

n times
is a multilinear map, i.e. the abstract integral is a Hochschild cochain. For

these particular Fredholm modules we rename the abstract integral. Take
some wy, € Q" such that w, = ag [F,a1]---[F,a,]. Then

(a0, a1, ... ap) = 2)\n/wn =ANTr (WF[F,a0)---[F,an]);  (G.26)

F(g+1)'

An 2n!

(G.27)

In the two definitions above, v is equal to the unit in B(H) when the
Fredholm module is odd and equals the Zo-grading of H when the module
is even. The map 7 is then extended by linearity to the whole of Q". We
call the cochain 77 the Chern-Connes character of the Fredholm
module (A, H, F).

Lemma G.7. Any Chern-Connes character is a cyclic cocycle.
Proof. Take some ag,...,a, € Aandlet a =ap® -+ ® a,, € Cp(A). Then

n
bri() = 7i (Z(_l)iao @ @41 @ D apt
i=0

(—1)"agan @ a1 ® -+ ® an_1) = 2, / (Zwiﬁ) :
=0

with

i _ J aolF,ao]...[F,aiai41]---[Fya,] 0<i<n
Wn—1= [F, apan) - [Fan—1] i=n
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So wi ;€ Q"1 for all i. The linearity of the Chern-Connes character and
the properties of the abstract integral show that b7t = 0 on the n-th
Hochschild chain group. To see that this cocycle is cyclic, we examine the
action of the cyclic permuter on the the cocycle. Let a again be as defined
before. Then

A7—}'2(0’) = (_1)”)\nf]:\r (FYF [F7 an] [F7 aO] T [Fa an—l]) .
Using relation (G.20), this becomes
(=1)"HN\,Tr (Y [F,an) F[F,a0] - [F,an_1]).

If the dimension of the Fredholm module is odd, then v = 1. Since n + 1 is
even, the above equation equals

ATr ([F, an YF [Fa] -+ [Fan-1]) = 7(a),

by the tracial property of Tr. If the dimension of the Fredholm module is
odd, ~ anti-commutes with [F) a,], and we obtain the same result.

Let A= C*(M). As announced, the Chern-Connes character resembles
the classical Chern character. In fact, the so-called finitely summable
Fredholm modules define an extraordinary cohomology theory denoted by
R A) for i = {0,1}. This cohomology theory is dual to algebraic K-theory
through the so-called analytic index map. See [26, Ch. 4.2] for more
background.

The Chern-Connes character then implements the following isomorphisms:

7o : R2(A) — HP°(A) = H® (M), (G.28)
7o : R1(A) — HPY(A) = HIY (M). (G.29)
O
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List of Symbols

C
Il
[l
[R5

llop

Inner product on #, eqn. (3.0)
Indicator function of X
Matrix element on ¢-th row and j-th column

Equivalence class of cyclic cohomological elements in
Hochschild cohomology, p. 139

Noncommutative integral, eqn. (3.68)
Gelfand transform, eqn. (2.8)

Action of a de Rham current C, eqn. (D.34)

Abstract integral, p. 152

Norm on Schatten p-class, equn. (G.8)

Supremum norm, eqn. (2.5)

Norm on #, eqn. (3.1)

Operator norm, eqn. (2.19)

Complex conjugation

Equivalence relationship

Shuffle product, eqn. (D.16)

Involution map defined on an involutive algebra, p. 8

1) The C*-algebraic closure of A, 2) A general C*-algebra,
p. 41

1) Involutive algebra of a spectral triple, 2) general
pre-C*-algebra, p. 40

Involutive and associative algebra over the complex numbers
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A+

Q1

Set of positive elements of an involutive algebra A, p. 115
Multi-index, p. 111
Adjoint action

Anti-symmetrization map for Hochschild cochains,
eqn. (D.41)

Anti-symmetrization operator, eqn. (D.18)
Connes’ boundary map, eqn. (E.8)

Truncated Hochschild boundary map, eqn. (E.11)
C*-algebra, eqn. (3.37)

Smooth sections of the Clifford bundle associated to the
manifold M, eqn. (2.92)

Collection of bounded operators of the Hilbert space H

Continuous sections of the Clifford bundle associated to the
manifold M, eqn. (2.91)

Collection of “smooth” operators on #H, eqn. (3.11)

Clifford multiplication (as representation of the Clifford
algebra), p. 20

Clifford multiplication (as map between sections of bundles),
p- 34

Reality operator, p. 46

Category of compact topological spaces with the Hausdorff
property and continuous maps

Collection of complex-valued continuous functions on a
topological space X

Collection of complex-valued smooth functions on a manifold,
eqn. (2.11)

p-dimensional real and complex Clifford algebras, p. 17
Collection of smooth R-valued functions on a manifold
Clifford bundle associated to a manifold M, p. 32

k-th Hochschild cochain group, eqn. (D.37)
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C**(A) Cyclic bicomplex of an algebra A, p. 136

Cn(A) n-th Hochschild chain group of the algebra A, p. 122
CY(A) n-th cyclic cochain group of the algebra A, p. 139
CCA, Category of commutative and unital C*-algebras and

*-morphisms, p. 9

c Noncommutative volume form, p. 46

D Dirac operator of a spectral triple, p. 40

D Canonical Dirac operator, eqn. (2.105)

A Representation space(s) for the Clifford algebra, p. 20

0; Derivations on A, p. 78

Ee Evaluation map, eqn. (2.9)

En Quasi-inverse of the anti-symmetrizaton map, eqn. (D.20)

FVecﬂlg Category of finite dimensional, real vector spaces equipped
with an inner product, p. 16

FVecg Category of finite dimensional, complex vector spaces
equipped with a Hermitian inner product, p. 16

oD Hochschild cochain of A which coincides with the
Chern-Connes character on cycles, eqn. (3.45)

oc The image of a de Rham current C' in Hochschild
cohomology, p. 129

(M, %) Collection of continuous sections of a vector bundle,
eqn. (B.5)

I'°(M,X%x) Collection of smooth sections of a smooth vector bundle,
eqn. (B.6)

H 1) Hilbert space of a spectral triple, 2) General Hilbert space,
p. 40

H> Intersection of domain of all powers of D, eqn. (3.2)

I , p- 82

HC™A) n-th cyclic cohomology group of an algebra A, p. 137

HH,(A) n-th Hochschild homology group of the algebra A, eqn. (D.12)
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Hochschild chain complex of the algebra A, p. 123

Collection of compact operators on the Hilbert space H, p. 49
i-th algebraic K-group of a (pre-)C*-algebra A, p. 147

Cyclic permuter, eqn. (E.9)

Constant depending on the integer n, eqn. (G.26)

Dixmier ideal, eqn. (3.33)

Collection of trace class operators on the Hilbert space H,
p. 152

Schatten p-class defined on the Hilbert space H, eqn. (G.5)
Matrix algebra over an algebra A

Cyclic skewsymmetrizer, eqn. (E.10)

Charts of the differentiable structure on Spec A, p. 84
Connection, p. 148

Spin connection, eqn. (2.103)

Generalized Levi-Civita connection associated to a complex
vector bundle X, eqn. (F.11)

Volume form, p. 35

The p-forms on a manifold M

Dual Kéhler differentials of an algebra A, eqn. (D.36)
The k-th de Rham cochain group, p. 120

The exterior algebra of the Kéhler differentials of an algebra
A, p. 121

The de Rham cochain complex, p. 120

The exterior algebra of the dual Kéahler differentials of an
algebra A, p. 128

The real p-forms on a manifold M
Kahler differentials of an algebra A, p. 121

Symbol of linear differential operator P, eqn. (B.10)
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™D

Sk
Sk

Sa

Representation of the Hochschild chain groups on the algebra
of bounded operators of H, p. 46

The positive real numbers including zero

Spectral radius of an element a in an involutive algebra,
eqn. (2.13)

1) Set of continuous sections of the spinor bundle, eqn. (2.100)
2) Periodicity morphism, eqn. (E.24)

Set of smooth sections of the spinor bundle, eqn. (2.101)
First degeneracy operator, eqn. (E.13)

Second degeneracy operator, eqn. (E.14)

k-sphere, p. 11

Symmetric group of degree k

Collection of (p, g)-shuffles, p. 123

Maps related to coordinate charts of manifold associated to
commutative spectral triple, eqn. (4.30)

p-th special orthogonal group

The spectrum of an involutive algebra A over the complex
numbers, p. 10

Spectrum of an element of a involutive unital algebra, p. 11
Charged spin group, eqn. (2.63)
Real spin group, eqn. (2.64)

Principal symbol of a linear differential operator P,
eqn. (B.11)

Automorphism of A, p. 80

Tensor algebra of a finite dimensional vector space V/,
eqn. (2.27)
Chern—Connes character, eqn. (G.25)

ox(T)
log A ?

Cesaro average of the function with T a compact

operator, eqn. (3.35)
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M
Tot (C**)
Tr H(T)

Tr (T

~—

Equivalence class of the Cesaro average of T in By, p. 51
Tangent space of a manifold M

Cotangent space of a manifold M

The total (co)homology of a bicomplex C*®, p. 132
Dixmier trace of a measurable operator 7', eqn. (3.42)

Dixmier trace of compact operator T', relative to state w on
B, eqn. (3.41)

Trace, p. 47
Elements of a cover of Spec A, p. 76
First unitary group

Coordinate functions of the differentiable structure on
Spec A, p. 84
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