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Abstract

We present some techniques in the construction of spectral triples for C*-algebras, in particular
those which determine a compatible metric on the state space, which provides a noncommutative

analogue of geodesic distance between points on a manifold.

The main body of the thesis comprises three sections. In the first, we provide a further analysis on
the existence of spectral triples on crossed products by discrete groups and their interplay with classi-
cal metric dynamics. Dynamical systems arising from non-unital C*-algebras and certain semidirect
products of groups are considered. The second section is a construction of spectral triples for certain
unital extensions by stable ideals, using the language of unbounded Kasparov theory as presented by
Mesland, Kaad and others. These ideas can be implemented for both the equatorial Podles spheres
and quantum SU, group. Finally, we investigate the potential of the construction of twisted spectral
triples, as outlined by Connes and Moscovici. We achieve a construction of twisted spectral triples
on all simple Cuntz-Krieger algebras, whose unique KMS state is obtained from the asymptotics of

the Dirac.
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1: Introduction

1.1 Background and history.

The development of noncommutative geometry as a new field of mathematical research
is based on a fundamental object known as a spectral triple. Spectral triples can be viewed
as analytical tools that describe the geometric aspects of manifolds, such as the dimension,
differential forms and geodesics. A prototype is given by a compact Riemannian manifold
M, equipped with a spin® (or spin) structure 8 and the formal square root of the Laplace

operator, or Dirac operator D, acting on the smooth sections, L2(M, 8), of M.

Connes introduced spectral triples as a potential means of describing the homology and
index theoretic aspects in the more general language of (locally) compact topological spaces
[30], as well as to develop a theory of cyclic cohomology mimicking the de-Rham coho-
mology theory of manifolds [31], [35], [34]. Moreover, the Gelfand-Naimark-Segal theorem
makes the definition of a spectral triple, as a "Dirac-type" operator on a Hilbert space, appli-
cable to general C*-algebras, the latter viewed naturally as a noncommutative counterpart

of a locally compact topological space in Gelfand duality theory.

Although everyone agrees that an object in noncommutative geometry is given by spec-
tral triple, on a C*-algebra, with "good" properties, there is considerable uncertainty into
what these properties should be, since Connes’ formal definition of a spectral triple, or un-
bounded Fredholm module, offers little by way of immediate information of the C*-algebra
besides its fundamental class in K-homology. In this respect the research seems be focused
into two viewpoints: the first is centred on Connes’ reconstruction programme [32], [79],
in which it is considered under what axioms a spectral triple can provide a complete in-
variant of a commutative C*-algebra as a manifold. Several reconstruction theorems have
been suggested in what has become a very prominent area of research. Besides the non-
commutative tori, there do not seem to be many examples of noncommutative C*-algebras

at present for which this sort of analysis is well understood.
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CHAPTER 1: INTRODUCTION

Another way of looking at spectral triples is as noncommutative (quantum) metric spaces,
beginning with Connes’ observation that the Dirac triple on a Riemannian spin® manifold
M recovers the geodesics between two points on the manifold [31]. To use more recent lan-
guage, a spectral triple on a C*-algebra determines a Lipschitz seminorm on the self-adjoint
part of the smooth subalgebra, an analogue of the classical notion of Lipschitz continuous
functions. Rieffel studies seminorms of this kind extensively [100], [101], [102], and sug-
gests that a question of particular interest might be when the metric on the state space it
induces is compatible with the weak*-topology. Rieffel provided an answer for unital C*-

algebras and Latrémoliére later extended much of this work to non-unital C*-algebras [76],

[77].

On one hand, examples of spectral triples for general C*-algebras which are understood
to satisfy such a metric condition are relatively few. Much of the focus so far has been
centred on C*-algebras arising from discrete groups, when a prototype for such a metric is
given by a spectral triple coming from a length function on the group. On the other hand,
analysis of this kind has proved successful on fractal structures, such as Cantor sets, which

do not possess most of the attributes of a manifold (see [28], [92], [68] for examples).

The construction of such spectral triples gives a natural context to Rieffel’s theory of
Gromov-Hausdorff convergence for quantum metric spaces [103], [78], so that we can ask
whether deformations of manifolds "converge", in a noncommutative metric sense, to their
classical counterparts. Rieffel’s Gromov-Hausdorff convergence analysis has already been
considered in the case of the Moyal plane [12] and the Connes-Landi spheres [33], among

other examples.

The construction of spectral triples is of interest to quantum group theorists, for which
a natural question is to study the noncommutative geometry of gq-deformations of clas-
sical Lie groups, such as Woronowicz’s SU42 group [123], by writing down equivariant
Dirac operators for the group co-action. By now there are many constructions, notably that
of Neshveyev and Tuset [83], but difficulties remain in finding a unified approach which

incorporates the different points of view.

Spectral triples define Baaj-Julg cycles [4], the unbounded counterpart to Kasparov’s KK-

theory. In this point of view, there is plenty of interest concerning the construction of these
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CHAPTER 1: INTRODUCTION

unbounded cycles, which can be seen to play the role of correspondences between spectral
triples. The most interesting aspect is to present an unbounded version of the external and

internal Kasparov product, which has received attention from various authors [80], [61].

In this thesis, we shall consider the unbounded Kasparov product as a tool in the explicit
construction of spectral triples, especially in situations in which the relative K-homology is
well understood. We will collate some of the theory of compact quantum metric spaces for

C*-algebras, which we can use to construct spectral triples with good metric properties.

1.2 Outline of the thesis and major developments.

Our focus is very much the construction of spectral triples for C*-algebras, in a way
which offers the maximum possible insight into further developments into the subject. The
first two non-introductory chapters address some techniques and existing results which
will be used later on, whilst in Chapters 4 and 5 these methods are applied to particular C*-
algebraic constructions, respectively crossed products by discrete groups and extensions.
In Chapter 6, we offer an analysis of geometric aspects of the much studied Cuntz-Krieger
algebras, for which it is typically not possible to write down finitely summable spectral

triples satisfying all of Connes” axioms.
1.2.1 Spectral triples.

The definition of a spectral triple (Definition 2.2.1) should be considered an abstract list
of axioms for an object in noncommutative geometry, whose initial objects are C*-algebras.
The properties which are of most interest to us are documented in section 2.2. We wish to
regard spectral triples as first order differential operators. In Chapter 2 we therefore study the
structure of algebras such as Cl(M) == {f € Co(M) : df € Cy(M)}. With this machinery
we will introduce spectral triples, which we can think of as providing an abstract notion of
first order differentiation. The first example is the spectral triple on the circle: the algebra

C(T) acts faithfully over the Hilbert space L2(T), from which we can study the triple,

(CH(T), LA(T), D= - 2-). 1.2.1)
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The Product rule then implies that ||Df — fD|| = |f’|| for each f € C!(T). We shall call

(CHT),1%(T),D = %%) the usual spectral triple on the circle algebra. It is the first exam-

ple of a spectral triple and the simplest to study in nearly all respects.
1.2.2 The Kasparov Product.

We have found the idea of constructing new spectral triples from old ones to be implicit in
much of classical differential geometry. In Chapter 2 we study a version of the unbounded

Kasparov product developed by Kaad and Lesch [61]. Their result is an associative pairing,
RAP(A,B) ®p RRI(B,C) — RRPTI(A, C), (1.2.2)

where R£(-, ) is the semigroup of Baaj-Julg cycles [4]. The construction requires the ex-
istence of a correspondence (Definition 2.6.8). The definition is based on an abstraction of
the algebra of "first order derivatives", rather than the whole Sobolev chain which is the

approach taken elsewhere (such as in [80]).

A spectral triple on A determines a class in Rf(A, C). Given another C*-algebra B and a
representative of RR(B, A), the pairing offers the possibility of constructing spectral triples

on B, which we have managed to exploit in a few instances in this work.
1.2.3 Quantum metric spaces.

The duality between metric spaces and Lipschitz seminorms was observed with the works
of Kantorovich and Rubenstein, who show that a compact metric space (X, d) can be recov-

ered from the algebra Cy i}, (X) of globally d-Lipschitz functions in C(X) by the formula
d(x,y) = sup{[f(x) = f(y)I: f€ Crip(X),[IflLip <1} (1.2.3)

and a similar metric can be defined, not only on X, but also the set of Borel probability
measures S(C(X)) of X. It is possible to formalise this to the context of both unital and non-
unital C*-algebras, much of the analysis of which has been developed by Rieffel and, more
recently, Latrémoliere. The definition we shall work with is that of a Lipschitz pair (A, L)
(Definition 3.1.3), which determines a metric d 4 1 on S(A). A well-known result of Rieffel

gives necessary conditions on (A, L) for d4 1 to metrise the weak*-topology (Definition

X1
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3.1.11), which Latrémoliere extended to the non-unital case (Proposition 3.1.13).

Because we are usually interested in Lipschitz pairs coming from spectral triples, there is
the problem to address of whether the metric d 41 might depend on A. Our first major

result confirms that this is indeed the case:

Result 1 (Proposition 3.1.13.) Let A be a unital C*-algebra and (A, L) be a closed Lipschitz pair
on A which gives (S(A), d 4 1) finite diameter. Let d1, dy be any metrics on S(A) with di,dp <
d 4,1 and with the property that the spaces Aq, and Ag, defined by

Agq, ={a € A:3Lq > 0such that [[wi(a) —wy(a)| < Ladi(wy, wy), Ywy, wy € S(A)}

are dense in A. Then d 4 ap L = dag L if and only if d; and dy are Lipschitz equivalent metrics.
1.2.4 Equicontinuous actions.

In [5] and [57] it was shown that the ability to write down spectral triples on the reduced
crossed product Ax«G of C*-algebras by discrete groups, starting from a spectral triple
on the "co-efficient" algebra A and via a natural description coming from the external Kas-
parov product formula [60], was a characteristic of a particular compatibility condition be-
tween the group action and the spectral triple on the coefficient algebra, which was labelled
equicontinuity in [5] and does indeed turn out to be related to the classical equicontinuity

condition of group actions on compact metric spaces.

In Chapter 4 we study the interplay between quantum metric spaces and C*-dynamical
systems; we call the resulting structures metric C*-dynamical systems (Definition 4.1.2). We
established some necessary C*-algebraic conditions for a metric C*-dynamical system to
be equicontinuous (Definition 4.2.8). A necessary condition turns out to be that the action
a : G — Aut(A) is almost periodic; in other words, the G-orbit of every a € A is norm-

relatively compact. (Corollary 4.2.11).

The almost periodicity condition is relatively obscure, so we decided to relate it to a
C*-dynamical invariant of natural interest, at least for the case of single automorphisms,
Voiculescu-Brown entropy [116] [10], which is related to the classical definition of topological

entropy of a compact topological space using open covers. Positive topological entropy of
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CHAPTER 1: INTRODUCTION

a dynamical system is generally interpreted as a chaos criterium and conversely we reach

the expected conclusion that almost periodic actions are non-chaotic:

Result 2 (Proposition 4.2.15.) Let A be a unital exact C*-algebra and o € Aut(A) be an almost

periodic automorphism. Then o has zero Voiculescu-Brown entropy, i.e ht(a) = 0.
At the end of the chapter we apply these ideas to group actions on AF-algebras.
1.2.5 Spectral triples, semidirect products and crossed products.

To write down examples of crossed product C*-algebras with good metric properties com-
ing from the crossed product constructions of [5] and [57], it is necessary to understand
for which group C*-algebras it is possible to write down spectral triples with good met-
ric properties. For those groups arising as semidirect products, a special instance of the

crossed product construction applies and we were able to use this to prove the next result:

Result 3 (Theorem 4.4.4.) Let N be a finitely generated discrete group, L a length function on
Nand « : N — N be a group automorphism such that Ly («(n)) = Ln(n) for each n € N. Let
(CIN], 62(N), My ) be the associated spectral triple on C¥(N) and let us suppose further that the
Lipschitz seminorm induced by this spectral triple satisfies Rieffel’s criteria (Proposition 3.1.10).
Let T' := NxZ. Then, with D and My , defined respectively on {,(T") as multiplication operators
with respect to length functions on Z and N,

0 D—iMy, | . . .
1. (CI, &M @ (), ) is a spectral triple on C(T").
D +iMp 0

2. The Lipschitz seminorm induced by this spectral triple satisfies Rieffel’s criteria also.

The proof follows the same ideas as in the crossed product construction; integral to the
proof is the existence of so-called Fourier coefficients, which can be controlled using the
Ozawa-Rieffel cut-down procedure (Lemma 4.3.3). We remark that, unlike the length func-
tion triples, the above construction has a Z/2Z- grading, which seems crucial, although
does not immediately offer much insight to groups which are not semidirect products. Fi-
nally, we state a generalised statement of the existence of spectral triples on crossed prod-
ucts, for which the C*-algebra A is permitted to be non-unital (Result 4: Theorem 4.5.3,
Result 5: Theorem 4.5.5).

Finally, we show that our crossed product spectral triple by Z arises as an internal Kas-
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parov product of the spectral triple on A and an unbounded representative of the Toeplitz

element (see [95], [55] for further details):

Result 6 (Lemma 4.6.2.) Let A be a separable C*-algebra and « € Aut(A) be an automorphism.
Let (C[Z],4,(Z), Dz) be the usual triple on C}:(Z). Suppose that (A, Ha,Da), A = Cl(A),isan
ungraded spectral triple on A such that the action of « is equicontinuous (and leaves A invariant).
Then the graded spectral triple on Ax«Z defined in Theorem 4.5.3 is an unbounded Kasparov
product of (C1(Z, A), l(Z)2A), Dz31) € RRY (A X Z, A) and (A, Ha,Da) € RRY(A,C).

1.2.6 Extensions.

In Chapter 5 we present a construction of spectral triples and compact quantum metric
spaces via certain extensions by stable ideals, that is, we study short exact sequences of the

form

L o

0——X®B E

A 0, (1.2.4)

where A, E and B are unital C*-algebras, the inclusion of X ® B in E is essential and the
quotient map o : E — A admits a completely positive splitting. Our method is to study a

cross section of the corresponding six-term sequence in K-homology,

* *

K*(A) —2— K*(E) —— K*(B) (1.2.5)

where * admits a right inverse, represented by an element v € KK(E,B) (Proposition

5.3.1).

To construct spectral triples, we do not consider all extensions, but only smooth exten-
sions of Toeplitz type (Definition 5.4.1, Definition 5.4.2) and in particular those for whom
the representation theory has a "nice" form. The first two conditions were needed for the
construction proposed by Christensen and Ivan, who primarily looked at extensions by
compact operators [27]. We make a further commentary of the smoothness criteria, namely
that it can be interpreted as those extensions for which the respective first order differential
structures arising in the short exact sequence are compatible, so the extension has a natural
"Cl- pullback structure" (Corollary 5.4.8). This gives us a natural operator algebra, E; C E,

to consider. Under these conditions, the construction is given as follows:

Xiv
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Result 7 (Theorem 5.5.4.) Let A and B be unital C*-algebras, endowed with spectral triples
(A,Ha,Da) and (B,Hg, D) respectively. Let E be a smooth extension of the form (5.3.1), where
P € B(HA) is an orthogonal projection of Toeplitz type. Then, for each dense *-subalgebra & C Eq,
(&, H®H, D1 & D,), represented via 111 & 71, defines a spectral triple on E. Moreover, the spectral
dimension of this spectral triple is given by the identity

s0(€&, H®H, D1 ® Da) = so(A, Ha,Da) +so(B,Hg, D). (1.2.6)

Furthermore, the spectral triple represents the Fredholm module o* (A, Ha, Da) @ T°(B, Hp, Dp)
in K-homology. (See Section 5.5 for details and terminology).

When the spectral triples on A and B satisfy Rieffel’s metric condition, so does the spectral

triple on the extension:
Result 8 (Theorem 5.6.4.) (Esq, Lp) is a compact quantum metric space.

We show that this construction leads to a spectral triple, with good metric properties, for
the case of the equatorial Podle$ spheres and the quantum SU, groups introduced in [96]
and [123] respectively as deformations of the classical spheres (Section 5.7). For both these
quantum spheres, we do not see an obvious connection between our analysis and any other

approaches in the literature.
1.2.7 Twisted spectral triples.

It is well known that the nonexistence of a unital trace prevents the possibility of con-
structing finitely summable spectral triples [30]. For C*-algebras of this kind, such as the
Cuntz algebra [40], a different approach is required. We pursue a recent idea by Connes
and Moscovici [36], where the definition of a spectral triple is modified so that instead of

requiring [D, a] € B(H) we have

[D,dlg : =Da—o0c(a)D €eB(H); ac A (1.2.7)

(Definition 6.1.8), where o is a regular automorphism. Typically o will be implented by
the action of a one-parameter group and in this context the motivation is to seek spectral

triples for which the Dixmier functional satisfies a KMS-condition for this action. It turns

XV



CHAPTER 1: INTRODUCTION

out that the behaviour of such "twisted" spectral triples is, for the most part, similar to
that of ordinary spectral triples (Proposition 6.1.10). Connes and Moscovici point out that,
contrary to expectations, twisted spectral triples can be used to build untwisted Chern

characters (so that the resultant cycles in cohomology are also untwisted).

Techniques in the constructions of twisted spectral triples are not widely known at present.
We seek spectral triples for all simple Cuntz-Krieger algebras ([41], Definition 6.2.4), prob-
ably among the easiest families of C*-algebra to describe which fit into the purely infinite
category. We achieve this by viewing these algebras as Exel crossed products [50], encoding

the expanding metric geometry of the one-sided subshift.

~

Result 9 (Theorem 6.4.2). Let 0 = 0_jjogx be the regular automorphism on Op =
C(ZX) % ay,c,IN defined by o(f) = f Vf € C(Z}) and o(s) = As. Let B c CL9(0,)
be any dense *-subalgebra of the Cuntz-Krieger algebra O 5 containing the algebra span
of s, s* and the natural AF-filtration Uy oAy of C (ZX), where A is irreducible. Then

(B, LZ(C(ZX), 1), D, 0), with D as in section 6.3, defines a twisted spectral triple on O 4.

The spectral triples arising this way do not seem to be so interesting from the metric point
of view and, perhaps disappointingly, the question of finding interesting Lipschitz semi-
norms to study on algebras such as the Cuntz algebra remain unanswered. On the other
hand, twisted spectral triples allow one to recover KMSg-states on the C*-algebras from
the twisted version of the Dixmier trace. We conclude with the observation that, from the
spectral triple on O o constructed above, we can recover the unique KMS state on O , whose
"departure from a trace" coincides with the topological entropy of the Markov shift repre-
senting O 5. I am not sure how our ideas relate to the modular spectral triples constructed

by Carey, Phillips and Rennie [15].
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2: Preliminaries

2.1 Operator *-algebras and operator *-modules.

2.1.1 Operator *-algebras.

In this section, a space (X, || - ||) is taken to mean a Banach space over the field of complex

numbers.

In the context of noncommutative geometry, there are many operator algebra structures
besides C*-algebras which are of natural interest. As a motivating example, let us consider

the algebra of differentiable functions on a locally compact manifold, M, given by
C(l)(M) = {f € Co(M) : f has uniformly bounded derivative },

Observe that, when equipped with the norm ||f[[y := |f|| + sup, ¢, [df(x)|, then Ci(v)
becomes a Banach algebra in its own right. Furthermore, given a Borel probability measure
n with full support on M, we have a faithful representation of (Co(M),| - ||) on L2(M, )
and a faithful representation of (C%)(M), |- 1l1) on L2(M, 1) @ L2(M, u) given by

PV = i1 ; fe ColM), By, Py € L2(M, ). 2.1.1)
L) dfipr + fiby

In fact, Kaad and Lesch [61] introduced the terminology operator *-algebra to study algebras
of this kind and we shall base our analysis closely on theirs. Some standard references for

theory of operator spaces and operator algebras can be found for example in [91] and [106].
Definition 2.1.1. A Banach space X is an operator space if is isometrically isomorphic to a

subspace of the C*-algebra B(J) of bounded operators on a Hilbert space.

It is more usual to give an abstract version of the definition of an order unit space. In

this version, it turns out that a necessary and sufficient condition for this is requiring the
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matricial amplifications My (X) := {x;; € X; 1 < 1,j < n} themselves to be Banach spaces
in a way compatible with both the order structure My (X) € My 41(X) and the Banach
algebra structure of M (C). If X is an operator space, My (X) is an amplification of X
and there is a multiplication map m : X x X — X on X then the induced maps m, :

Mn (X) x Mp(X) = Mn(X) are the multiplication maps given by
n
((mn(x, y)) Z m(xq k/yk) 1<1,]<n/ X,y € Mn(X).

If j : X — Xis an involution, the induced maps jn : Mn (X) — Mu (X) are given by

(Gn()ii)1<ij<n = G0¢,0))1<i,j<ns X € Mn(X).

Definition 2.1.2. An operator algebra X is an operator space X with a (linear) completely

bounded multiplication map m : X x X = X, i.e there exists a K > 0 such that

[lmn O Y < KXy, ¥x,y € Mn(X), n € IN. (2.1.2)

It is well known that operator algebras are precisely the closed subalgebras of bounded

operators on a Hilbert space, a proof of which can be found in Blecher’s article [7].
Definition 2.1.3. An operator *-algebra X is an operator algebra with a completely bounded

involution j : X — X, i.e there exists an L > 0 such that

in(x)]] <L|x|]l, ¥x € Mn(X), n € N. (2.1.3)

An operator *-algebra X differs from a C*-algebra in that the involution j on X is in general
different from the involution coming from an algebra embedding X C B(J{), even if K =

L = 1 can be chosen in the above definitions.

The most important varieties of operator *-algebras are those defined by derivations on

C*-algebras, many examples of which will be constructed later on.

Definition 2.1.4. A derivation 6 : A — B, where A and B are C*-algebras, and m: A — B

is an injective *-homomorphism, is a densely defined linear map which satisfies the prod-
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uct rule 5(ab) = m(a)d(b) + 6(a)n(b) whenever a,b € A. We suppose additionally that
d(a*) = —56(a)* foreach a € A.

Proposition 2.1.5. [67] Let A, B be C*-algebras, equipped with an injective *-homomorphism
m: A — B and a derivation 6 : A — B. Then the completion of the algebra Ay := domd with
respect with the norm ||al|y = ||n(a)||g + ||6(a)||p and equipped with the involution from A, is

an operator *-algebra. There is an algebra embedding A C My (B) defined by
p(a) = . (2.1.4)

Example 2.1.6. Going back to the first example, we could require instead that the algebra
C}(M) consists of continuously differentiable functions vanishing at infinity (whose derivatives
also vanish at infinity), rather than just functions with uniformly bounded derivative. It
turns out that this algebra too can be given the structure of an operator *-algebra ([61]).
This raises the question of just how many examples there are and we expect this subject to

dominate the literature in the near future.

2.1.2 Operator *-modules.

Let us consider operator *-algebras of the variety considered in Proposition 2.1.5, where
B = B(H) for some separable Hilbert space H{ and write A; := dom(5). We can form the
exterior tensor product H ® A, regarded as a right A-module. The completion E; of H ® A

with respect to the inner product norm (:, -);, where
(a1 ®&, @ &6) = (a1 ®&,a® &)+ (8(a]) ®&,8(a) ® &); aj,az € Ay, (2.1.5)

is itself an operator space, with a natural contractive right action of Aj.

The operator *-module is another idea discussed and motivated in [61]. Essentially, an op-
erator *-module is to an operator *-algebra what a countably generated Hilbert C*-module
is to a C*-algebra. When X is an operator space, A is an operator algebraand r: X x A — X
is a right action, the induced maps 1, : M (X) X M (A) = My (X) are given by

n

((rnle,a))ijlicijsn = (Z rlegx aki))igij<n:
k=1
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Definition 2.1.7. Let A be an operator algebra with completely bounded multiplication
map m and let X be an operator space. We call X a right A-module if there exists a completely
bounded linear map r : X x A — X such that rn(rn(e,a),b) = rn(e,mn(a,b)) for each

a,beMn(A),eeMp(X)andn € Z™.

Definition 2.1.8. Let X be a right A-module, where X is an operator space and A is an
operator *-algebra with a completely bounded multiplication map m and a completely
bounded involution j. We say that X is hermitian if there exists a completely bounded
sesquilinear form on X which is right A-linear. In other words, there exists a map (-|-) :

X ® X — A which is linear in the right co-ordinate such that

1. (e|r(f,a)) =r((elf),a) Ve,f € X, a € Aand

2. j((elf)) = (fle) Ve, f € X.

In particular the inner product extends to (+|-)n, : Mn (X) @ M (X) = My (A) with the same
properties, defined by

o0

((elf)n)i; = Z(ek,i|fk,j)

k=1

and there exists a M > 0 such that ||(e[f)n [|a < M|le]x[[fl|x, Ve, f € Mn(X), n € N.

Alternatively we can define a operator space X to be a (hermitian) left A-module in pre-
cisely the same way, except that linearity and A-linearity is now defined in the left argu-

ment.

Definition 2.1.9. Let A be an operator *-algebra. By the standard operator *-module A
over A we mean the completion of the space co(A) of finite sequences in A, viewed as
a diagonal subspace of M(A) := UnenMn(A) with respect to the standard embeddings
Mn(A) C My 41(A), whose norm is the norm induced by the inner product ((an)|(bn)) =

Y njn(an)bn and the obvious right module action of A.

Definition 2.1.10. A hermitian operator right A-module € is called a operator *-module if

€ = PA, i.e € is an orthogonal direct summand in Ax.
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Example 2.1.11. Every countably generated Hilbert module which is a right A-module for
some C*-algebra A is automatically an operator *-module when one views A as an operator

*-algebra, an obvious consequence of Kasparov’s stabilisation theorem.

Example 2.1.12. In [61] it was shown that an operator space X is a *-module over C}(M)
(the algebra of continuous functions with continuous derivatives) if and only if X is a di-
rect summand in the operator space C}(M, ) (i.e the space of Hilbert-valued continuous

functions with continuous derivatives) for some Hilbert space .

Example 2.1.13. More generally, the operator space E; above is an operator module over

A1, with E; = Aj, as the completion of the finite sequences in cy(A1) C H® A;.

2.2 Spectral triples: background and definition.

The basic objects in noncommutative geometry are spectral triples. Everyone agrees that
on the most basic level a spectral triple, defined on a general C*-algebra, should provide
firstly a generalised index theory, defined by a pairing with K-theory, and secondly an
abstract notion of a first order differential operator. Because a "Dirac-type" operator on a
compact manifold also recovers the dimension of the manifold from the Weyl asymptotics
of the Dirac, it is usual to associate a dimensionality invariant to a spectral triple also. In
the language of C*-algebras, the first condition can be interpreted as saying that a spectral
triple should define a representative of K-homology. Consequently, spectral triples are also

called unbounded Fredholm modules.
2.2.1 Definition of a spectral triple.

Definition 2.2.1. Let A be a C*-algebra. A spectral triple (A, H, D) is given by a *-representation
7: A — B(JH), a dense *-subalgebra A C A and a linear densely defined unbounded self-

adjoint operator D on H such that

1. n(A)domD C domD and [D, nt(a)] : domD — H extends to a bounded operator for
each a € A and

2. m(a)(1+4 D?)~ 1 is a compact operator for each a € A.
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2.2.2 Relation to operator *-algebras and Sobolev spaces.

In the definition of a spectral triple, the algebra A is formally viewed as an algebra of
differentiable elements and, for a € A, the operator [D, a] : domD — H corresponds to a
first order derivative. To each spectral triple, we can study the "maximal” set of all such

elements. We introduce the set,
CHA):={a e A: a(domD) c domD and [D, 7t(a)] extends to a bounded operator in B(JH)}.

Our first assertion is that C1(A) is a *-algebra. Given a,b € C1(A) then also ab leaves
the domain of D invariant, so that [D, ab] : domD +— B(H) makes sense and [D, ab] =
[D, alb + a[D, b], so that [D, ab] extends to a bounded operator on B(H). That a € Cl(A)
implies a* € CL(A) is less clear, however. In a recent article [25], Christensen provides a
more thorough analysis of operators of the form [D, a], such as arising from spectral triples.

The following definition will be useful:

Definition 2.2.2. [25] Given a spectral triple (A, H, D) on A, an element a € A will be called
weakly D-differentiable if and only if the sesquilinear form S([D, a) : H? + C defined by

S([D, al)(&m) := (a&, Dn) — (aDE,m), &n € domD, (2.2.1)

is bounded. On one hand, given a € C!(A) then the sesquilinear form given by S([D, a])
is evidently bounded. The converse is true by Theorem 2.11 of [25]. We can use this fact
to show that the set of weakly D-differentiable elements is closed under involution, for

indeed for each &,1 € domD,
S([D, a*)(Em) = (a"E, Dn) — (a"DE,m) = —((an, DE) — (aDn, £))* = =S([D, al(n, &))"

Proposition 2.2.3. The vector space H; := domD becomes a Hilbert space with respect to the
inner product (n1,M2)1 := (M1,M2) + (Dn1, Dny). The algebra CL(A)isan operator *-algebra with

respect to the involution on A and the norm ||al|1 := ||t(a)| + ||[D, 7(a)l||. Moreover, the map
p: CYA) = B(30); pla)(n) =mn(a), (222)

is an injective norm-decreasing algebra homomorphism.

7
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Proof. If (Mn)n>1 C Hj isa Cauchy sequence then (1 )n>1 is certainly Cauchy with respect
to | - ||3c. Therefore it converges to some vector 1 € 3. By the closed graph theorem
Mmoo (DN — D) exists for each n € IN so that D = Dy, + limm 00 (DN — D1in) €
H and n € Dom(D). So H; is complete.

In view of Proposition 2.1.5, to show that C!(A) is an operator algebra it is only necessary
to verify that C!(A) is already complete in the norm ||a|; := ||[7(a)|| + ||[D, 7t(a)]||. A proof
of this is provided in Theorem 2.16 of [25].

Finally, p is an injective algebra homomorphism, which is norm decreasing because of the

estimate

le(@)lB(ge,) = sup  (m(a)(n),m(a)(n))
neHy,[Inlli<1

= sup  ((m(a)n, w(a)n) + (Dp(a)n, Dr(a)n))
nedy,|Inl <1

= sup  ((m(a)n, m(a)n) + (m(a)Dn, (a)Dn) + ([D, (a)n, [D, (a)n))
neFHy,|nlh<1

< sup  ([7(@)|?mF + D, 7(a)]|[*m]?)
neFHy,|nlh<1
< (@) + 1D, me(@)][)>.

2.2.3 Dimension and differential forms.

Definition 2.2.4. Let A be a C*-algebra and (A, H, D) a spectral triple on A. It will be useful
to introduce the algebra of differential 1-forms, given by

Qp(A) = ™D, n(a"))...[D,n(a{), o[ €4, rezt). (2.2.3)
iel

This is can be viewed as an A-bimodule. Moreover Q(A) is an algebra since, given
a,b € A, then also ab € A and [D,nt(a)lnt(b) = [D,n(ab)] — nt(a)[D,t(b)]. When the
spectral triple is unital, then the spectral triple is called p-summable for each p € (0, c0)

such that (1 + D2)~P/2 € B(H) is trace-class (note that (1 + D2)"P/2 ¢ K(H) for p=1).
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The spectral dimension of (A, H, D) is then defined by
so(A, H,D) =inf{p € (0,00) : Tr(1+D?)"P/? < o0} (2.2.4)

When the dimension is integer valued then the spectral triple is applicable to Connes’ re-

construction programme [32].
2.2.4 Relation to K-homology.

The standard identification between spectral triples and Fredholm modules is made in
the following way: when (A, 3, D) is a spectral triple on A with the additional regularity
condition that also [(1 + D?)1/2,7t(a)] is bounded for each a € A then (A, H,Fp = (1+
D2)~1/2D) is a Fredholm module on A. The main thing to show is that [Fp, 7t(a)] € K(H),

which follows from
[Fp,m(a)] = (1+ D) V2([D, n(a)] + [(1+ D)2, n(a)]Fp), (2.2.5)

Note that the index of Fq is then precisely the index of D : J{; — J{. In this way the grading
structure on (A, H, D) automatically passes to (A, I, Fp). Because K-homology admits a
formal Bott periodicity, it is enough for many purposes to decide whether the Fredholm
(A, X, Fp) is a representative of KO(A) or K}(A). Consequently spectral triples are often

distinguished into odd and even varieties:

Definition 2.2.5. A spectral triple on A is called graded or even if there exists an operator
v € B(H) such that y?> = id, yn(a) = 7t(a)y for each a € A and y® = —®vy. Otherwise
it will be called ungraded or odd. An even triple is formally represented via a direct sum

representation " @ m~ over an orthogonal direct sum H ™ & H~ with a skew-diagonal

0 D
self-adjoint operator D of the form .
Dt 0

2.2.5 The Dixmier trace and connection to cyclic cohomology.

The summability criteria is more significant in the development of the Dixmier trace
in noncommutative integration theory: when (A, H, D) is a spectral triple of dimension

so > 0, we can ask whether additionally the spectral triple is £(50°°)- summable, that is,
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the operator (1 + D2)—s0/2 belongs to the Dixmier ideal £ (Leo) In this case, a well known
procedure as highlighted in [31] leads to the construction of a trace on A, for each suitably

chosen generalised limit Lim,, via the map
Tw : @ Tr(a(l+D?)7%0/2), (2.2.6)

(see Appendix A for details). Connes shows that the Dixmier trace provides a geometric re-
alisation of the Chern character, which represents each finitely summable spectral triple in
the corresponding Hochschild class HC™(A) of cyclic cohomology, for n € Z* sufficiently
large. For each (1 + 1)-tuple in A, the formula (in the odd case) is

Volag, ..., an) = Tre(aglD, ail...[D, anl(1+ D?)~/2), (2.2.7)

Connes and Moscovici improved on this work in their paper [35], achieving a noncommu-

tative statement of the Atiyah-Singer index theorem for spectral triples in relative general-
ity.
2.2.6 Connes’ distance formula on the state space.

One of the most interesting properties which comes out of a spectral triple in differential
geometry is the ability to recover the geodesics of the manifold. For a given spectral triple

(A, H,D) on A, Connes’ extended metric!). d: S(A) x S(A) — [0, o] is defined by
de(wy, wy) :==supf{lwy(a) —wq(a)l: a=a* €A, ||[D,n(a)]]| <1} (2.2.8)

The motivating example is prescribed by a the Dirac triple on a connected spin® manifold
M for which ||[D, f]|| = ||grad(f)||. The restriction of Connes’ metric to the point evaluation
measures dc(px,py) then coincides with the path metric dy(x,y) along M [31]. If we
require instead that the metric d¢ is merely equivalent to the geodesic metric along M, then

for each spectral triple on M we require only that there exists a constant K > 0 such that

1
lgrad(F)| < [[[D, 1| < K[|grad(f)], f € C'(M),

(1) This is usually called a pseudometric in the literature but this confuses the common definition of a pseu-
dometric, which takes only finite values but where two non identical points can have distance zero.

10
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and this can be fulfilled with a wide range of spectral triples, meaning that the spin® con-

dition is not really necessary. A priori, Connes’ metric dc depends on the algebra A.

In general, a spectral triple on a unital C*-algebra A determines, via Connes’ formula,
an extended metric d on S(A). The topology that d generates is stronger than the weak*-
topology of S(A), so that, as Rieffel points out in [100], the natural question to ask is when

the topologies coincide. We shall discuss this in more detail in Chapter 3.
2.2.7 Riemannian metrics.

In general, the operator *-algebra C!(A) acts over J(;, viewed as an operator space, as a
left module as in the proof of Proposition 2.2.3. It seems reasonable, for spectral triples for
which the Dixmier trace T, (a) is well defined for each a € C!(A) (that is, a is measurable,

c.f Appendix A), to provide an abstract definition of a Riemannian metric.

Definition 2.2.6. A Riemannian metric on a finitely summable spectral triple (C LA),H,D) e

LP> such that each a € C!(A) is a measurable operator, is a left A-linear hermitian form,
g(-}) : 3y x 3 = CHA), (2.2.9)

such that 3(; is a countably generated operator *-module over C!(A) and furthermore there

exists n € Z* such that,

(&M)gc = t(gnl&)), n, & e Hy, (2.2.10)

where 1(a) = Try (alD|™™) for any suitably chosen generalised limit Lim,,.

2.3 Examples of spectral triples.

The study of spectral triples in differential geometry has a vast literature and we highly
recommend the survey articles [115], [98] for well-known examples and theory. As we are
more focused on the functional analytic aspects of these constructions, we shall not again
visit many of these ideas, except where there operator algebraic language also applies. The

first examples of a spectral triple for C*-algebras are those arising from discrete groups.

Example 2.3.1. Connes ([30]) used this correspondence between C(T) and C*(Z), com-

11
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ing from Pontryagin duality theory, to construct spectral triples on all reduced group C*-
algebras coming from discrete finitely generated groups I', equipped with a proper length

function, thatis, amap £: ' — Z* such that
Ug) =0 < g=1p, tgh) <lg)+L(h), L(g) =tlg ") Vg heT,

¢1({0,...,m}) is finite Yn € Z™*.

It is seen that the triple (CH(IM), &(T), M), where Myegq = {(g)eq is a multiplication opera-
tor and C}(I") := {x € C%(I") : [D,x] € B({(T"))} contains the group ring C[I'], satisfies the

axioms of a spectral triple.

Example 2.3.2. A straightforward example of a spectral triple on a finite dimensional C*-
algebra is the algebra M, (C), represented over itself and with the Dirac operator given by
transposition M — M?*. Finite dimensional C*-algebras are the only instances in which a

spectral triple can have dimension zero.

Example 2.3.3. Spectral triples have been relatively successful in describing fractal geom-
etry. Some of the well studied examples include Cantor sets, Sierpinski gaskets [29] and
aperiodic tiling spaces [68]. Although such spaces are not manifolds, the study of the met-
ric aspects is quite well developed. For example, the authors [92] showed that starting
from any ultrametric d on the Cantor set X, there is a spectral triple on C(X) whose metric

recovers d, at least up to Lipschitz equivalence.

Example 2.3.4. Constructions of spectral triples for approximately finite dimensional (AF)
C*-algebras were proposed by Christensen and Ivan [26]. The idea is to use each AF filtra-
tion (An)n>1 of A to construct an odd spectral triple (A, H, D) on A such that Up>1An C
A. In this way (An)n>1 can be identified naturally with the filtration of A coming from the

spectral projections {Qn : n > 1} of D, namely
An={aeA: [Qim(a)] =0Vi>n} (2.3.1)

We shall outline this construction a little later on. The idea of using a filtration of a C*-
algebra, not necessarily AF, has been pursued in a few places (e.g [110], where general con-

structions of spectral triples were proposed for all quasidiagonal C*-algebras) but, without

12
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the extra structure present in Christensen-Ivan’s construction, it generally becomes diffi-

cult to say anything about the summability and metric properties.

2.4 Unbounded KK-theory.

Following the seminal works of Baaj and Julg [4], the study of unbounded Kasparov the-
ory is all over the literature these days. Unbounded KK-theory provides a similar re-
finement to ordinary KK-theory that spectral triples provide to refine K-homology. Un-
bounded KK-theory arises naturally in the geometry of fibrations and also provides a use-
ful description of the spectral flow formula, among many other things. We will tend to
view unbounded KK-theory as correspondences between spectral triples, which is broadly

how they were introduced in Mesland’s dissertation [50].

Definition 2.4.1. [4] Let A and B be separable C*-algebras. An unbounded (Kasparov)
A-B cycle is given by a triple (A, Eg,®), where Ep is a countably generated right Hilbert
B-module, together with a *-homomorphism 7 : A — £(Eg), a norm-dense *-subalgebra

A C A and a densely defined self-adjoint linear operator © on Ep such that

1. © is regular, i.e the operator 1 + ©*9 is also densely defined and self-adjoint,
2. n(A)dom® C dom®D and [®,n(a)] : domD — Ep extends to an adjointable bounded
operator in £(Ep) for each a € A and

3. 7(a)(1+ D*D) /2 extends to an element of K (Ep) for each a € A.

The cycle (A, Eg, D) is said to be graded or even if there exists a self-adjoint operator y €
L(Eg) such that y2 = id, yn(a) = 7m(a)y for each a € A and y© = —Dvy. Otherwise
(A, Eg, D) is called ungraded or odd.

A distinction is usually made between odd and even cycles, as with ordinary K-homology.
When B = C in the definition, so that the cycle is expressed using a Dirac operator over
a Hilbert space with compact resolvent, then the definition, up to faithfulness of the map

m: A — L(Ep) is that of a spectral triple.

Remark 2.4.2. In the literature, the algebra A is not usually specified. We will often find it

convenient to assume A = C!(A, B), defined as the algebra,

CYA,B):={a € A:a(domD) c domD and [D, a] extends to a adjointable operator in £(Eg)},

13
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which becomes an operator algebra over Eg with respect to the norm |la|; = ||al|a +
[ID, t(a)]||. In some instances, we may want to stress the *-homomorphism 7t: A — L(Ep)

as well and write each unbounded cycle as a triple (7, Eg, D).

Proposition 2.4.3. Let (Eg,®) be an unbounded A-B cycle, where A and B are separable C*-
algebras. Then E; := dom(D) becomes a right Hilbert B-bimodule with respect to the inner product
(e1,ep)1 := (e1,e2) + (Dey, Dey). The natural left action of A on Ep restricts to a left action of
CL(A, B) on Eq and the natural map (CYA,B), |- 1) — (L(Eq), |- |l (€,)) is @ norm-decreasing

algebra homomorphism.

Proof. Essentially the same as in Proposition 2.2.3. O

There is, to my knowledge, no general understanding of the equivalences between un-
bounded cycles which captures the homotopy invariance of KK-theory. Orthogonal direct
sum trivially gives the sets A81(A,B) and 88%(A, B) of all unbounded odd (respectively
even) A-B cycles of the form (Eg,®) an abelian semigroup structure. The correspondence

between bounded and unbounded KK-cycles is then provided by the following result:

Theorem 2.4.4. [4] Let A and B be separable C*-algebras, let p € Z/2Z. and suppose (Eg, D) €
RRP (A, B) is an unbounded A-B cycle. Then (Eg,D(1+ D*9)~1/2) € KKP(A,B). The map
b: RRP (A, B) — KKP (A, B) defined this way is a surjective group homomorphism.

Example 2.4.5. If A, B, C are C*-algebras, (m,Ec, D) € fKﬂCl(B,C) and o : A — Bisa *-
homomorphism such that o 1(CY(B, C))isdense in A then (o 0, Ec, D) € XKKL(A, C). We
shall label this cycle o* (7, Ec,®). This is clearly compatible with the contravariant functor

0" in ordinary KK-theory: b(m, Ec, D) € KK1(B, C) — o*(b(m, Ec, D)) € KK}(A, C).

2.5 The external Kasparov product.

One of the most useful properties in unbounded Kasparov theory is the ability to write
down representatives of the external Kasparov product using explicit cycles. The external

Kasparov product in ordinary KK-theory is an associative map

KKP (A1, B1) x KK9(Az, By) — KKPH9 (A1 @min A2, Bl @min Ba), (25.1)

14
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but it is hard to write down explicitly. Conversely, Baaj and Julg show that this becomes

relatively easy when the cycles are unbounded.

Given two cycles (Eg,,D1) € KX(Aq,B1), (Eg,, D2) € KXK(Ay, By), there is a natural
representation of A; ®min Az on the external tensor product Eg, ®Eg,. The derivations
8i(a) = [®j, a] determine a derivation 6 on the algebraic tensor product Cl(A1,B1) ®

Cl(A,, By) via
8(a1 ® az) := 61(a1) ® az + a1 ® &2 (az). (2.5.2)

Let C1(A1,B1) ®; C1(Ay, By) be the completion of this algebra with respect to the norm
X1 = (XA, @minAs T 10| A, @15 A, Which is then a Banach *-algebra. The statement

of the external tensor product, in the ungraded case, is the following:

Theorem 2.5.1. [4] Let A1, Ay, By and By be separable C*-algebras and let (Eg ,D;) be un-
bounded odd A;-B; cycles for each i € {1,2}. Write A := A1 @min Ap and B := B; ®min Ba. As

usual let ® denote the external tensor product. Then the triple

- _ 0 D101 —iRD;
((Esl ®Eg,) ® (Ep,®EB,), o >, (2.5.3)
D181 +i@D; 0
defines an unbounded even A-B cycle. It defines a pairing
Xe: RR(A1,B1) x 88 (Ay, By) — RRY(A, B). (2.5.4)

Moreover there is a commuting diagram;

RRY(A1,B1) x RR (A, By) > RR(A, B)

o |

KK!(A1,B1) x KK (A,, By) = KKO(A, B).

Remark 2.5.2. Similar results may be obtained, via standard changes to the grading, in
the situation when either or both of the given cycles are even. In the most general form,

the external Kasparov product in unbounded KK-theory is the existence of a commuting

15



CHAPTER 2: PRELIMINARIES

diagram
ARP (A1, B1) x RRI(Ag, By) ““— ARV T9(A, B)
i bxb l b
KKP (A1, By) x KK9(A,, By) “5—= KKPT4(A, B).
where both p, g and p + q are understood mod 2. Explicit expressions can be found else-

where (see the exercises in [60]).

2.6 The internal Kasparov product.

The internal Kasparov product in ordinary KK-theory is a pairing,
KKP(A,B) ®g KK9(B, C) — KKPTI(A,C), (2.6.1)

with p,q,p+q € Z/2Z. To show that this product can be represented by unbounded

cycles is rather more of a challenge, but has attracted plenty of interest elsewhere.

Definition 2.6.1. Recall that, given two Hilbert modules E and F, such that E is an A-B
bimodule and F is a B-C bimodule, the inner tensor product Hilbert module E ®3 F is the
A-C bimodule given by completion of the vector tensor product E ® F with respect to the

inner product rule

<61 ®f1,e0® f2> = <f1, <61, 62>f2>. (2.6.2)

The difficulties associated with this product entail lifting unbounded Fredholm operators
on each of E and F to operators on E ®g F. This can be addressed by the use of connec-
tions, as developed by Cuntz and Quillen [42]. Kucerovsky established, under natural as-
sumptions, a set of sufficient criteria for a given unbounded cycle to represent the internal

Kasparov product of two other given cycles:

Theorem 2.6.2. [/4] Let A, B, C be separable C*-algebras and let (E,S), (F, T) be cycles in
RRY(A,B) and RR'(B, C) respectively, Then (E @ F, D) € RRY(A, C), equipped with the usual
Z; grading and the natural representation of A on E ®p F, represents the Kasparov product of

(E,S) and (F, T) provided:
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o T)'\1 o
in a dense subset of A - E,
2. Dom(®) ¢ Dom(S) and

D 0 0 Te 2 2 ,
1. |( extends to a bounded operator on (E @p F)* @ F for e contained

3. there exists a constant C > 0 such that (Dx, Sx) + (Sx, Dx) < C(x,x), where x € Dom(D).

X 0 —iT
Here, Te is the completely bounded adjointable operator (f1,f2) — (e®@f1,e®fp), T = ( ' )

iT 0
. 0 S®1
and S == .
S®1 0

Example 2.6.3. Let (M, g) be a Riemannian manifold and F a Clifford bundle over M. A
spectral triple over C(M) can be defined as usual by defining a Dirac operator on L2(M, F)
as the composition of a Hermitian connection vV 12(OM,F) = AY(M) @ L2(M, F) and the
Clifford map ¢ : A'(M) @ L2(M,F) = L2(M,F), where A'(M) is the (graded) algebra of

differential 1-forms. This defines an unbounded cycle,
(C'(M), L2(M, F),co V') € RRP(C(M),C), (2.6.3)

where p is determined by the grading of F. Moreover, each Hermitian Clifford bundle
E over M, equipped with a Hermitian pairing (-|-) : E x E — C(M) defines, for some q
determined by the grading of E, an unbounded cycle

(C(M),E,1dg) € £R9(C(M), C(M)). (2.6.4)

Now let VE 1 E s E®c1 (M) AL(M) be any connection on E which is compatible with (-, -).

In particular VE is a well defined linear map with the properties,

(1) VE(fe) = fVE(e)+ df @ e; Ve € E, f € CL(M), (2.6.5)

(2)(VE(er)le2) — (e1lVE(e2))* = d((e1, e2)); Ver, e2 € E, (2.6.6)

where (+-) : E x (E ®c1(m) AYM)) — AL (M) is the usual Hermitian pairing defined by
(e1lep ® df) = (e1,ey)df. In this way, the map VEF . E ®c1(m) L2(M,F) — E Qct(m)
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AN M) @10y LM, F) given by:
VE e @i f) = VE(e) ®c i) F+He@cing V' () (2.6.7)

is well defined for each e € E and f € C!(M). Composition with the Clifford map, along
with the natural identification E @ oo () L2(M,F)) = L2(M, E ®coo(n) F), defines a self-

adjoint operator ¢ o VEF over 12(M, E ®ceo () F) and a spectral triple
(CHM), LM, E@c1 ) F),co VEF) € RRPTI(C(M), C). (2.6.8)
We can view this construction as a pairing

RRI(C(M), C(M)) ®c (1) RRP(C(M), C) = RRPFI(C(M), C). (2.6.9)

In order for a construction of this kind to be accessible to operator algebras, there are
various things to be addressed. Firstly, an algebraic treatment of Hermitian connections
on more general operator *-algebras is needed. Then there is the challenge of adapting
the treatment to operator *-modules defined over *-algebras, i.e to keep track of the first
order differential structure. Most challenging of all is to establish conditions in which the
resultant triple has compact resolvent. The presentations of [80], [79] and [61] address each
of these concerns, but it is the latter approach which is most relevant to our purposes. The

final part of this chapter reviews section 4-7 of that paper.

The motivation behind the construction and terminology therein is that given two un-
bounded modules (E,S) € RR(A,B) and (F, T) € RR(B, C), the cycles should be composible
if and only if the smooth structures are aligned in the right way. Kaad and Lesch achieve
this by constructing correspondences, which can be viewed as those connections which

themselves satisfy first order differential criteria.

Definition 2.6.4. Let B be an operator *-algebra and $ a derivation on B. As usual, the
algebra of 1-forms on B is given by Q}S(B) = {3 a;ib(by) : ay, by € B}, which we will
typically view as a right operator *-module over itself and a left operator *-module over B

in the obvious way.
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5 will be called essential if BQ% (B) is dense in Q}S (B).

Given (E,S) in 88'(A,B) and (F,T) in 88!(B, C), suppressing notation, we can consider
the operator module QlT(Bl), where B is a dense *-subalgebra of Cl(B,C) and &7 = [T, ]
We can view this as a B-£(F) bimodule. After completing in the norm ||b||; := ||b||g + 57 (b),

we can view Bj as an operator *-algebra.

Definition 2.6.5. Let (E,S) in 88 (A, B) and (F, T) in 88'(B, C) as above and suppose that
E; C Eis an operator A-B submodule which is also a countably generated right operator
*-module over Bj. In other words E; = P(B1)« is an orthogonal summand in the standard
right module (Bq)s. Suppose that 6t is an essential derivation on B;. The Graf3mannian

connection is the completely bounded linear map V1 : E1 — By ®p, QO1(B;) defined by:

VT((bn)neN) =(P® 1)(6T(bn)n€]N)~ (2.6.10)
Lemma 2.6.6. [50] [01] VT :Eq — E1 ®p, QY(By) is a Hermitian &1 connection. It satisfies

Vrt(eb) =Vr(e)lb+e®dt(b), ec Eq, b€ By, and (2.6.11)

(e1lVr(e2)) = (Vr(er)le2)” = d71({e1, e2)B), €1, €2 € Ey. (2.6.12)

where (-|-) : By x (Eq @B, L(F)) — L(F) is given by (e1le; ®p, x) 1= (e1, €2)B, X
Corollary 2.6.7. [50] [61] There is a densely defined linear operator 1 @y, T :€ L(E ®g F) defined
by

(1®v, T)(e®p f):=e®p Tf+co(Vr(e) Qa1(By) f); eckE, feF, (2.6.13)

where ¢ : E ®@p, Ql(By) Qa1 FrE®pF is the natural map.

Definition 2.6.8. (compare with [61].) Let (E,S) in RRY(A,B) and (F, T) in 8R! (B, C), where
(F, T) is essential (that is, the left action of B on £(F) is essential and the derivation &t is
essential). A correspondence from (E,S) to (F,T) comprises a pair (By,E;), where E; is a
right operator *-module over an operator *-algebra B;, equipped with the Grafmannian

d7- connection V1 : E1 — E1 ®p, Q1(B1) such that the following hold:
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1. B; ¢ CY(B,C)) asadense *-subalgebra and E; C E as a dense pre-Hilbert submodule.

2. There exists a dense *-subalgebra A C Cl(A, B) such that the commutators [1 ®v,
T, a] are densely defined and extend to a bounded operator in £(E ®p F) for each
a€A.

3. The operators s :== S®1,t :== 1 ®y, T : Dom(s) N Dom(t) ++ E ®p F have a dense
common domain of definition and furthermore for each u € R\ {0} the operator

[s,t](s —ip) 1 : Dom(t) — E ®p F extends to a bounded operator in £(E ®p F).

Theorem 2.6.9. [67] Let (E,S) € RRY(A,B) and (F,T) € KR! (B, C), where (F,T) is essential,
and let (B1, E1) be any correspondence from (E, S) to (F, T). Then

0 s —it
<(E @pF) & (E®p F), [ ] ) (2.6.14)
s+it 0

defines an element of RRY(A, C). Moreover, the pairing @ (g, ;) : RRY(A,B) x 88!(B,C) —
ARO(A, C) defined by

0 s—it
(E,S) @B,y (F,T) = (E@p Fa C? ), (2.6.15)
s+it 0

represents the Kasparov product ®p : KK1(A,B) x KK}(B, C) — KKO(A, C). That is, we have a

commuting diagram:

®[B1/E1)

£81(A,B) x 88!(B, C) ——= &8Y(A, C)

| |

KK(A, B) x KK(B, C) 22—~ KKO(A, C).

By making suitable minor adjustments analogous to the external tensor product construc-
tion, it is possible to define correspondences between even cycles, or between cycles one of

which is even and the other odd.
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3: Quantum metric spaces

3.1 Compact quantum metric spaces.

The purpose of this section is in part to give a review of the development of the quantum
metric space and to include some relevant observations and examples for later chapters.
The compact quantum metric space was a definition coined by Rieffel in a series of papers
in the late nineties [100], [101], [102] to describe those C*-algebras admitting a so-called
Lipschitz seminorm, with which the state space can be endowed with a metric structure.
The terminology owes itself to the setting of ordinary Lipschitz functions, since a compact
metric space (X, d) defines a densely defined seminorm Ly i, on the algebra ring C(X,R)

of real-valued functions via

[f(x) —f(y)l

i) XYy EX, x #y} (3.1.1)

Lpip(f) :=sup {

and this can in some sense be thought to encode all the metric information for X, since
the metric is recovered via d(x,y) := sup{[f(x) — f(y)| : Lrip(f) < 1}. More significantly,
Monge and Kantorovich [64] show that the metric extends to the state space $(C(X)) of

Borel probability measures on X, where the formula becomes
d(p,v) := sup{lu(f) = v(f)l : fe C(X,R), Lrip(f) <1} (3.1.2)

In the greatest generality, this metric can be used in the study of order-unit spaces, which
is the context of Rieffel’s programme. As a rule we are more interested in C*-algebras
than order-unit spaces, so the change in approach which we present can be motivated by

"keeping track of the topology".

In general, when L : C(X,R) — [0, o] is a densely defined seminorm, the function defined
by d(w,v) = sup{lu(f) — v(f)| : f € C(X,R), L(f) < 1}is an extended metric: it is a metric
up to the possibility that it may take infinite values on certain states. The first task is, then,

to find necessary and sufficient conditions on L such that d is a metric.
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Proposition 3.1.1. Let X be a compact Hausdorff topological space, d : X x X — R be an extended
metric and Ly ip : C(X,R) + [0,00] be as in (3.1.1). Let O := {(x,y) € X x X : d(x,y) < oo}
Then (1) O is dense in X x X if and only if (2) {f € C(X,R) : L(f) =0} =RL

Proof. If (2) fails then there exists an f € C(X,IR) and a pair (xg,yp) € X x X such that
L(f) = 0 and f(xg) # f(yp). By continuity of f this holds if and only if there is an open set
O containing (xg, yo) such that f(x) # f(y) for each pair (x,y) € O. From (3.1.2), d takes
infinite values on O and hence (1) fails. Conversely if (1) fails then there is an open subset
O of X x X on which d takes infinite values, so L(f) = 0 for any non-constant f € C(X,R)

supported in O. O

The above observation supports the idea that a good seminorm for metric purposes should

satisfy a nondegeneracy condition.

Definition 3.1.2. A seminorm L on a unital algebra A is called nondegenerate if {a € A :

L(a) =0} = RL

Definition 3.1.3. Let A be a unital separable C*-algebra A and A5y :={a = a* € A}. A Lip-
schitz pair (A, L) on A comprises a dense unital subalgebra A C Agq and a nondegenerate

seminorm L : A — [0, c0).

A Lipschitz pair (A, L) on A is seen to determine an extended metric d 4 1 over S(A) (oc-
casionally written d 4, or di, if the Lipschitz pair is understood) in a way which provides
a noncommutative analogue of the Monge-Kantorovich distance when A is commutative;

the metric is just

dar(wy, wy) =sup{lwi(a) —wy(a)l: ac A, L(a) <1} (3.1.3)

Conversely a metric d on S(A) defines a nondegenerate seminorm L4 on A via

ln(a) —v(a)l

AL ) :wVEﬂALu#V} (3.1.4)

Lq(a) :==sup {
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3.1.1 Recovering a metric from a Lipschitz pair, and vice-versa.

Proposition 3.1.4. Let A be a unital C*-algebra and let d be a metric on S(A). Consider the
pair (A, Lq), defined for some algebra A C Agq NdomlLy, with Ly defined as in equation (3.1.4),
which may or may not be a Lipschitz pair. Then d 1, defined by (3.1.3) is a pseudometric and
da,1, < d. Moreover if a1, is a metric and the topology d generates is compact, then the two

metrics are topologically equivalent.

Proof. The first part is immediate from the definitions. With the extra assumptions in place,
it follows that the identity map 1 : (S§(A),d) = (S(A),d4,1,) is a continuous map from a

compact to a Hausdorff topological space, whence a homeomorphism. O

The opposite problem, namely when a Lipschitz seminorm may be recovered from the
metric that it induces, was considered in Chapter 4 of [101]. Using (3.1.3) and (3.1.4), it is
clear that if (A, L) is a Lipschitz pair on A then sois (A, Lg AL ). The most important feature

of the seminorm Lg , , is that it is lower semicontinuous, whether or not L itself is.

Definition 3.1.5. A Lipschitz pair (A, L) is called lower semicontinuous if whenever (an) C A

is a sequence converging to a € A such that L(an) < R for eachn € IN then also L(a) <R.

Proposition 3.1.6. [101] If A is a unital C*-algebra and (A, L) is any Lipschitz pair on A such that
da,L is a metric, then Lq , | is the largest lower semicontinuous Lipschitz seminorm smaller than
L. Consequently, Lq AL (a) = L(a) for each a € A if and only if (A, L) is a lower semicontinuous

Lipschitz pair.

Definition 3.1.7. A Lipschitz pair (A, L) is called closed if it is lower semicontinuous and

A =Dom(Lq, ).

By replacing (A, L) by (Dom(Lg,,, ),La, ), we can sometimes reduce problems about Lip-
schitz pairs to the closed case. To ensure that Dom(Lq4 A’L) is an algebra, it is important to

introduce the Leibniz rule:
L(ab) < L(a)|b]| + ||a||L(b) for each a,b € A. (3.1.5)

Lemma 3.1.8. [102] Let A be a unital C*-algebra and (A, L) be a closed Lipschitz pair on A. Then
(A, L) becomes a Banach space when equipped with the norm |la|l; := |la|| + L(a), which is a

Banach algebra provided (A, L) satisfies the Leibniz rule.
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The Leibniz rule can be thought of as a heuristic for Lipschitz seminorms coming from
unbounded derivations, such as those coming from spectral triples. For a spectral triple,
the induced metric coincides with Connes’ extended metric. The existence of a spectral
triple is a somewhat stronger than necessary hypothesis, however, since the Dirac operator
involved in the definition is assumed to have compact resolvent, which is a condition more
relevant to summability and Fredholm properties. Nevertheless, Rennie and Varilly came
up with a very interesting statement, which suggests that the extra conditions of a spectral

triple may be of metric significance to the resulting Lipschitz seminorms:

Proposition 3.1.9. [99] Let (A, H, D) be a spectral triple over a C*-algebra A coming from a
faithful representation 7 : A — B(H) with the property [D,n(a)] =0 <= a € Cla. Then
(Asa,Lp), where Asq :={a € A: a* = a}and Lp(a) := ||[D, rt(a)l||, is a lower semicontinuous
Lipschitz pair satisfying the Leibniz rule. If the representation 7 is nondegenerate and the spectral
triple comes with a cyclic vector & for (A, ) such that ker D = CE& then Connes” extended metric

is a metric. Further, (Asq, Lp) is closed if and only if A = CL(A).

Finally, Rieffel addresses the question of whether a metric induced by a Lipschitz semi-
norm has finite diameter and whether it induces the weak*-topology of S(A), which in

particular turns (S(A), d 4,1 ) into a compact topological space.

For each Lipschitz pair (A, L), define By (A) := {a € A, L(a) < 1}, Bi(A) == {a €
A/RL L(a) < 1} and By (A) = {a € Br(A); |la|| < 1}. Formulated differently, the

statements are:

Proposition 3.1.10. [100], [101]

1. Given a unital C*-algebra A equipped with a Lipschitz pair (A, L), equation (3.1.3) deter-
mines a metric A4 of finite diameter if and only if By (A) C A/R1 is norm- bounded, and
further diamBy (A) < r if and only if diam(S(A), dr) < 2r, for each v > 0.

2. d g1 metrises the weak*-topology of S(A) if and only if (1) d 4 1 has finite diameter and (2)
Bi,L (A) C A is norm- totally bounded.

Definition 3.1.11. [102] A C*-algebra A, equipped with a Lipschitz pair (A, L) with the
property that d 4 | metrises the weak*-topology of S(A), is called a compact quantum metric

space.
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3.1.2 Dependence on the choice of algebra.

A priori, every property of a Lipschitz pair that we have discussed so far depends on the
algebra A defining it. A question which was raised in [57] was the following: given two
Lipschitz pairs (A1, L) and (A, L) defined on the same C*-algebra, what is the relationship
between d 4, and dp 4,? Are there instances, for example, in which d; 4, is a metric on

S(A) whilst dp 4, is not? We begin with another of Rieffel’s observations:

Lemma 3.1.12. [101] Let A be a separable unital C*-algebra and (Aq,L) and (A, L) be two Lips-
chitz pairs on A. Then d 4,1 = d g, if and only if By (A1) = By (Ap).

The lemma tells us that the metrics d4,,1 and d 4,1 agree whenever A; and A, have the

same closure in the || - ||;-norm.

In general, if A is any unital C*-algebra, (A, L) any closed Lipschitz pair on A and d is any
metric on S(A) which is smaller than d 4 1 , then we can contemplate the pair (Ag, L), where
Agq is the set of all functions which are Lipschitz for d in the sense of (3.1.4). Since d < d 4.
and L is closed, then necessarily L4 4L < La. So long as the inclusion A4 C A is dense and
the former is an algebra, then (A4, L) is also a Lipschitz pair. Of course, when A = C(X)
is unital, A4 is certainly an algebra and density of A4 follows from the Stone-Weierstrass
theorem. The question is, what does the metric d 4,1 give us? We were able to come up

with the following proposition:

Proposition 3.1.13. Let A be a unital C*-algebra and (A, L) be a closed Lipschitz pair on A which
gives (S(A), d 4,1 ) finite diameter. Let dy, dy be any metrics on S(A) with dq, dy < d 4,1 and with
the property that the spaces Aq, and Aq, defined by

Ag, ={a € A:3Lg > 0such that |wq(a) — ws(a)| < Ladi(w, wr), Ywy, wy € S(A)}

are dense in A. Then d 4 oL = dg oL if and only if dy and dy are Lipschitz equivalent metrics.

Proof. One one hand, if d; and d; are Lipschitz equivalent then by definition there exists
a C > 1 such that %dg(wl,wﬂ < di(wq, wy) < Cdy(wq, wa) for each wq, wy € S(A). It

follows that A4, = Aq4, and so immediately d 4 ol = dg a L

Conversely if d‘AdlrL = dﬂdzl then, from Lemma 3.1.12, By (Aq,) = Br(Ag,). By our

standing hypotheses, A4, and A4, become Banach spaces when equipped with the norms
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llall; := [la|| + Lq,(a) for each i € {1,2}. Since (A, L) is closed, it follows that By (Aq,)
and By (Ag,) are closed Banach subspaces of A4, and Ag, in the || - |1 and | - || norms
respectively. For indeed, if (an)n is a sequence in By (A4,) converging to a € Ag4, then we
can replace (an)n with a sequence (bn)n € By (Aq,) with the same limit. Since L(bn) <1
for each n, also L(a) < 1 and hence a € m. The same argument goes for B’L(7Ad2).
All this means that

v (BL(Aay) - ll) = (BL(Aay), Il - [12)

is an everywhere defined linear bijection between Banach spaces. As a consequence of the
uniform boundedness principle, the norms || - ||; and | - ||, are equivalent. In particular

there exists an Ry > 0 such that

Lay(a) < Ra(a| +La, (a)), Ya € BL(Agq,). (3.1.6)

Since L4, and Lq, are zero on multiples of the identity, this inequality passes to the quotient

algebra and becomes

Lg,(a) < Ry(fl@] +Lg,(a)), Va € BL(Aq,)/RL (3.1.7)

Since d; gives S(A) finite diameter, the first part of Proposition (3.1.10) applies and we can

write

Lo, (@) < Ry (Hdiamdl(s(m) B A

> Lg4,(d), Va € By (Aq,)/RL (3.1.8)
By symmetry, there also exists an Ry > 0 such that

La,(@) < R2<1+dmmdz(s(A))> o

2 La,(d), Va € Br(Ag,)/RL (3.1.9)

Consequently L4, and L4, are equivalent Lipschitz seminorms on By (Agq, )/RI = By (Ag4,)/RI

and so the metrics d; and d; are Lipschitz equivalent. O
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3.1.3 Continuity and Lipschitz continuity for quantum metric spaces.

In this section we make a brief commentary on the morphisms between compact quantum

metric spaces. The terminology in the next definition is motivated by the relationship be-
tween Lipschitz functions over general compact metric spaces and differentiable functions
on manifolds.
Definition 3.1.14. [70] [124] Let A, B be C*-algebras, equipped with lower semicontinuous
Lipschitz pairs (A,La) and (B,Lp). We say a *-homomorphism « : A — B is smooth if
a(A) C B and Lipschitz if thereisa A > 0 with Lg(x(a)) < ALA(a) forall a € A.

It is easy to see that a map o : A — B of bounded quantum metric spaces is Lipschitz if

and only if the induced map Ty : (S(B),dr,) — (S(A),dr, ) given as
Ta(P)(a) = dp(x(a)), (3.1.10)
is Lipschitz (with the same constant A), for indeed if ¢, € S(B) then:

di, (Ta(d), Ta(W)) = sup{[Ta(d)(a) = Ta(b)(a)l: a €A, Lala) <1}
sup{[p(x(a)) —b(«x(a)): a €A, Lala) <1}

N

Asup{lp(a(a)) —(x(a))l: a € A, Lg(x(a)) <1}
< Adig ().

Conversely, if the identity di , (T ($), Ta (b)) < Adp, ($, ) applies then the expression for

La

.. becomes
B

LdLB (x(a)) :=sup { M)((x((;)) (Tblpq()?(am : b, eS(B), d#£ 11)}. (3.1.11)

Therefore, by the lower semicontinuity of Lg, Lg(a(a)) = LdLB (x(a)) < ALa(a) for each

aeA

Lemma 3.1.15. Let A, B be C*-algebras equipped with closed Lipschitz pairs (A, La) and (B, L),
Then « : A — B is smooth if and only if it is Lipschitz.

Proof. See [124]. Alternatively, we could argue that oc: (A, | - ||1) — (B, ] - ||1) is an every-

where defined Banach algebra map and argue as in the proof of Proposition 3.1.13. O
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3.2 Locally compact quantum metric spaces.

A full treatment of Rieffel’s quantum metric picture for nonunital C*-algebras has only
very recently become available, thanks to the works of Latrémoliere in [76] and later [77].
The difficulties can be traced to the classical Wasserstein metric [120], which is defined in
the same way as the Kantorovich metric for probability measures on locally compact topo-
logical spaces. Starting from each such space X, the Wasserstein metric may take infinite
values and thus cannot be expected to recover the weak*-topology on the set of probability
measures of X, at least if X has infinite diameter. More specifically, the Wasserstein metric
recovers the weak*-topology only on the so-called tight subsets of S(C(X)). A collection
P C S(C(X)), where (X, p) is a metric space, is called Dobrushin-tight if, for any xg € X,

lim sup

{J p(x,xg) dp(x): ne iP} =0. (3.2.1)
Treo {(xeX:p(x,xg) 27}

This suggests a dichotomy between the study of bounded quantum metric spaces, namely
when the induced metric on the (no longer compact) state space has finite diameter, and

unbounded quantum metric spaces. The former is generally easier to deal with.

Most of the complexities arise when trying to establish a counterpart of Proposition 3.1.10.
There is a technical difficulty, however, in trying to write down a precise definition of a
Lipschitz pair which accounts for both unital and non-unital C*-algebras. For example,
given a locally compact metric space (X, d) which is not compact, the Lipschitz seminorm
Lrip, on Co(X) has trivial kernel, which is never the case with a unital C*-algebra. One
solution would be to replace A, or rather its subalgebra A, with its unitisation, which is
again the approach in [77], for a seminorm L : A — [0, c0) certainly extends to a Lipschitz
seminorm [ : A — [0, c0) simply by setting [(a,A) = L(a). We are ready to bring together

some of the ideas of [77]:

Definition 3.2.1. Let A be a separable nonunital C*-algebra. A (lower semicontinuous,
closed) Lipschitz pair (A,L) on A is a seminorm L : A + [0,00) defined on a dense *-
subalgebra A of A, such that (A,1) is a (lower semicontinuous, closed) Lipschitz pair on

~

A.

A

The pair (A, L) will be called bounded if and only if (A, L) is bounded. Letting By (A) :=
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{a € A; L(a) < 1}, a calculation then shows (see [77]),
(A,L)is bounded <= By (A)is norm-bounded <= (S(A), d4 1) is bounded.

There still remains the question of whether d 4 1 recovers the weak*-topology. For bounded

Lipschitz pairs, a necessary and sufficient criterium was given:

Theorem 3.2.2. [/7] Let A be a separable nonunital C*-algebra and (A, L) a bounded Lipschitz
pair on A. Then the induced metric d 4 1 on the state space recovers the weak*-topology if and only

if there exists a strictly positive element h € A™ such that the set
hBy (A)h:={hah; a € B (A)}C A (3.2.2)
is norm- totally bounded.

If A admits such a Lipschitz pair then we will call A with (A, L) a bounded quantum met-
ric space'’).  Notice that the unitisation of a bounded quantum metric space is a compact
quantum metric space and conversely every compact quantum metric space is a bounded
quantum metric space. Latrémoliere’s earlier paper [76] essentially reduces all informa-
tion about Lipschitz pairs to the bounded case, but this was only achieved by replacing
the Wasserstein-type metric with so-called bounded Lipschitz distances, for which the above
theorem applies, but conversely may not be sufficient to recover the complete metric in-
formation. An illustration of this point of view is seen in the setting of the usual Lipschitz

seminorm on the continuous functions on the real numbers, since the usual metric
d(s,t) == sup{[f(s) — f(t)[: f€ Co(R,R), Lrip(f) <1}

is unbounded and consequently the set of Borel measures on IR cannot be Dobrushin-tight.

A family of bounded Lipschitz distances on R can at least be defined via
da(s, t) == sup{[f(s) = f(t)| - [[f] <A, Lrip(f) <1}

The main features of d, are that it defines the weak™- topology on the state space of Cy(IR)

(1)in view of Theorem 3.2.2 and the terminology in [77], a more accurate title would be "bounded locally
compact quantum metric space”
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and that d) = min{d, 2A} on the restriction of the metric to R.

Broadly speaking, bounded Lipschitz distances tell us the precise behaviour of a metric
on each bounded set, though not globally. In many respects the Wasserstein picture, rather
than the bounded-Lipschitz picture, is the more natural one, provided we can establish
suitable analogue of tight subsets. The proposal in [102] comprises developing a noncom-
mutative notion of topography, which can capture the sense of points "escaping at infinity",
which underpins the idea of Dobrushin tight sets. In the noncommutative world, Latré-
moliére translates this to replacing a Lipschitz pair (A, L) with topographic space (A, M, L),
where M is a suitable abelian subalgebra of A containing an approximate unit of A. In [77],
it is shown that this point of view is general enough to capture both the bounded Lipschitz
distances on a quantum metric with finite diameter and the extended Monge-Kantorovich
distance on a locally compact spaces as special cases, by making a natural choice of topog-
raphy. Even with this in place, much of the theory that we have considered so far does not
behave so well when dealing with unbounded quantum metric spaces. Thus, we will say

no more about this approach and focus our analysis on bounded quantum metric spaces.
3.3 Examples.

3.3.1 Ergodic actions of compact groups.

An early example of a compact quantum metric space was observed by Rieffel in [100].
Let A be a unital C*-algebra with a continuous weakly ergodic action « of a compact group
G. Recall that an action « : G — Aut(A) is called weakly ergodic if and only if the fixed point
algebra contains only multiplies of the identity. A continuous map ¢ : G — [0, c0) is called a
length function on G if it has the properties: (1) {(g) =0 <= g=e, (2){(g~!) =L(g) Vg €
G and (3) €(gh) — £(h)| < €(g) Vg, h € G. It is known in this case that

L(a) := sup{||eg(a) —al|/€(g) : g #e}, (3.3.1)

turns A into a compact quantum metric space.
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3.3.2 Algebra of compact operators.

We consider the algebra of compact operators X = K(H), where H is a separable Hilbert
space. With the next result we provide a general recipe for writing down quantum metric

spaces on the compacts, which gives a metric on S(X) with finite diameter:
Proposition 3.3.1. Let D : 3 — I be a densely defined linear self-adjoint operator such that
D1 € K(H). Then the Lipschitz pair (€(3), L), where

Ci={xeX:x=x" Dx, xD € X} (3.3.2)

and L(x) = sup{||Dx||, ||xD||}, turns K(H) into a bounded quantum metric space.

Proof. Since D! is compact and self-adjoint, density of € in the self-adjoint part of the
compacts follows from the spectral theorem. Since X(J() is non-unital, it suffices to show
that the set {x € C; L(x) < 1} is norm- bounded and the set{x € C; ||x| <1, L(x) < 1}is

norm- totally bounded.

To this end, let {Py }xe be the spectral projections of Y := D~! and write Qn := Y |_; Py.
It follows by assumption that for each € > 0 there existsan N € IN such that [|[Y = YQn|[| < §

and [|[Y — QnY| < 5 whenever n > N. For x € € with L(x) < 1and n > N, we obtain

1QnXxQn |l < [[QnxDYQn | < XDV < (Y],

Hence ||x|| < |[Y||. Moreover,

€
e =xQn | < [XDY =xDYQull < IXDIY = YQn|l < 3,

and [[x—Qnx|| < § by symmetry, so that [[x — QnxQn | < [[x =XQnl|+[[xQn — QnxQnl <
€. Moreover, the set Qn{x € €; ||x]| < 1, L(x) < 1}Qn is bounded and the vector space it
generates is finite dimensional, so it is totally bounded. The result follows. O

3.3.3 Further questions: tensor products and continuous fields.

There are two fundamental building block constructions in C*-algebra theory for which,

to my knowledge, the interplay with quantum metrics is not fully known. The first is
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the (minimal) tensor product construction of two C*-algebras. If (A,LA) and (B,Lg) are
compact quantum metrics on A and B, how does one write down a compact quantum
metric structure on A ®nin B? The other examples of interest are C*-algebras arising as

continuous fields.

Let X be a locally compact Hausdorff topological space. Recall that C*-algebra A is called
a C(X)-algebra if there is a *-homomorphism 1 : C(X) — Z(A). When this is so then A has

a natural fibration over X consisting of the family {A, : x € X} of quotient spaces, where
Ax = A/P({f € C(X): f(x) =0}PA. (3.3.3)

The quotient maps will be written 7, : A — A.

Definition 3.3.2. A C(X)-algebra is called a continuous field of C*-algebras over X if the map
x = |7tk (a)]] is continuous and ||a|| = sup, . |[7tx(a)]| for each a € A (i.e the representa-

tion [ [, cx 7x is faithful).

(Some authors prefer to weaken the continuity condition to requiring the maps x —

Itk (@) || to be upper semicontinuous).

The first example of a continuous field C*-algebra is the algebra Cy(X, A), which we re-
mark can also be regarded as A ®min Co(X). Following the discussion of this chapter, the
first object should be to realise Cy(X, A) as a compact quantum metric space, starting from
a metric space (X, d) and a compact quantum metric structure on A. This is the context of

the next result:

Proposition 3.3.3. Let A be a unital C*-algebra and (X, d) be a compact metric space. Let

(Dom(LA), La) be a compact quantum metric space on A. Then the seminorm L defined by

Ly (f) :==sup{La(f(x))}, La(f):=sup
xeX x#Y

{ 100 = f(Ylla

A, = nn v,

is densely defined on Co(X, Asq) and (dom(L), L) is compact quantum metric space.

Proof. Most of the properties to be verified are elementary, so we shall focus on Rieffel’s

criteria (Proposition 3.1.10).
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For fixed e € (0,1), we write down a finite open covering {B »(xi) : i € I} of X by

€/2-balls centred at {x; }i 1 with respect to the metric d on X.

Let us first suppose f € Co(X,Asq), where L(f) < 1: We can instead write f = f + R,
where L(f) > 0. By assumption, La (f(xi)) < 1 for each i € I and the Lipschitz seminorm
on A gives the metric on the state space finite diameter, so that there is a constant K; > 0

such that ||f(x{)|| < Kj. Since also L,(f) < 1, it follows that
IFON < IF) |+ 1T (x) = FOe) | < Ki +dlx, x1) (3.3.4)

and hence ||f]| = sup, cx |1£(x)|| < maxier Ki+1/2and theset {f € Co(X,A)/RI: L(f) <1}

is norm-bounded.

By assumption, the collection {a € A : Lo (a) < 1} is norm-totally bounded, so there is a
finite family Fe C A such that dist(f(x;), Fe) < €/2 for each i € L. Let f; € Fc be the (not
necessarily unique) closest element to f(x;) and let {8;}ic1 C C(X) be a finite partition of

unity for {x;}ic1. A calculation then shows that for each x € X:

IF) =D f0: < | D> deex)es(l+1I D> (Fx) — ;)8 (x)|

iel d(x,xi)<e/2 d(x,xi)<e/2
< €/2+4+¢€/2=F¢,

showing that the set {f € Co(X, A) : L(f) < 1} is totally bounded. O

Remark 3.3.4. We were not successful in trying to generalise the above to the setting of
tensor products or continuous fields of C*-algebras. In the tensor product case, we could
find a suitable analogue of the Lipschitz seminorm defined in the previous theorem. For
continuous fields, an analogous choice of seminorm seems reasonable, but we could not
find any non-trivial examples (including the C*-algebra of the discrete Heisenberg group)

for which the proof above still applies.
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4: Metric C*-dynamical systems and con-
structions of spectral triples on crossed

products

4.1 Metric C*- dynamical systems.

The motivation for some of the ideas in this chapter is to explore further the relationship
between the construction of spectral triples on crossed products, as studied by the authors
[5] [57], and ordinary metric and topological dynamics, as well as to develop a repertoire
for constructing spectral triples over crossed products of non-unital C*-algebras. The ques-
tion of what "noncommutative metric dynamics" should entail has not really been much
considered and what follows is merely a proposal based on observations made in recent
papers. Some of our findings were somewhat surprising but we record most of these for

completeness.

As usual, C*-algebras will be assumed separable and groups second countable and locally
compact throughout. As a convention, every Lipschitz pair (A, L) is assumed to be lower

semicontinuous and to satisfy the Leibniz rule.

Definition 4.1.1. A metric dynamical system is a triple (X, d, G) comprising a locally compact

metric space (X, d) and a group G with a continuous action of (X, d).

As usual, a continuous action of G on (X, d) induces a family (ot )y eg of automorphisms
of the algebra ring Co(X) given by og(f)(x) = f (g~ !-x), which in turn defines a continuous
group action of the space of probability measures on X given by §(p)(f) := u(ocgfl (). A
metric dynamical system is certainly a topological dynamical system when one forgets the
extra metric structure. For continuous group actions of C*-algebras, we will as usual view

the groups as topological groups, induced by the point norm topology on Aut(A). Recall
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this is the topology defined by the neighbourhood base of sets of the form
Ul a,e) ={p € Aut(A,L) : ||p(a) —ax(a)|| < €}: a €A, e>0. (4.1.1)

Definition 4.1.2. A metric C*-dynamical system comprises a C*-dynamical system (A, G, x),
where A is a C*-algebra, equipped with a compact quantum metric structure (A, L) on A,

such that the action of G on (A, L) is smooth, that is, ag(A) = A for each g € G.

Remark 4.1.3. One might ask whether we should impose an extra assumption on the re-
lationship between the group action and the seminorm L. It seems clear from our analysis
that requiring g — L(ag(a)) is actually continuous (with respect to the point norm topol-
ogy on G) is too strong an assumption to make. We point out that this is not implied from

continuity of the induced action of G on the metric space (S(A),d4 1).

So how many metric C*- dynamical systems are there floating around? The next lemma
shows that under additional assumptions, namely when the Lipschitz pair (A, L) is closed
and gives the metric on S(A) finite diameter, then we can provide a very natural character-

istic of the group action:

Lemma 4.1.4. (see also [124], [5], [57]1) Let (A,L, G) be a metric C*- dynamical system where
(A, L) is closed. Then the following equivalent conditions apply:

1. The action of G on (A, L) is bi-Lipschitz, i.e there exists constants Kq > 1,9 € G, such that
whenever a € A then K4 L(a) < L(eg(a)) < KgL(a),

2. The induced action of G over the compact metric space (S(A), d 4,1) defined by §(w)(a) =
w(ocgl(a)) is bi-Lipschitz with respect to the same constants: if wq, wy € S(A) then

Kglda,L(wy, w) < dg,r(§(wr), glwz)) < Kgda,r (w1, ws).

Ifinaddition A = Cy(X), where X is locally compact and Hausdorff, then equivalently o is spatially
implemented by a continuous action of G on X which is bi-Lipschitz in the classical sense, i.e for

x,y € X we have, for the same constants, Kaldfu_ (x,y) <dgr(gx, gy) < Kgdgr(xy).

Proof. This follows immediately from the comments in section 3.4 and the evident fact that
a metric dynamical system (X, d, G), such that diamg (X) < oo, is bi-Lipschitz if and only if
the extension to (S(Cy(X)), d, G) is bi-Lipschitz with the same constant, with respect to the

Wasserstein metric. O
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4.2 Equicontinuity, almost periodicity and the noncommutative Arzela-

Ascoli theorem.

4.2.1 Equicontinuity for metric dynamical systems.

Equicontinuity is a very important notion in the study of metric dynamics; indeed it has
been studied by a number of people [47] [75]. One can think of equicontinuity as a topo-

logical stability criterium; points in close proximity do not wander too far apart in time.

Definition 4.2.1. A metric dynamical system (X, d, G) is called equicontinuous if Ve > 0

there exists a & > 0 such that whenever x,y € X, g € G and d(x,y) < é then d(gx, gy) < €.

A closely related concept when applied to compact metric spaces is almost periodicity,
which was originally introduced by Bohr and examined further by Ellis. It turns out to be
the characteristic of those group actions which admit continuous extensions to actions of

compact groups, which has many useful applications in ergodic theory.

Definition 4.2.2. Let « be a homeomorphism of a compact metric space (X, d), which de-
fines an automorphism of the algebra ring C(X) in the usual way, denoted still by «. A
collection of functions ¥ C C(X) is called o-almost periodic if the collection {o™ (f) € C(X) :
n € Z}is relatively compact in the sup-norm whenever f € . We call « itself almost periodic

if every f € C(X) is x-almost periodic.

Theorem 4.2.3. [47] Let « be a homeomorphism of a compact metric space. Then (X, d, «) is

equicontinuous if and only if « is almost periodic.

The classical Arzela-Ascoli theorem characterises norm relatively compact families of func-
tions over a compact metric space. There are various generalisations, as well as some state-

ments appearing for actions of C*-algebras. The following will do for our purposes.

Definition 4.2.4. If A is a unital C*-algebra with a metrisable state space and d is any metric
on S(A) which induces the weak*-topology, then a family 3 C A will be called bounded if
sup{|la|| : a € F}is bounded and equicontinuous if Ve > 0 there exists a § > 0 such that

whenever wi, w; € S(A), a € Fand d(wq, wy) < b then |wq(a) — ws(a)] < e.

Theorem 4.2.5. [3] Let A be a unital C*-algebra. A family I C A is norm-relatively compact if

and only if it is bounded and equicontinuous.
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The proof is made by identifying elements in F with their image in the Kadison bidual

Aff(S(A)) of affine maps in C(S(A)).

Definition 4.2.6. Let (A, G, «) be a C*-dynamical system on a unital C*-algebra A. We say
that o is almost periodic if the family {ag(a) : g € G} is norm-relatively compact for each

a € A, that is, the image of G in Aut(A) is relatively compact in the point-norm topology.

Corollary 4.2.7. Let (A, G, &) be a C*-dynamical system on a unital C*-algebra A. Let d be any
metric on S(A) which metrises the weak™- topology and suppose that the induced action of G on

(S(A), d) is equicontinuous. Then o is almost periodic.

4.2.2 Equicontinuity for metric C*-dynamical systems.

With the next definition we present a concept of equicontinuity for groups acting on com-
pact quantum metric spaces which is slightly more general than [57] and [5] and motivated

from the point of view of constructing spectral triples.

Definition 4.2.8. Let (A, L, G) be a metric C*- dynamical system on a C*-algebra A. An

element a € A is said to be equicontinuous if

sup L(xg(a)) < oo (4.2.1)
geqG
Let Ag be the algebra of equicontinuous elements of (A, L, G). When (A, L) is closed, Ag

then becomes a Banach algebra under the norm ||al; g := ||a| + supy L(xg(a)).

Definition 4.2.9. We say that the metric C*- dynamical system (A, L, G) is equicontinuous

when Ag C A is dense.

For commutative C*-algebras, a spatial interpretation of equicontinuous metric C*- dy-
namical systems in terms of the dynamics of metric spaces is given in the following result,
which is somewhat surprising, although it seems to be related to a functoriality problem
relating the maximum of two metrics with the corresponding Lipschitz seminorm and vice-

versa.

Proposition 4.2.10. Let (X, d) be a compact metric space, « : G — Homeo(X, d) a contin-
uous group action and (Crip,(X),Lq) the usual compact quantum metric structure on C(X).

Suppose that the action of G on C(X) leaves the dense subalgebra Cy iy, (X) invariant, so that
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(CLipy(X), La, G) is a metric C*-dynamical system. Then (Cyip, (X), La, G) is equicontinuous if

and only if

1. The system (X, d, G) is equicontinuous in the classical sense and
2. there exists an equivalent metric d’ < d such that (X, d’, G) is isometric: we have d’(gx, gy) =

d’(x,y) forallx,y € Xand g € G.

Proof. Supposing (Crip,(X),Lg, G) is equicontinuous, we can write down a pseudometric

d on X of the form
d’(x,y) == sup{[f(x) = f(y)| : € CFyp, (X, R), supL(eg(f)) <1}, (42.2)
9

G
where C Tipg

dense, d’ is a metric, which is clearly isometric and smaller than d and must also gen-

(X) C CrLipy(X) is the subalgebra of equicontinuous functions. Since this is

erate the same topology as d, since v : (X,d) — (X,d’) is continuous. This proves the
forward implication. On the other hand, if the system (X, d, G) is equicontinuous and
d’ < dis as above then we may extend d’ to the Monge-Kantorovich metric on the space
S(C(X)) of probability measures of X, so that (S(C(X)),d’, G) is isometric. It follows L4 is
a Lipschitz seminorm on C(X) and clearly (Cy iy v (X),Lg/, G) is equicontinuous. Moreover
ClLip,, (X) € Cripy(X) since d” < d, whilst the former is dense by the Stone-Weierstrass

theorem. Hence (Cpip,(X), Lg, G) is equicontinuous. O

Corollary 4.2.11. Let (A,L,G), « : G — Aut(A), be an equicontinuous metric C*- dynamical

system on a C*-algebra A. Then o is almost periodic.

Proof. The same proof as in the previous theorem shows that the system (S(A),d, G) is

equicontinuous, so the result follows from Corollary 4.2.7. O

When additionally the quantum metric space (A, L) is closed and every a € A is equicon-
tinuous, then we proved the following in [57], Proposition 2.6. In fact, analysis of the proof
reveals that it is not necessary to assume (A, L) is a compact quantum metric space; only

that it gives the metric on S(A) finite diameter. The statement becomes:

Proposition 4.2.12. Let (A, L, G) be a metric C*- dynamical system on a C*-algebra A, where
(A, L) is a closed Lipschitz pair. Then (1) (A, L, G) is equicontinuous and furthermore Ag = A if

38



CHAPTER 4: METRIC C*-DYNAMICAL SYSTEMS AND CONSTRUCTIONS OF SPECTRAL
TRIPLES ON CROSSED PRODUCTS

and only if (2) there exists a metric d on S(A) equivalent to d 41 (i.e %d < dgr < Kd for some
K > 1) such that (S(A), d, G) is isometric.

Proof. Same as in [57]. O

4.2.3 Relation to the compact group actions and invariant states.

Following the last section, we can study almost periodic automorphisms of C*-algebras
via their compact extensions. When a C*-algebra A admits an action of a compact group
G, then there is a normalised Haar measure p on G faithful conditional expectation E : A

AS into the fixed point subalgebra A€ given by

E(a) = JG og(a)dp.

In this way we are able to identify the states on S(A®) with G-invariant states on A. When
the group action is weakly ergodic, so that AS = C, then the conditional expectation E
defines a G-invariant trace on A. A natural consequence is that almost periodic actions
of C*-algebras ensure the existence of G- invariant states on the algebra. This leads us to

another observation which will be needed later on.

Lemma 4.2.13. Let A be a C*-algebra which contains a strictly positive element and suppose that
« : G — Aut(A) is an almost periodic action. Then A contains a G-invariant strictly positive

element.

Proof. When A is unital then the unit is clearly the desired element, so we may assume A
to be non-unital. Let h € A™ be any strictly positive element, so that w(h) > 0 for each
w € S(A). We may extend o to a continuous action & of the point-norm completion G of G.
Let E : A — AS be a faithful conditional expectation. Then E(h) is G-invariant. Moreover
w(E(h)) = [g w(eg(h))du = [ g(w)(h)du > 0 for each w € S(A), so that E(h) is strictly

positive. 0

4.2.4 Relation to Voiculescu-Brown entropy and induced entropy on the state space.

Voiculescu presented a definition of entropy for automorphisms of C*-algebras, which

is closely based on the classical topological entropy of a homeomorphism coming from a
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resolving sequence of open covers [116]. His definition was instead based on a nuclear de-
composition of the C*-algebra (that is, a net of completely positive maps factoring through
finite dimensional approximations). Brown [10] later extended the definition to exact C*-

algebras.

The usual definition of Voiculescu-Brown entropy for unital C*-algebras is as follows:
Given an exact C*-algebra A, an an automorphism « of A and a faithful representation
7: A — B(H), we define the set CPA(Q, §), with Q C A finite and 6 > 0, to be the set of all
triples (¢, F, ) such that F is a finite dimensional C*-algebra, { : A — Fand ¢ : F — B(¥H)
are unital completely positive maps and ||¢ o P(a) — m(a)|| < & whenever a € Q. By

definition of exactness, CPA(Q, 8) is non-empty. Define
rep(Q, 8) := inf{rank(F) : (¢, F, ) € CPA(Q,d)}. (4.2.3)

This does not depend on 7 ([10]).

Definition 4.2.14. The Voiculescu-Brown entropy ht(o) of an automorphism « of an exact

C*-algebra A is defined by

ht(a) = sup (sup <limsup llog rep(QUa(Q)U---U oc“l(Q),6)>>. 4.2.4)
QCCA \56>0 \ n—oo T

Proposition 4.2.15. Let A be a unital exact C*-algebra and o € Aut(A) be an almost periodic
automorphism. Then ht(o) = 0.

Proof. Fix a faithful representation 7t : A — B(J). By assumption, for each fixed a € A the
family {a™(a) : n € Z} is norm-totally bounded. Therefore, given a finite set O C A and
ad > 0, the set {{J,,cz «™(Q)} may be %—norm—totally bounded by some finite set Q'. If
(¢, F, ) is a unital completely positive approximation in CPA(Q’, %) then we can see that
(b, F, ) € CPA(QUa(Q)U---Ua™ 1 (Q)a,d) for each n > 0. To see this, fix a € Q, fix
n > 0and fix b € Q with the property that ||a™(a) —b]| < %. Then

28
(e (@) = b ow(a™ (@) < 5+ [(b) = b 0 (b)) < 5.
Therefore, rcp(QUa(Q)U---U a™1Q), ) < rep(Q/, %). Since this holds for eachn > 0,
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it quickly follows that ht(x) = 0. O

It would be remiss not to mention a result by Kerr in [69], in which it was shown that
when (A, ) is any C*-dynamical system with zero Voiculescu-Brown entropy, then the
induced topological entropy of « on the state space S(A) is also zero. It would be interesting
to examine the "noncommutative Kolmogorov" entropies for automorphisms of compact

quantum metric spaces (A, L) introduced by the same author in [70] as well.
4.2.5 Examples

Example 4.2.16. Diffeomorphisms on manifolds. Let (M, g) be a compact Riemannian
manifold, § be a spin®-structure on (M, g) and (C*(M, L2(M, 8), D) be the usual "Dirac-
type" triple on M. A Lipschitz pair on C(M) can be given by (C®(M), ||[D, -]||), where
[I[D, ]| = ||grad(f)||. Givena group I of diffeomorphisms of M, the triple (C* (M), ||[D, ||, T)

is a C*-metric dynamical structure on C(M). It is equicontinuous provided
sup{|lgrad (o (f))| : v € T} < o0, Vf € C*(M). (4.2.5)

When further M C R™ and v : M — M is represented by local coordinates in R™ for
each y € T then one can write grad(f o y)(x) = (]y(x))Tgrad(f)(yfl(x)), where Jy(x) is

the Jacobi matrix of y at x, so that the group action is equicontinuous provided the partial

oV

derivatives { S
{ aX.j

:1<1,j <n, x €M, vy € I'f are uniformly bounded.

Example 4.2.17. Cantor sets. Cantor sets admit a particularly important class of group ac-
tions known as subodometers, generalising the odometer action of Z. These were studied in
[73] and [39]. Starting with a countable discrete group I' and a strictly decreasing sequence
(M )ken of finite index subgroups of I, the Cantor space X is identified with the projective
limit of the discrete spaces (X )xen, where I' acts on Xy := I'/T by left multiplication. By
equipping X with the compatible metric d((xy), (yx)) = inf{% Xk = Yk, V1 <k < n},
it is easy to see that (X, d, ") is an isometric, and hence equicontinuous metric dynamical
system. d is an ultrametric, so that the construction of [92] leads to spectral triples with

good Lipschitz properties on the Cantor set.

Subodometers were studied from a more C*-algebraic perspective in [85], [18] under ad-

ditional hypotheses (i.e the group I' is amenable, residually finite and (), .y T = {e}, so
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that X is equipped with a group structure as a profinite completion of the I). In [57] it was
showed that every equicontinuous action of a discrete group on a Cantor set was conjugate

to a subodometer, along the lines of Ellis” original result [75].

Example 4.2.18. AF-algebras. Lipschitz seminorms for approximately finite dimensional
(AF)-algebras satisfying the regularity conditions of Rieffel (Theorem 3.1.10) were studied
by Christensen and Ivan [27]. The content of their works was to show that for each AF-
filtration (An)nen of a unital AF-algebra A, there exists a spectral triple on A such that
UneNnAn C A in such a way that the induced metric recovers the weak*-topology on S(A),

defining a compact quantum metric space structure on A.

Recall that the construction [27] comprises the Hilbert space H = L2(A, ¢), where ¢ is
a faithful state on ¢. Writing 70 = AE, where & is a cyclic vector for the nondegen-
erate representation of A on ¥, the Dirac operator is given by an increasing sequence
(An)nez+ C [0,00) which diverges to infinity and D = 3 |, 51 A Qn, where Qn are fi-
nite rank orthogonal projections into the spaces An &S A, _1& for eachn > 1 and Qg is the
projection into C&. This defines a spectral triple (A, 3(, D) (e.g when A = U, cz+An). Rief-
fel’s metric condition is achieved provided the A,, grow sufficiently fast and this typically

depends on both the choice of state ¢ and the growth rate of the filtration (An )neN)-

The automorphisms of AF-algebras are numerous and varied, and have been studied by
a number of authors. Perhaps the most famous is Bratteli’s bilateral shift on the two-sided

CAR-algebra [9]: writing A as the UHF algebra ®3°__ My, such that A, = @)'__ My

-n
embeds unitally into A, 1 = ®'__ | M via the map x — 1 ®x ® 1, the algebra A carries a

unique faithful trace T which is invariant for the shift action « on A given by
of.a x®...a1®ap.®a--®ag...):=...0_(k41)®... A 20aA_1.00a0 D A1) - - -

The bilateral shift has positive Voiculescu-Brown entropy [9], so that it is not almost peri-
odic from Proposition 4.2.15. Thus there does not exist a compact quantum metric structure

(A,La) on A such that (A, La, &) is equicontinuous.

Compact actions of AF-algebras were studied in [56]. The authors provided a complete
invariant in terms of the representation rings for the class of so-called locally representable

compact group actions. Essentially these are the actions which fix a particular AF-filtration
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(An)nen and for which the restriction of o : G — Aut(A) to Ay, is given by Ad(yr ), where

the yn : G — U(Ay) are unitary representations.

A natural question to consider is, given a unital AF-algebra A and compact group action
o : G — Aut(A), is it always possible to write down a compact quantum metric structure
on A such that the action of G is isometric? One situation in which an answer can be
given is when there is an increasing AF-filtration (An)nen of A with the property that
ag(An) = An foreach g € G and n € IN. Such actions were studied in [57] and it was
shown that in this case the answer is positive and such a construction is achieved by writing
down a Christensen-Ivan triple on A affliated to (An)nen and a G-invariant faithful state
on A. We do not know if all compact actions of unital AF-algebras have this property,

however.

4.3 Group C*-algebras and length functions.

Let us recall from Example 2.4.2 the fundamental construction of a spectral triple on the
reduced C*-algebra of a discrete group. It is the triple (C[I'],{,(T"), M) defined by the
usual left-regular representation A : C3(T") — B(£2(I")) and where My is the multiplication
operator determined by a proper length function L : T' — Z*([30]). We should recall that
foreachg €T,

1D, A(g)]]| = L(g), 4.3.1)
which follows since [|[D, A(g)len|| = [|(L(gh) — L(h))egn || < L(g), with equality when h is
the identity.

Proposition 4.3.1. [30] Provided there exists constants c,r > 0 such that [Bn| < c(1+n)", where

Bn :={g €T; L(g) < n}, the spectral triple (C[I'], {»(T"), M) is p summable whenever p > v+ 1.

A question which has been investigated by a number of people now is when does the Lip-
schitz seminorm on this triple satisfy Rieffel’s condition, thus giving C;(T") the structure of
a compact quantum metric space? From Proposition 3.1.10, the question can be formulated

in the following way:

Question 4.3.2. For which discrete groups I' and for which length functions L : ' — Z7
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are the sets

Br(Cx(M) ={x € C(N/CL AKX <1, [|IM,Ax)]]| <1} € C5(T)/CI, (4.3.2)
By, (C(M) :={x € CZ(T); [AG)] <L, [[IML, A < 1} C CR(T) (4.3.3)

respectively norm-bounded and norm- totally bounded?
A positive answer can be given for specific examples:

1. L is the word-length function and additionally I satisfies a "Haagerup-type" condi-
tion [87]. In particular this condition is satisfied when I' is a hyperbolic group, which

is to say that there exists a 6 > 0 such that whenever w, x,y,z € T then
L(x_lg) +L(z 'w) < max{L(x"'z) + L(y_lw), Lix"w) + Ly '2)}+6. (4.34)

(the standard examples of such are the free groups on finitely many generators.)

2. T'=27Z% and L is an arbitrary proper length function ([100]),

(see also [3]). The approaches of [100] and [87] are entirely different. Significantly, the
methods of Ozawa and Rieffel are not sufficient to give a proof in the case I' = Z¢ when-
ever d > 2. To resolve this, it is important to see how the "near diagonalisation” trick in

Chapter 2 of that article can be applied to groups on multiple generators.
4.3.1 The Ozawa-Rieffel near-diagonal cut-down procedure.

Lemma 4.3.3. [87] Let D be an unbounded self-adjoint diagonal operator on {y(Z) with spectrum
contained in the integers. Then for each € > 0, there exists an No > 0 such that whenever x € B(H)
has the property that [D, x] := Dx — xD extends to a bounded operator in B(IH) with ||[D,x]|| <1
and N > Ny then

) PmxPul<e (4.3.5)

m—n|>N
where Py, is the orthogonal projection onto (en).

Proof. Write D = Y , cg nPn, where E C Z and for each z € T define U, = z? =

2 nek 2" Pn. This defines a strongly continuous gauge action of B(J) defined by o, (x) :
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U,xU}. This can be extended to all Borel probability measures p, where the formula be-

comes

oap(x) = Lr U xUjdu(z). (4.3.6)

In particular, if x € B(H) is such that [D,x] € B(H) and additionally p € [%(T) then a

calculation shows that for m,n € E,
Pmay([D,x])Pn = fi{n — m)Pm [D,x]Pn = (m—n)(n — m)PmxPn. (4.3.7)

where fi € ;(Z) is the Fourier transform of u € 1%(T). For each N > 0, we can introduce
the function fin € {3(Z) which is defined by fin(n) = —% for m| > N and fin(n) =
0 otherwise. Letting un € L1(T) be the inverse Fourier transform of fin;, the Cauchy-

Schwartz inequality implies ||un |1 < V27||fin]l2 = 0as N — oco.

To complete the argument, fix € > 0 and write x := 2 im-n|=N PmxPn. Let N € N be
large enough such that ||un|| < e. Then for each x € B(H) such that [D, x] is a bounded

operator we have

N= Y (m-nuNm-mPmxPn = Y Py ([D,x)Pn, (438
[m—m|[>N lm—n|>N
so that [[xN | < [lun]l1|[D, x| < e. O

4.4 Semidirect product group C*-algebras.

Recall that a semidirect product Nx«H is a group I' with a unique decomposition I' =
NH such that H is a subgroup, N is a normal subgroup and the product rule is given by

(n1, hy)a * (N2, ho) o = (Mg, (M2), hiho) o, where o : H — Aut(N) is a group action.

When N is a discrete group, o : N — N is a group automorphism and Ly is a proper
length function on N, there is a natural candidate for a length function on NxZ. It is

defined by

LK) ) :=LN(M)+ k|, neN, ke Z. (4.4.1)
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Proposition 4.4.1. L defines a proper length function on N x «Z., provided that also Ly (x(n)) =

Ln (1) for eachn € N.

Proof. 1t is clear that L defines a map from I' to Z* and that L(n,k)y = 0 if and only
if n = 1y and k = 0. Moreover, L(« ¥(n),—k)x = Ln(m) + k| = L((n, k) &), proving
that L(g~!) = L(g) for each g € T. Finally for ny,ny € N and k1, k; € Z, L((ng, hy) o *
(N2, ho)a) = Ln (Mo, (N2)) + [k1 + ko < In(ng) + [kq| + L (n2) + [ko| = L{(ny, hy)o) +
L((ny, hy) ). That L is proper is obvious. O

Example 4.4.2. We can view Z %1 as the untwisted semidirect product Z¢ x o Z. When the
length function on Z¢ is the usual one then L defined above is the usual length function

on Z4+1,

Example 4.4.3. The "Klein bottle group" Z x4 Z is defined by the conjugation x(n) = —m,
which necessarily preserves any length function on Z. Hence we get a proper length func-

tion on Z X 2.

With the next result we aim to show that the set of groups for which a positive answer to
Question 4.3.2 can be given is closed under semidirect products. We have not managed to
answer the question exactly, rather we are motivated by the ordinary spectral triple on the
algebra C*(Z4) = C(T4). The idea is to modify the spectral triple from an ungraded triple
to a graded one and this grading structure is what enables us to "cut down" the coefficients

of the group algebra which lie in the Lipschitz ball.

Set up. Write I' :== Nx 4 Z, where N is a discrete group with a proper length function Ly
and « is a group automorphism such that Ly (x(n)) = Ly (n) for each n € N. With some
abuse of notation, let M, denote either the usual multiplication operator on {,(N) or the
multiplication operator on £, (I') given by My e(n k), = Ln(n)e(n k), - We can also define

D on &(T) by Dem k), = [klemn, k), so that Dom(D), Dom(M¢ ) D Dom(Mp) and
ML =M, +D: Dom(Mp) = {r(NxZ). (4.4.2)

Theorem 4.4.4. Let N be a finitely generated discrete group, L a length function on N and
« : N +— N be a group automorphism such that Ly (x(n)) = Ln(n) for each m € N. Let
(CINI], £2(N), My ) be the associated spectral triple on Cy(N) and let us suppose further that the
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Lipschitz seminorm induced by this spectral triple satisfies Rieffel’s criteria, i.e the sets

— (% € CINJ/CT; [|[Mr,, | <1} C C*(N)/CI (4.4.3)
Sn={x € CINJ; [Ix]| <1, ML, x]|| <1} C C*(N) (4.4.4)

are respectively norm- bounded and norm- totally bounded. Then,

0 D —iMy
D +iMy 0
2. The Lipschitz seminorm induced by this spectral triple satisfies Rieffel’s criteria also.

1. (CIT, LM e (), ) is a spectral triple on C3(T").

Proof. First we observe the inequality
max{||[Mp, x]||, [[[D,x]||} < 2max{[|[D —iM,xl||, [[[D +iMy, x|}, (4.4.5)

for x € C[I'l or x € C[I'l/CI. To prove the theorem, it suffices to show that the sets

S:={x e CIN/CL; ||[D, %[l <1, ML, %] <1} c C*(N)/CL, (4.4.6)
S:={xeCl; x[| <L [[[Dx] <1, [Mry, X[ <1} C C*(T) (44.7)

are respectively norm bounded and norm totally bounded. To this end, let U be the unitary
generator of the element (in, 1)« € I, where iy is the identity of N. By construction, an
element of C[I'] has a unique decomposition as a finite sum of the form Y x; U* where

k € Z and x;. € C[N].

It is known how to construct a conditional expectation E : C}(I") — C;(N): there is a

k

circle action defined by yz(uk) = zKU¥ and y,(x) = x for x € C[N] and the conditional

expectation is the map E(x IT vz (x)dz. Notice that E(C[TI']) = C[N].

The resulting Fourier coefficients of each x € Ci(T') for y are the elements xy := E(xU—k)

for k € Z. Note that for each x € C[I'l and k € Z,

Pl = iU ) = | Lr 2 My (U ) dzUe) < x| (4.4.8)
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Moreover, [Mp, UX] = 0 for each k € Z, as revealed by the calculation
MLy, UNem, = (In (o () —Ln(m))e(qrmyiir), MEN, k€ Z. (4.4.9)
Therefore, for each x € C[['] and k € Z,
MLy x| = 1MLy, iU = ||[MLN,Lr 2 2 (xUT ) dzU¥]|| < My, || (44.10)
and for each X € C[I']/CI, then E(X) = Xy and
Mol = Moy, |2y )z < My, ] @411)
Consequently, x € S implies x € SN for each Fourier coefficient k and % € S implies
Xo € SN.-

Now let {Py }x>0 be the spectral projections of D, which are rank two for k > 1. These

projections are related to the Fourier coefficients by the formula

E(x):= ) PmxPn. (4.4.12)
m=0

For each x € S, the proof of Lemma 4.3.3 shows that for each € > 0 there exists an K € N
such that

K
=3 xU¥| <e. (4.4.13)
k=0

where x. € Sk for k # 0. Hence also
K
k=00 + ) xUN)| <e, (4.4.14)

k=1

where Xy € SN and xi € Sy for k # 0. By hypothesis, Sy and Sy are respectively bounded
and totally bounded, so that S and S are respectively bounded and totally bounded, prov-

ing the lemma. O

Corollary 4.4.5. Let " be a finitely generated iterated discrete semidirect product group of the form
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((ZX Z) Xy Z) ... X Z). Let the length function on T be that induced by equation (4.2.1),

starting from the usual word-length function on Z.

Suppose that each o; € Aut((ZX o, Z)X o, Z) ... X «;_, Z is determined by a permutation matrix
on the generators with length 1. Then the Lipschitz seminorm induced by the spectral triple on
Ci(T"), obtained from applying the previous lemma inductively, satisfies Rieffel’s condition: we

obtain a compact quantum metric structure on C3(T").

Remark 4.4.6. Itis worth making a brief observation how we would expect the above ideas

to work for "bad cases", such as the discrete Heisenberg group,
Hsz := (g, h,n | gh =hg, hn =nh, ng = ghn), (4.4.15)

which can be identified as a semidirect product of Z2 by Z, with conjugation defined by the
group automorphism ¢™(g, h) = (g +nh, h). Since the orbit of ¢ is infinite, there does not
exist a proper length function L on Z? such that L(¢™ (g, h)) = L(g, h) for each (g, h) € Z2.

On Ci(H3z) = C*(U,V,W | UV = VU, VW = WV, WU = UVW) there are two circle
actions, related to the description of the algebra as a continuous field of rotation algebras.

They are given by
c:U—zU, V=V, WW, : U= U VewV, Wi W, (4.4.16)

where w,z € T and U,V and W are the unitaries representing the generators n, g and h
respectively. Just as in the proof of Lemma 4.4.4, we can use these actions to construct
"Fourier coefficients" in U and V. There are natural well-defined operators on {,(H3) given

on the generators by

6len0<gl3h,Y = |oden<ng5h\// 62encng5h_v = |B|en°‘gﬁhY’ (4417)

where «, 3,y € Z. By construction, 0 < 81,67 < 81 + 6y < M, when L is the word-length

on Hj. Consequently, if we wanted to write down a spectral triple on C*(H3) with good
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metric properties, we might try something like

(Mp — (81 + 82)) 5y —1d
(C[H3], €2 (H3) @ £ (H3), - 1 2 ! 2 ), (4.4.18)
51418, —(ML — (81 +82))
where the representation is given by two copies of the left-regular representation of C[H3]

on {»(Hs). We would be very interested in exploring the metric properties of this triple in

future work.

4.5 Crossed products of C*-algebras by discrete groups.

4.5.1 Review

Both [5] and [57] addressed the following question: given a unital C*-algebra A equipped
with a spectral triple (A, Ha,Da) and a discrete group I', under what assumptions is it
possible to write down a spectral triple on the reduced crossed product A «I'? Moreover
when (A, Ha, DA ) determines a compact quantum metric structure for A, under what cir-
cumstances does the resultant crossed product triple determine a compact quantum metric

structure on A Xy o I?

As well as provide a brief summary of these findings, we would like to consider the effect
of allowing the initial algebra A to be non-unital and prescribed with a quantum metric
structure which determines a metric on S(A) with finite diameter. Moreover, we would
like our findings to be applicable for as large a class of discrete groups as possible. The
groups which we are able to consider are those groups in Corollary 4.4.5 which arise as

iterated semidirect products by Z.

Lemma 4.5.1. Let N and H be discrete and finitely generated groups and o : H — Aut(N) act as
conjugations. Then there is a natural isomorphism Cy(NxgH) = C5(N)x&H, where oy, (Uy ) =

Uy, (n) foreachn € IN.

If (CIN], L) is the usual Lipschitz pair on C};(N) coming from a proper length function 1 on N
then the action of & on (C[N], L) is equicontinuous for every x € C[UN] if and only if there exists

a proper length function 1o on N fixed by «.

Proof. On one hand if « fixes the word-length of N then clearly the action of & on C[N]
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is smooth and supy oy L(cfh (Un)) = supy ¢y LUy, (n)) = Ln) < oo for each n € N, so
that & is equicontinuous. On the other hand if the action of & on (C[N],Ly/) is equicon-
tinuous and 1 is any proper length function (such as word-length) on N then ly(n) :=

supy, ey Llon(n)) < oo is clearly the desired length function on N. O

4.5.2 Set up.
We suppose that we have a spectral metric C*-dynamical system, i.e

1. A C*-dynamical system (A,T, «), where A is a separable C*-algebra and « : I'
Aut(A) is an action of a discrete and finitely generated group,

2. aspectral triple (A, H, D) on A such that

3. (Asa,Lp(a) :==||[D,n(a)]]|) determines a quantum metric structure on A which gives
the metric d 4,1, on S(A) finite diameter and

4. xg(A)=AforeachgeT,ie (A Lp,TI) isametric C*-dynamical system.

Recall that « is equicontinuous if the property

Lr(a) :=supL(xg(a)) < oo, YaeAr, (4.5.1)
gerlr

holds for some norm dense *-subalgebra Ar C A.

Definition 4.5.2. Recall that if A is a C*-algebra, « : I' — Aut(A) is a continuous action
and ma : A — B(Ha) is a faithful representation then the left-reqular representation is the
faithful representation of AxyZ on B(Ha ® £,(T")) defined on the vector space generators

Cc(T,A) = {Zg agug: ag € A, ug € U(I")} by the relations

m(a)(®en) = malxy-1(a))Eé@en (4.5.2)

m(ug) (& ® en) E@egn a €A, E€Hp, gherT, (4.5.3)

foreacha € A, £ € Ha, g, h € I'. tis also non-degenerate whenever 74 is nondegenerate.
When & € Ha isacyclic and separating vector for 7t then £ ® eq,. is a separating and cyclic

vector for 7.

The existence of spectral triples on crossed products is given in the next result:
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Theorem 4.5.3. Let A be a separable C*-algebra and T be a discrete group. Let (C[T'], & (T"), Dr)
be the spectral triple on C3(T") arising from either a proper word-length function on T or the usual
spectral triple on Cy(Z). Suppose (A, Ha, D) is an odd spectral triple on A which satisfies (1),
(3) and (4) above. Then there exists a norm dense *-subalgebra C.(T', A) C B C AX I such that

0 DAa®1—1i®D
(B,Ha ® (M) @ C2,D := A ", (4.5.4)
Da@1+i® Dr 0

represented via T @ T, is an even spectral triple for the reduced crossed product Ax o T.

Proof. It remains to show that the crossed product triple satisfies the resolvent condition
whenever the C*-algebra A is non-unital and the spectral triple (A, Ha, D 4 ) itself satisfies

the resolvent condition. We set out to show, therefore,
(m(x) @ me(x)) (14 D)2 € K(Ha @ (1) @ C?), x € Cc(T,A).

By writing x = }_agug = ) ugq Xg-1 (ag) for each x € C(T', A), we see that it suffices to
show this for x = a € A. By expanding (7t(x) @ 7(x))(1 + D?)~1/2 carefully, it suffices to

show
ma)(14+ D4 ©1+10D2) V2 e K(Ha @ L(1N); ac A
Letting P4 denote the orthogonal projection into Ha ® Ceg, we can write
m(@)((1+D3) ®1+1@Df) /2Py = (ma(ag-1(a))(1+ D) @ 1+A5) /2Py

Since (A,Ha,Da) is a spectral triple on A, it satisfies the resolvent condition, so that

WA(ocgq(a))(l + D%\)_l/Z € X(Hp) for each g € T and for each a € A. Thus
n(a)(DR ®1+1@ (1+D2)) /2Py € K(Ha @ Lo(I)).

Now the operator (1 +D2%)~1/2 is also compact and by assumption this means that the

eigenvalues of D% are discrete and increase to infinity. Therefore, for each € > 0 there

52



CHAPTER 4: METRIC C*-DYNAMICAL SYSTEMS AND CONSTRUCTIONS OF SPECTRAL
TRIPLES ON CROSSED PRODUCTS

exists a finite subset F C T such that
I(1+D}) VA1 —pp)ll<e (4.5.5)

where pr = deF P4. Therefore, since the projection 1 ® pr commutes with 7t(a) and

(D%\ ®1), we have

[7(a)(DE @1+1@ (1+DE)N V21 (1—pp))| <e. (4.5.6)

from which it quickly follows that 7t(a) (ZD% Q1+1®(1+ D%))*l/z is compact. O

Remark 4.5.4. When the spectral triple on A is even, so that the representation is of the
DA

form s = nj\ ®m, and Dy = , the argument is the same, except that the

Da
crossed product triple is now given by an odd cycle,

1oDr Diw®l
Dr®1l —1®Dr

(B,HA ® (N ®@C%, D = 4.5.7)

Our next objective is to show that the spectral triple in Theorem 4.5.3 defines a bounded
quantum metric structure on AXr «I", whenever the given triple (A, Ha,Da) defines a

bounded quantum metric structure on A. We can provide a direct proof of this when " = Z:

Theorem 4.5.5. Let A be a C*-algebra and o« € Aut(A). Let (Cc(Z),8:(Z), D7) be the usual
spectral triple on C*(Z). Suppose (A, Ha,Da), with A = C1(A), is an odd spectral triple on A
which turns (A, Lp , ) into a bounded quantum metric space, that oq(A) = A for each g € Z and
that the metric C*- dynamical system (A, Lp , , Z) is equicontinuous. Let (B,Ha ® {,(Z), D) be
the spectral triple in Theorem 4.5.3, where B = CYHAX«Z). Then (B, Lp) is a bounded quantum

metric space.

Proof. We shall assume that A is non-unital and invoke Theorem 3.2.2. It is very straight-
forward to extend the proof to the unital case, essentially by replacing A by A/IRI where
necessary. To this end, let h € A™ be an a-invariant strictly positive element and u be the
unitary implementing «, so that [h, u] = 0. Since « is equicontinuous, it is almost periodic

and, from Lemma 4.2.13, we can certainly find such a h.

53



CHAPTER 4: METRIC C*-DYNAMICAL SYSTEMS AND CONSTRUCTIONS OF SPECTRAL
TRIPLES ON CROSSED PRODUCTS

Write L1(A) = {a = a* € A: ||[Da,ta(a)]l] < 1} and Ll(Am“,rZ) ={x=x*e€B:

D, x @ x]|| < 1}. Our standing assumptions are

1. {aeA: [Da,mal(a)l =0} =0,
2. L1(A) C A is norm-bounded and
3. hel(A)h C Ais norm-totally bounded,

and we are required to show

1. xeB: [D,xax]=0}=0,
2. LY(Axy+Z) is norm-bounded and
3. hLl(Ax «rZ)h C AxyZ is norm-totally bounded.

The content of the proof is much the same as in Lemma 4.4.4 and we will write down
the steps in the same way. As in the beginning of that proof, we can deduce that, for all

x € L1 (Ax arZ), we have

max{[|[Da @ 1, x]||, |[1 ® Dz, x]||} < 2. (4.5.8)

Another important feature of our proof is the faithful conditional expectation E : Ax yZ —

A, defined by
E(x) := J vz(x)dz, where y,(au™) :=z"au™. (4.5.9)
T

If we write by (Pn)nez € B(HA ® (2(Z)) the usual family of pairwise orthogonal projec-

tions into Ha ® Cen, then the expectation E is spatially implemented by the formula E(x) =

Y ez PmxPm. For x € Ax4Z the n'" "Fourier coefficient" is given by xy := E(u™™x).
Observe that, foreachn € Z, u™x,, = ZmGZ Pm+nXxPm. Moreover,
DA @1, uxnl|| < I Da@Lx]||and ||[1 ® Dz, u™xnl|| < ||[1 @ Dz, xl||.  (4.5.10)
A calculation reveals that, foreachn € Z, [|[[Da @ 1, u™xq]|| = [|[[DaA ®1, [z My (x)dz]|| =

I IT 27" [Da ®1,v-(x)]dz||. The above identities hold because the gauge action x — vy (x)
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is isometric for ||[Da ® 1, ]| and a similar argument holds for ||[1 ® Dz, -]||. By explicitly

evaluating the operators [Da ® 1,u™xn] and [1 ® Dz, u™xn] on the basis vectors, we find

(DA ® 1L, uxnll| = sup [[[Da, A (™ (xn))]]l, (4.5.11)
meZ
[l ® Dz, u™xnl|| = nll|a (xn)|- (4.5.12)

It follows that whenever x € B is self-adjoint and [D,x & x] = 0 then the Fourier coeffi-
cients vanish and so x = 0, proving the first part of the theorem. To prove the second and
third parts, we can apply the Ozawa-Rieffel cut-down procedure ([87], Chapter 2) with the
projections {Pn : n € Z} to show that for each € > 0 there exists an N € IN such that

X =2 jn—m|<n PmXPn ]| < €/2 whenever x € Bsq and |[D,x @ x]|| < 1. In other words,

N
Ix— > u™xall <e/2, (4.5.13)
n=—N

It suffices to show that the sets Sy defined for each N € IN by

} (4.5.14)

Sl

Sni={ )  uxn: [[Da,maln)ll <1, [7a(xn)] <

are norm-bounded, whilst h§xh is also norm-totally bounded. Norm-boundedness of Sy

follows immediately from our hypothesis, whilst hSnh can be written:

N

hSnhi={ )  uMhxph: [[Da, A ()l <1, ma(xn)]| <
n=—N

} (4.5.15)

3=

and norm-total boundedness of h8xh then follows from our hypothesis as well. O

Let us investigate Connes” metric for the state space of AxyZ. We shall study the states

of the form {wo E : w € S(A)}, which is a closed subset of S(A). Using the proof of the
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previous theorem, we have for each wq, wy € S(A):

d(wioE,wyoE) = sup{l(wioE)(x) = (wyoE)(x)|: x € B, [[D,x@x| <1}
= sup{lw1(E(x)) —w2(E(x))|: x € B, [[[Da ®1,x]|| <1}

= sup{lwi(E(x)) —wa(E(x))l: x € B, sup [[[Da, em (E(x))]]| < 1}
meZ

= sup{lwi(a)—wy(a)l: a €A, su%H[@A,ocm(a)}H <1}
me

= dz(w, wy)

where d7 is a compatible metric on S(A) that is isometric for o.

Remark 4.5.6. The iterated procedure highlighted in [57] to handle the existence of com-
pact quantum metric spaces on crossed products by Z¢ can be generalised to iterated
crossed products by Z (Corollary 4.4.5). This is immediate from Lemma 4.5.1. This ex-
tends the class of crossed product C*-algebras for which we can construct spectral triples
with good metric properties, e.g the Generalised Bunce-Deddens algebras corresponding

to the crossed product of a Cantor set by any such group (see [85] and [18] for details).

4.6 A description of the crossed product spectral triple as an unbounded

Kasparov product.

In this section we would like to discuss the interplay between some of the spectral triples
in this section and their representatives in K-homology, which leads us nicely towards the
next chapter. The starting point will be the famed six-term exact sequence of Pimsner and

Voiculescu.

Theorem 4.6.1. [95] Let A be a o-unital C*-algebra and o € Aut(A). Then there is a six-term

exact sequence in K-homology given by:

1—o*

KO(AxoZ) -~ KO(A) KO(A)

| A

KL(A) < KY(A) =—— K (Ax«Z)
— L
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where * : KYAxZ) — KYA)and 1 — «* : KY{A) — KY(A) are the induced group homo-
morphisms in K-homology and 8°, 8 are the boundary maps defined by left multiplication with the
generalised Toeplitz element [x] € KK} (Ax4Z, A).

The Toeplitz element can be expressed as the relative Kasparov bimodule of an unbounded
AxZ-A cycle. The algebra AxyZ is canonically represented over the Hilbert module
EQ (Z ) ®A via

a(en®b) = en®@ax "(a)b, u(en®b)) = ey 1®b, (4.6.1)

and there is a densely defined self-adjoint regular operator Dz®1 on £ (Z)&A defined by
Dy&1(en®b) = n(en®b). Itis known that (C1(Z, A), l,(Z)RA, Dz 1) is the desired cycle
(see [55] for details). The next result shows that the spectral triples obtained in the crossed

product construction arise by composition with [x]:

Proposition 4.6.2. Let A be a separable C*-algebra and o € Aut(A) be an automorphism. Let
(CIZ],8,(Z), D7) be the usual triple on C3(Z). Suppose that (A, Ha,Da), A = Cl(A), is an
ungraded spectral triple on A such that the action of « is equicontinuous (and leaves A invariant).
Then the graded spectral triple on AxyZ defined in Theorem 4.5.3 is an unbounded Kasparov
product of (CH(Z,A), L(Z)DA), Dz 1) € RRY (AxZ,A) and (A, Ha,Da) € RRY(A,C).

Proof. Rather than verify that Kucerovsky’s criteria are satisfied, we shall use Theorem

2.6.9. The module of differential 1-forms on A coming from (A, Ha, D) is given by

Q'A):={D_aidp,(bi), ai,b; €A}
iel
where 07, (b) := [Da,7a (b)]. Since « is equicontinuous and the Lipschitz pair defined
on the spectral triple (A, H A, D) is closed, the algebra A; of equicontinuous entries with
the norm defined by | a1 = |la|| + sup, .5 8D, (™ (a))|| is an operator *-algebra, and

E1 :=cg(Z, A1) becomes a countably generated right operator *-module.

We are required to show that (Eq, A1) is a correspondence in the sense of Definition 2.6.8,
at which point it is easy to see that the triple is precisely the form described in Theorem

2.6.9.
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By definition, the GraBmannian 8y , - connection V : E; — B ®a, QY (A)is given by
V(en®b) :=en®dp,(b), b€ A, ne€Z (4.6.2)

Since the operators Dz ® 1 and 1 ® D 5 clearly commute and their domain of intersection
is dense, the third criterium of Definition 2.6.8 is satisfied. Further, a calculation shows that

for each au™ € C[Z,A1] C AxyZ then
[V, (au™))(en®b) = em4n®8p, (™ ™) (a))b,

so that C[Z,A1] C {x € AxgZ : [D,n(x) ® n(x)] € B(H)} and the inclusion is dense. The

result follows. O

When the spectral triple on A is even to begin with, we can formulate a similar result,
the only difference being that taking the Kasparov product with the Toeplitz element now
corresponds to the boundary map &1 : K°(A) — K!(Ax4Z) rather than & : K}(A)
KO(Ax4Z). We leave the reader to fill in the details.
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5: Constructions of spectral triples arising

from extensions

5.1 Review of the theory of C*-extensions.

5.1.1 Extensions and Brown-Douglas-Filmore theory

Recall that a C*-algebra E is called an extension of A by B if B is contained in E as a closed
two-sided ideal and A = E/B. An natural question to ask is under what assumptions the
geometric aspects of E can then be read off those of A and B, although a question in this
kind of generality is hard to answer. In this chapter we shall we restrict our attention to

extensions of a certain kind, namely short exact sequences of the form

0—>X®B—-——>EFE—">A 0, (5.1.1)

Such extensions fit into the framework of Brown-Douglas-Filmore theory and its various
generalisations. Brown-Douglas-Filmore theory is motivated by the study of the properties
of essentially normal Fredholm operators. These are operators T € B(H) for which T*T —TT* is
a compact operator. To each compact set X C C is associated a group Ext(X) comprising all
essentially unitary equivalence classes of essentially normal operators with essential spec-
trum X. An important observation that was made was that Ext(X) can then be identified

with the unitary equivalence classes of extensions of the form

0 X E C(X) 0,, (5.1.2)

(see [60]). The statement of the Brown-Douglas-Filmore theorem can then be phrased
as saying that Ext(X) is an abelian group and that the natural map, Index : Ext(X) —
Hom(K—1(X),Z), is an isomorphism (which is well-defined). Here, K—1(X) is the ordinary
K-group of X.
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Kasparov later formulated the same map as an index pairing between K-theory and the
classifying space Ext(A) of invertible extensions of A by compact operators [67], [66]. Fol-
lowing the well-known identification between the analytic and topological Fredholm index
in Atiyah-Singer index theory, the homology group Ext(A) can be defined using Fredholm
operators and, as a consequence of Voiculescu’s theorem, the correspondence is given be-
tween homotopy equivalence classes of Fredholm modules and invertible compact exten-

sions of A. In the more general language of KK-theory, the statement can be formulated:
Ext (A, B) = KK!(A, B) (5.1.3)

whenever A and B are o-unital C*-algebras and Ext (A, B) is the homotopy invariant
classifying space of extensions of A by the stabilisation X ® B of B. From a practical point
of view, analysis of this correspondence tells us how to write down the boundary maps in
the six-term exact sequence for K-theory (or K-homology) arising from a given extension

of C*-algebras.

5.1.2 Objectives and literature review.

In the light of the above remarks, we seek to address the following aspects of the geometry

of extensions:

1. To construct spectral triples on E, based on given spectral triples on each of A and B
which are related via the equation (5.1.1).

2. To show that in situations in which the spectral triples on each of A and B turn these
algebras into compact metric spaces, then we can obtain, via Connes’ metric, a natural

compact quantum metric space on E.

There are three articles of particular interest to us: we expect the ability to construct spec-
tral triples should be linked to the extension (5.1.1) admitting a "first order differential
pullback structure” with respect to the noncommutative geometry of the ideal and quotient
parts. This matter was considered in the context of extensions of C*-algebras by Fréchet
operator ideals [119]. The smoothness assumption which we formulate later in this chapter

is based in part on their definition.
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An important development in this area, focusing solely on the compact quantum metric
aspects, was made by Chakraborty and Pal [19]. Their construction was not based on a
spectral triple approach and it seems unlikely to me that their methods can be recovered
precisely this way, though we think that the Lipschitz seminorms which come out of our

analysis are similar (though certainly not identical) to theirs.

Most significantly, Christensen and Ivan study extensions similar to ours in the special
case B = C ([27]), that is, the extension is by the algebra of compact operators, and the
assumptions which we will need to make our analysis work essentially specialise to theirs.
We have not provided an analysis of the Gromov-Hausdorff convergence aspects ([103]) of
our construction as they do with theirs, which is based on associating two real parameters
to the spectral triple on the ideal and quotient parts of the extension, but it seems reason-

ably evident we could introduce the same parameters they do at no loss of generality.

It has very recently been pointed out to me that the authors Carey et al. have recently
studied the geometric aspects of extensions, focusing specifically on the commutative and
noncommutative disc [13]. The language which they use is rather different from ours and
somewhat more explicit, but it highlights an important principal in that we would like to
compare examples arising in our approach from quantum deformations of manifolds to

their classical counterparts.
5.1.3 Varieties of extensions.

A topological extension of X by Y, where X and Y are respectively compact and locally com-
pact Hausdorff topological spaces, is a compact Hausdorff space Z = X’ LY/, together
with continuous bijections tx : X — X/, ty : Y = Y’. Note that X’ C Z is closed and tx is a

homeomorphism. This determines a short exact sequence of C*-algebras

0 Co(Y) C(z) C(X) —=0. (5.1.4)

Example 5.1.1. Recall that Toeplitz algebra T generated by the unilateral shift has a descrip-

tion as the short exact sequence of C*-algebras,

0 — = K(H) T C(T) 0, (5.1.5)
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Here, H™ is the Hardy space of those functions in H = L?(T) with an analytic extension
to the disc. The Toeplitz algebra is the algebra generated by operators {T¢ : f € C(T)},
T¢ := PM¢P, where P is the projection into H" and My is the multiplication operator on

L2(T). It is related to the commutative extension

0 —— Cyp(open disc) —— C(closed disc) Cc(T) 0, (5.1.6)

Example 5.1.2. The quantum group SUq42 was introduced by Woronowicz in [123]. as
a 1-parameter deformation of the ordinary SU, group. When one considers the isomor-
phism SU(2) = S of topological Lie groups, its C*-algebra C(S%‘ ), viewed as the algebra
of functions on the quantum 3-sphere, can be defined for each q € [0,1] as the universal

C*-algebra for generators « and 3 subject to the relations

oo+ BB =1 o +q*BRr =1 (5.1.7)

af =qPax, af”=qp x, P =PR" (5.1.8)

Woronowicz shows that the C*-algebras C (Sz) are all isomorphic for 0 < q < 1. For
q € (0,1), there is an alternative description of C(SE’]) as a symplectic foliation ([112], [58],
[8], [21]). We will use the description presented in [19]: write 3 := {,(INp) ® {»(Z) and
let S € B({2(INg)) and T € B({3(Z)) be the usual shift operators (i.e Seyx := exy; Vk >
0, Tey := exy1Vk € Z). Let Ng € K({(INp)) be defined by Nqey = q*ey. There exists a

representation of C(Sz) over H defined by:

mo) =5\ /1-N2 @l m(p) = Ng&T*. (5.1.9)

The representation 7 is faithful: if x € C(S%]) is such that 7t(x) = 0 then x must be invariant
for the action of T2 given on the generators by (yzw : o« — z&, B — wp). Thus x is in the
closed linear span of polynomials in «*«, xo* and $*p. The relations (5.1.7), (5.1.8) soon

imply x = 0.

By considering the map o : C(S%) — C(T) sending {3 to 0 and « to the generator T of
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C(T), we soon obtain a short exact sequence,
0 = X®C(T) — C(S3) — C(T) — o. (5.1.10)

Writing 7(«) = —PT*P(1— /1 — N%) ® I+ PT*P ® I, we see that we have an algebra em-
bedding of C(Sz) in the algebra PC(T)P @ CI + X(£&(INp)) ® C(T), where P € B({,(Z))
is the usual Toeplitz projection which has the property that [P, x] is a compact operator for

eachx € C(T)and PxP®1 € C(S%]) for each x € C(T). This embedding is an isomorphism.

Example 5.1.3. The Podle$ spheres [96] were introduced as a family of quantum homoge-
neous spaces for the action of the quantum SU, group, which parallels the SU(2) action of
the ordinary 2-sphere. Probably the most widely studied algebraically non-trivial exam-
ples are the so-called equatorial Podles spheres. They can be defined for each q € (0, 1) as the

universal C*-algebra for generators oc and 3, subject to the relations 3* = 3 and
Ba=quap, o«*o+p>=1 qrax*+p>=q (5.1.11)

It is known in this case how to construct a faithful representation of C(S%) on the Hilbert

® . (5.1.12)
0 —1

0 - X®C? — C($3) = C(T) — 0. (5.1.13)

space H := {(IN) ® C?, namely,

n(a):—T,/l—N%l@((l) 2) n(p) = N3

This soon leads to the semisplit short exact sequence

The equatorial Podle$ sphere can be viewed as a symplectiv q-deformation of the 2-sphere

arising as gluing of two open discs about the equator, viewed as the short exact sequence,

0 - Co(R*)®C% — C(S?*) — C(T) — 0. (5.1.14)

Many other varieties of noncommutative spheres, including those in higher dimensions

and those defined using extra parameters, can be found in the literature. Some of the
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more prominent examples include the isospectral noncommutative 4-spheres of Connes
and Landi [33] and those arising as symplectic foliations ([112], [58], [8]). The noncom-
mutative geometry of quantum spheres has been studied in numerous articles ([108], [88],

[43], [44], [45], [36], [118], [20] - [24] and more besides).
5.1.4 Set up.
Convention. We suppose that we are given

1. separable and unital C*-algebras A and B,
2. ashort exact sequence (5.1.1), where E is unital and

3. X® B C E as an essential ideal; if I C E is another ideal then INX ® B # {0}.

Extensions of this form are quite easy to describe by invariants, for each essential inclusion
X ® B C E determines a faithful unital *-homomorphism 7 of E into the multiplier algebra
M(X ® B) of X ® B, further identified with the C*algebra £(Hp) of bounded adjointable
operators on the standard right Hilbert module Hg of B. The Busby invariant of (5.1.1) is

the faithful unital *-homomorphism,
P:AZE/K(Hg)— L(Hg)/K(Hg) = Q(Hg). (5.1.15)
In short, we are studying unital extensions for which the diagram

0 K @ B E g A 0

b

0 — K(Hp)—> L(Hp) —> Q(Hp) —= 0

commutes and each vertical map is injective.

Definition 5.1.4. An extension of the above type is called semisplit if and only if {p admits
a completely positive lift, i.e there exists a unital completely positive map s : A — L(Hp)

such that q o s =1, where q : £L(Hg) — Q(Hg) is the quotient map.

Theorem 5.1.5. [6] [60] Let A, B be unital C*-algebras and let \b, as in equation (5.1.15), ad-

mit a completely positive splitting. Then there exists a faithful unital representation p : A —
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My (L(Hp)) = L(Hp @ Hp) and an orthogonal projection P € Mp(L(Hp)):

10
o= [P P2); P (5.1.16)
P21 P22 00
such that pq1(a) = s(a) for each a € A. Moreover, [P, p(a)] € K(Hp & Hp) for each a € A.

Proof. The first statement is a well known formulation of Stinespring’s theorem for Hilbert
modules (see [6], Exercise 13.7.2). The second statement can be argued as in [60], Lemma
3.1.6: Notice that s := Pp(:)P is a *-homomorphism up to K(Hp). By assumption, p is a
*-homomorphism so that in particular p(aa*) = p(a)p(a*) for each a. Comparing matrix

entries and using the first part of the result gives us
s(aa”) = s(a)s(a”) + p12(a)piz(a”).

We deduce that p1p(a)p1a(a*) € K(Hp) foreach a € A. This means that q(p12(a)p2(a*)) =
0 where q is quotient map and, from the C*-algebra identity on £(Hg)/K(Hg), we have
that q(p12(a)) = 0 and therefore p1p(a) € K(Hg). p21 € K(Hg) by a similar argument. [

As per convention, the pair (p, P) shall be called a Stinespring dilation. The next result is

the essence of Kasparov’s isomorphism between invertible (i.e semisplit) extensions and

KK-cycles [66]:

Corollary 5.1.6. Given a semisplit extension (5.1.1) and a Stinespring dilation (p,P), the pair
(Hp @ Hp,2P — 1), defined by the representation p : A — My(Hp) above, defines an ungraded
Kasparov A-B module. We shall let \p] denote its equivalence class in KK1(A,B).

Theorem 5.1.7. [66] Every invertible extension of the form equation (5.1.1), where A and B are

o-unital, defines a six-term exact sequence in K-homology,

Ko(A) = KO(E) —— KO(B) (5.1.17)
6}‘T lé(’;
K!(B) = KL(E) p KL(A),
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where o* : K%(A) — KOE), * : KOE) — KO(B) are the induced group homomorphisms
and 83[x] € KY(A) is the internal Kasparov product of ] € KKY(A,B) and [x] € K°(B) and
83 [x] € KO(A) is the internal Kasparov product of (p] € KKY(A, B) and [x] € K1(B).

5.2 Extensions and KK-theory.

The diagram (5.1.17) helps to describe the K-homology of the extension E in terms of the
K-homology of A and B. When working with K-homology as a dual object to K-theory,
one must distinguish between graded and ungraded varieties. From our point of view,
however, all that we need is a way of associating K-homology to spectral triples and for
this purpose we have found that a separate handling of graded and ungraded K-homology
makes our analysis rather more difficult. Instead, we shall write K*(-) to refer to possibly

odd or even classes of K-homology. We are aiming to construct a well defined pairing,
@ : K*(A) x K*(B) — K*(E). (5.2.1)

Given a *-homomorphism o : A; — Ay of C*-algebras, as usual we shall let 0* denote
the induced group homomorphism from K*(Aj;) to K*(A;), which is clearly well defined.

Starting from the sequence (5.1.1), we obtain another sequence,

o

K*(A) K*(B) . (5.2.2)

Both o* and * are defined in the usual way by right composition with the left module ac-

tion, and their representatives in ordinary KK-theory, respectively KK(E, A) and KK(B, E),
can be expressed as 0* = [z1], ¥ = [z;], where

0 1 01
; =120, Hp @ Hsp, ,
1 0 1 0

and 0 : E = A C L(Ha), v : B — E C L(Hp) are the natural maps. When the se-

z1 = (G@O, Ha ©Ha,

quence (5.1.1) splits, it is known how to construct a Kasparov E-B module. For semisplit

extensions, this process can be mimicked using Theorem 5.1.5:
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Proposition 5.2.1. Given a semisplit extension (5.1.1) and a Stinespring dilation (p, P), the triple

01 0
z3:= |id® (poo), HgdHgdHg, |1 0 0 ,
0 0 -1

where id : E C L(Hp) and poo : E — L(Hp © Hp), determines a Kasparov module t* €
KK(E, B).

Remark 5.2.2. It is not immediately clear to me whether v € KKO(E, B) or T € KK!(E, B).

Proof. The non-trivial part of the proof showing that each of the commutators of the Fred-
holm operator defining z3 are in K(Hg & Hg ¢ Hp) for every element in E. To this end fix

e € Eand let a = o(e). Then,

01 0 e 0 0 0 s(a)—e p12(a)
1.0 0, |0 pula) pnla)||=]e—s(a) 0 p12(a)
0 0 —1 0 pala) p2(a) —p21(a) —p21(a) 0
where the whole term is in KX(Hp ® Hp ® Hp), since each entry is in K(Hp). O

Remark 5.2.3. We have chosen T* in such a way that it can be viewed as a cross section for
the sequence 5.2.2 in the sense that * o T* acts as an identity on K*(B). To see this, note that

" o " € KK*(B, B) can be represented by a homotopy equivalence of Fredholm modules

01 0
zj:=|id®0, HgdHgaHg, (1 0 0] |,
0 0 —t

and z{ represents the direct sum of the module representing I*; € KK*(B, B) with a degen-

erate Fredholm module.

In conclusion, for each pair of Fredholm modules [x4] € K*(A) and [xg] € K*(B) we can

construct a pairing, which will form the basis for our analysis,
D([xal, [xgl) :i= 0*([xa)) ® T ([xg]) € K*(E). (5.2.3)
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5.3 Representation theory and smooth structures.

5.3.1 An ansatz for the representation theory of semisplit extensions.

From now on, because of the difficulties involved in trying to describe the representation
theory for C*-algebras arising as extensions, we do not consider all extensions by stable

ideals but only unital extensions of the form
E EK(PHA)®7‘[B(B)—|—P7‘[A(A)P®CIHB, (531)

where A and B are unital C*-algebras, ma : A — B(Ha) and 7 : A — B(Hg) are faithful
nondegenerate representations over separable Hilbert spaces Ha, Hg and P € B(HA ) is an

orthogonal projection with the properties

1. [P,ta(a)]l € KX(HA) foreach a € A,
2. X(PHA) @ g (B) N Prta (A)P @ Cly, = {0}

The Busby invariant 1} : A — Q(PHA) ® mg(B) is recovered via {P(a) := Pra(a)P @1+
K(PHA) ® g (B), which is faithful and unital. As usual, the ideal and quotient maps will
be denoted by t: B — E and o : E — A respectively.

Extensions given by this description generalise those studied in [27], for which B = C and,
as we have seen, the noncommutative spheres discussed in Examples 5.1.2 and 5.1.3 also
belong into this class. Conversely such representations do not apply to all extensions by
stable C*-algebras. One such exception is the generalised Toeplitz extension arising from a
crossed product of a C*-algebra by an automorphism ([95]). To date, it is not clear to me if

it is possible to provide a natural invariant of extensions which fit the above description.
5.3.2 Toeplitz type extensions and smoothness criteria.

From now on, we shall assume the existence of spectral triples (A, Ha, Da) and (B, Hg, Dg)
on A and B respectively. Prompted by a very similar approach in [27], we make a couple

of definitions:

Definition 5.3.1. An extension of the form (5.3.1) is said to be of Toeplitz type if [P, Da] =0,

that is, P commutes with D on Dom(D 4 ).
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Definition/Proposition 5.3.2. Following [119], an extension of the form (5.3.1), together
with spectral triples (A, Ha, DA ) and (B, Hg, D) on A and B respectively, is called smooth
if additionally [P, A (a)] € C(HA) for each a € A, where

C(HA) :={y € X(HA) : Day, yDa € B(HA)}, (5.3.2)

is the dense subalgebra of "differentiable compacts", which is a Banach *-algebra (c.f Defi-

nition 2.1.3) with respect to the graph norm ||y||1 := ||y|| + max{||Day||, [uDall}.

Proof. It has already been seen that C(Ha) C K(Ha) is dense. On the other hand a direct
computation shows that || xy|; < [|x]|1]ly]l1 forall x,y € C¢(Ha) and that C(HA) is a Banach

algebra. O

Remark 5.3.3. The smoothness criterium implies that the operators given by

[PDA,ma(a)] = P[Da, ma(a)l + [P, A (a)]DA, (5.3.3)

[(1=P)Da,ma(a)l = (1 =P)[Da,ma(a)]l = [P, A (a)]Da, (5.3.4)

are bounded and densely defined for each a € A and that the quadruple ((A,Ha,Da), P)
is of Toeplitz type (c.f [27], Definition 1.2), up to the condition that also the operator D 5 P has
trivial kernel. As explained in the same article, this means that we can write Dy = PDa @
(1—P)DA as an orthogonal direct sum and decompose the commutators [Da, 7t (a)] into
its four matrix parts corresponding to the decomposition Ha = PHA @ (1 —P)Ha insucha
way that the matrix entries of the closure is the closure of each of the corresponding matrix

entries.

Remark 5.3.4. As suggested in [27], it is canonical to associate P with the orthogonal projec-
tion into the closed span of the eigenspaces corresponding to the positive part of the spec-
trum for D 4, so that extensions of Toeplitz type can be interpreted as extensions for which
the spectral triple on A satisfies not only [Da,ma(a)] € B(Ha) but also [Dal, ma(a)]l =
[(2P—1)Da,mta(a)]l € B(HA) forall a € A.

The next objective is to identify the algebra structure which characterises the first order
differential geometry of the extension, on which we can then build a spectral triple. We

shall refer back to chapter two for discussion on operator *-algebras. We shall adopt the
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notation, xpp = PxP, xpq := Px(1—P), xqp = (1 —=P)xP, xqq = (1 —P)x(1 —P) for
X € B(HA).

Lemma 5.3.5. The maps 5 : A — B(Ha @ Hp), 8g : K(PHA) ® 7t (B) = B(HaA ® Hg ® C?),
k: A B(Ha ® Hg ® C2), given by

1®Dg, PDA ®1
dala) =[Da®Lmala)®1], 5B(x)=( 1©Dp,x  x(PDA® J)’
—(PDA ®@1)x 0

Opp Opq ['DA,T[A(GHPP ®1 DAT[A(CI)pq ®1
0 0 0 0
K((l) _ qap qq qap qq ,
DA, ma(a)lpp @1 Opgq Opp —ma(a)pgDa @1

—TA(a)gpDA ®1 0qq Damalalgp®1 [Da,mala)lqgq®1
are densely defined derivations in the sense that
Sa(ab) = 8g(a)mi(b) +mi(a)dp(b), a,b € Dom(da)

0p(xy) = g (x)m(y) +m2(x)0B (y), X,y € Dom(dp)
k(cd) = k(c)ms(d) +m3(c)k(d), ¢, d € Dom(k)

where 11 .= maA ®1 : A — B(HA ® Hg),m = id® 0 : X(PHA)® B — B(HA ® Hg ®
C?),m3:=(ma ®1)@®0: A — B(Ha @ Hg ® C?).

The spaces A and Dom(dg) become *-algebras when equipped with the norms ||a||; A = |la| +

max{||oa (a)|, [[x(a)|}, [x

1,8 = |[x|| + [|08 (x)| respectively. The completion of these spaces
will be denoted A1 and C(PHA ) ®1 By respectively, where By is the completion of B in the norm
Ibll1:= |Ibllg + |68 () ||, so that Ay and C(PHA) ®1 By are operator *-algebras.

Proof. Necessarily A C Dom(8 4 ) and elementary tensors in C(PHA ) ® g (B) are in Dom(5g ),
so that 64,8p and « are densely defined. It is easy to verify that these are all derivations

and the conclusion now follows from Proposition 2.1.5. O

Definition 5.3.6. For each smooth extension of the form (5.3.1),where P is of Toeplitz type,
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we define the smooth part of the extension to be the dense *-subalgebra,

E1:=C(PHA) ®1 By +Pma(A1)P®1 CIHB/ (5.3.5)

where the last term is understood to be the inclusion of P7ta (A1)Pin B(HA ® Hp).

The assumption of smoothness ensures E; is an algebra, which is evidently closed under
involution. Notice that necessarily C(PHA ) ®1 B1 N Pma (A1)P @1 Cly, = {0}, so that every
element in E; has a unique decomposition of the form x +y, where x € €(PHA) ®1 By and

Yy € Prta (A1)P ®1 CIHB-

Lemma 5.3.7. Eq becomes an operator *-algebra when equipped with the norm

X +yll1,e =[x +yll +max{||da (o1(y))], [[88(x) + k(o1 (y))|l}, (5.3.6)

where x € C(PHA) ®1 By, y € Pra(A1)P ®1 Clyy and o1 : By — Ay is the restriction of
o: E — A to Eq. Moreover the natural maps y : (C(PHA) ®1 By, - |l1,8) — (E1, | - ||1,g) and
o1: (B, || - ll,e) = (A1, || - |1,A) are norm-decreasing *-homomorphisms, such that v is injective,

o071 1s surjective and Im(11) = Ker(o7).

Proof. We will show E; is an operator *-algebra in the next section. The other assertions are

obvious. O

Corollary 5.3.8. A smooth extension of the form (5.3.1), where P is an orthogonal projection of
Toeplitz type, defines a continuous pullback diagram of operator *-algebras:

T
A

o1

0 — C(PHA) ®; B;— E;

0 —— K(PHA) @ B E —Z

5.4 Construction of the spectral triple.

We are ready to write down spectral triples based on the smooth part of the extension

E;. The methods automatically extend to the setting when E; is replaced by any dense
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*-subalgebra €, which might be easier or more natural in certain situations. The Hilbert
space in this construction is H := Hy ® Hp @ C? = (PHA @ Hp @ (1 —P)Ha @ Hp) @ C?,
equipped with two representations 7t; : E — B(H) for i € {1, 2},

M = , Ty =
0 0

7

(7'[AOO')®1 0 7t 0
0 (maoo0)®1

where 7t : E — B(Ha ® Hp) is the natural amplification of w : E +— B(PHA ® Hp) by 0
(that is, 7t acts as zero on the (1 — P)J{ 5 ® Hp part of the Hilbert space). Faithfulness of 7t

ensures that 71y @ 71, is a faithful representation.

Lemma 5.4.1. The operators D; : dom(D;) — H, 1 € {1, 2} defined by

Da®l 19D
D= | B, (5.4.1)
1®DB —DA®1

P® Dy 0 PDA @1 0
0 1-P)@D 0 0
Dy = (1=P)©Ds (5.4.2)
PDA®1 0 —P®Dg 0
0 0 0 (1—P)DA@1)

are linear, densely defined self-adjoint operators with compact resolvent. The common domain of
D1 and D, is also dense. Moreover, provided there exists positive numbers p, q > 0 such that the
spectral triples (A, Ha, Da) and (B, Hg, Dg) are respectively p- summable and q- summable then

both D1 and D, are p + q- summable.

Proof. We start by making the comment that the operator D, is precisely of the form aris-
ing in the Kasparov external product between graded and ungraded spectral triples. To
show that D; and D, are self-adjoint operators with compact resolvent, we start by re-
marking that D and D; are, by assumption, essentially self-adjoint operators with compact
resolvent. As such, they are defined on the closure of the (necessarily finite dimensional)
eigenspaces corresponding to their pure-point spectra. The spectra of D1 and D, are count-
able subsets of R, so we shall write specD; = {Am}men and specD; = {in}nenN, Where

each eigenvalue has finite multiplicity.
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We have the identities,
»  |Dhel+10D 0
D2 — , e (5.4.3)
0 P2 ®1+10 D3
PD3 ®1+1® D2 0
D2 = A B (5.4.4)
0 (1-P)D3 ®1+P® D3

Thus, given every eigenvalue pair (A, i) for (D1, D) with eigenvectors (&,1) € Ha x Hpg,
we can associate two eigenvectors,

E® 0
vg\li/ = 1 , vi2) = (5.4.5)

AV
0 &E®n

corresponding to the eigenvalue A> + u2. Every eigenvalue of D? arises this way. An ap-
plication of Nelson’s theorem then ensures that D; is self-adjoint and has compact resol-
vent. A similar argument applies for Dy, since the essential spectra of D? and D3 coincide
(though the multiplicity of each eigenvector may be smaller). The other properties are now

obvious. O

Lemma 5.4.2. The operators [D;i, ;i (e)] : Dom(D;) — H are bounded for e € E;.
Proof. Lete = x+y € &, wherey € Pma(A1)P ® Clg and x € C(PHA) ®; By. Direct

computation shows,

[D1, 1 (x +y)] = diag(da (o1(y)),0), (5.4.6)
[Dy, Mo (x +y)] =8 (x) + k(o7(y)), (5.4.7)

and the result follows. This also proves E; is an operator algebra (Lemma 5.3.7), since by
definition le(|1,e := [[e]| +max{]|[D1, 71 (e)]]], | (D2, 72 (e)]I}- O

Theorem 5.4.3. Let A and B be unital C*-algebras, endowed with spectral triples (A, Ha,Da)
and (B, Hp, Dp) respectively. Let E be a smooth extension of the form (5.3.1), where P € B(Ha)
is an orthogonal projection of Toeplitz type. Then, for each dense *-subalgebra & C Ey, (E,H®
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H, D1 & D,), represented via 11 & 7y, defines a spectral triple on E. Moreover, the spectral dimen-

sion of this spectral triple is given by the identity

so(&, HOH, D1 & D) = so(A, Ha, Da) +s0(B,Hg, D). (5.4.8)
Furthermore, the spectral triple represents the Fredholm module o* (A, Ha,Da) @ T°(B, Hp, Dp)
in K-homology.

Proof. This follows from 5.4.1 and 5.4.2. The last statement is illustrated in Appendix B. [

5.5 Extensions of compact quantum metric spaces.

We now divert our attention to the existence of compact quantum metric spaces. There-
fore, through this chapter, we assume that the hypotheses of Theorem 5.4.3 hold and ad-
ditionally the spectral triples (A, Ha,Da), (B, Hg, D), where the induced Lipschitz pairs
(A,Lp,) and (B,Lp,) are compact quantum metric spaces for A and B respectively. Be-

cause of this, we shall introduce the notation,
X:=C(PHA)®1B1NE, Y:=Prma(A1)P®1CIgNE,

La(x+y) = [0a(o1(y)l, Le(x+y) =85 (X)[, X € Xsa, Y € Ysa,
uA,l = {9 € Ysa: ||0-1(U)H <1, LA(U) <1} uiA = {Q € Ysa/RIA : I—A(g) <1},
Ug = {X € Xsaq: Lp (X) < 1}

In addition to each of the previously stated assumptions, we will adopt an extra convention
which was proposed in [27], namely PD 5 has trivial kernel. We remark that necessarily
KerPD 4 is finite rank, so that if this convention fails then we can merely replace P with

P — PKer(D 4 ), a procedure which does not affect any other aspects of the extension.

The Lipschitz pair coming from the spectral triple on E is (€sq, L), where £sq = Xsq +
Ysa is the self-adjoint part of € and L(e) := max{[|[D,m (e)]|, ||[D2, m2(e)]||} is the usual
seminorm coming from the spectral triple on € in Theorem 5.4.3. In this way the seminorm

L is automatically lower semicontinuous and satisfies the Leibniz rule.
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Proposition 5.5.1. (Esq, L) is nondegenerate, i.e (€54, L) is a Lipschitz pair.

Proof. The proof comprises showing €54 N L=1(0) = RIg, where Ig = IAlpny A is the iden-
tity of E. Notice that the proof of Lemma 5.4.2 implies immediately L4 (e) = O for each
e € &, sothatif e € E5q and L(e) = 0 then o1(e) = Al5 for some A € IR, by nondegeneracy
of the spectral triple on A. It also means that we can write e = x + Al for some x € Xgq.
The same Lemma now implies dg(x) = 0, so that [1 ® Dg,x] = 0 and (PDa ® 1)x = 0.

Since PD 4 is invertible, x = 0. So e = Al and L is nondegenerate. O

Lemma 5.5.2. Let La g be the seminorm on €4 given by
Lag(e) :=max{La(e), Lg(e)}, (5.5.1)

where e € Egq . Then La p is a Lipschitz seminorm, (Esa, LA B) is another Lipschitz pair on E

and La p(e) <2L(e) forall e € E5q.

Proof. The same argument as in the proof of Proposition 5.5.1 shows that L g is non-
degenerate. Fix x and y as above and write e = x +y. Expanding terms shows that
L(e) > |da(o1(y))|| = La(y) and L(e) > ||k(o1(y)) + dp(x)||. By projecting into the sub-

space of H corresponding to the upper left 3x3 block matrix, we find

Lie) > H 1@ Dg,x] [Da, A (01(Y)]pp @1 +x(PDA ®1) H
T I\ DA, a0 W) Tpp @1 (PDA @ 1) 0
— 6B(X) + 0 [‘DA/T[A(O-l(y))]pp ®1 H
[Da,malo1(y))]pp @1 0

Therefore, Lg(x) = [|08(X)|| < [[[Da, A (01(y))]lppll +L(e) < 2L(e) and hence L g(e) <

2L(e) for all e € £, as required. O
Theorem 5.5.3. (Esq, L) is a compact quantum metric space.

Proof. By the previous lemma, it is sufficient to show that (€54, LA p) is a compact quantum

metric space and we may take & = E. The proof consists of showing the sets

u~E ={€ € &sa/RIg: LA,B(é) <1} Ugq = {ecésa:llel <1, LA,B(e) <1},
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are respectively norm bounded and norm- totally bounded. By construction,
Ug C Ua +Up, Ug1 CUag+ Usg, (5.5.2)

Since the spectral triple on A implements a compact quantum metric space, the spaces

Ua = YsaNoy'({d € Asa/RIa : [|[Da, ma(@)]]] < 1)) (5.5.3)

Uni = YsanNoy'({a€Asa: [la <1, |[Da,malall] <1}, (5.5.4)

are respectively bounded and totally bounded as normed vector subspaces of s+ /RIg and
Esaq respectively. It therefore suffices to show the set Up := {x = x* € K(PHA) @ g (B) :
155 (x)|| < 1}is totally bounded. By self-adjointness, we can replace the last inequality with
the inequality: max{||[1 ® Dg,x]||, |[x(PDA ®@1)||, |Xx(PDA ®1)|]} < 1.

Effectively, we have reduced the proof to showing that we obtain a (noncompact!) quan-
tum metric structure on the stabilised ideal space X ® B, which must give the metric on the

state space S(K ® B) finite diameter.

Lemma 5.5.4. Let {Py e be the spectral projections of Y := (PDA) ' ®1 = (PDA ®1) ! and

write Qn =Y _p_ Px. Then for each e > 0 there exists an N € IN such that
[x — QnxQN| < € x € Ug. (5.5.5)

Moreover for each x € Up and for eachn € N, ||xn || < ||Y]], where xn :== QnxQn.

Proof. Since (PDA)~! is compact by assumption, it quickly follows that for each € > 0 there

exists an N € IN such that |[Y —YQqn || < 5 and ||[Y — QnY|| < 5. For x € Up, we obtain
1QuxQn|l < [Qnx(PDA @ )YQn | < [[x(PDA @ D[I[IY] < Y],
which proves the second statement. Moreover, for x € Ug,
Ix=xQul < [X(PDA ©1)Y =x(PDA & )YQu| < [x(PDA @ [[¥ = YQu < 5,

and [|x — QnxQ| < § by symmetry, so that [|[x —xQnx|| < [[x =xQn ||+ [[xQn — QnXxQn | <
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€, proving the first statement. O

Returning to the proof of the theorem, it will suffice for us to show that the sets QU Qn
are totally bounded for each n € IN. Any given element in this set can be expressed in the

form

Mn

xn= > mg(bi;j)lej)(eil;, (5.5.6)
ij=1

where b; ; € B and {ei}{“q is an orthonormal basis for the finite dimensional Hilbert space

EnHa. We shall write the corresponding projections in B(En,Ha ® Hg) by {pi};". Since

these commute with 1 ® Dg, we have that for x € Ug and n € IN,

78 (bij)|l = lpyxnpill < [xnl < (Y], (5.5.7)

I[Dg, 7s (bi;)lll = [[1 ® D, pjxnpilll = [Ip;[1 ® Dp,xIpil| < 1. (5.5.8)

These estimates tell us that the sets QnUg Qn are contained in the sets
Mn
Sni=1{)_ ma(bij)le)(eil; bij€B, byl <[V, [[Dp,me(bis)l <1 (559
ij=1

Now we can at long last use the assumption that the spectral triple on B implements a
compact quantum metric structure, so that {b € B: ||b|| <Y, ||[[Dp, e (b)]|| < 1}is totally
bounded and consequently the sets Sy, are totally bounded as well. This concludes the

proof of the theorem. O

5.6 Application to the Podles$ spheres, quantum SU2 group and other

examples.

2
5.6.1 The algebra C(Sq ).

Let us begin our analysis with an exposition of the construction for the equatorial Podle$

spheres (C(S3) = C*(«, B : Bx = qaP, a*a+p> =1, qiaa*+p?=q*), for0<q<1.
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It is described by the short exact sequence
0 - X®C*> — C(s3) — C(T) — 0. (5.6.1)

The quotient map o : C(S%) — C(T) appearing in this sequence is defined by o(«x) = T*,
0(B) =0, where T € C(T) is the unitary identified with the bilateral shift on {,(Z). Clearly
s: T S®Ic2, where S = PTP the unilateral shift on £;(IN) and P : £(Z) — {>(IN) is the
Hardy space projection, is a splitting map for o and we obtain a representation (5.3.1) of

C (S%]) as the algebra,
C($2) = K(t>(N)) ® C* + PC(T)P @ Ia. (5.6.2)

We introduce the spectral triples;
1 0 1
A = (CY(T),L*(T), ==9), B=(C*%C?, ( ) ).
2mi 1 0

where C1(T) = {f € C(T) : f’ € C(T)}. Because P is the projection into the positive spec-
trum of 0, the projection P is of Toeplitz type and, as in Remark 5.4.4, smoothness is implied
by the regularity condition CH(T) c Dom(s), where 5(f) = [9], fl. Consequently the con-
struction highlighted in Section 5.5 gives a spectral triple on C (S%I ). This spectral triple has
dimension one, which distinguishes it from the spectral triples proposed by D’ Andrea and

Dabrowski [43].

It is well known that the triple on C(T) satisfies Rieffel’s regularity condition. The same
is true of the spectral triple on C?: the associated Lipschitz pair coming from the latter
construction is (R?,Lg), where Lg(A, ) = |A — u recovers the usual discrete metric on
the two-point space. This, following the discussion in this chapter, provides us with a

construction of a compact quantum metric structure on C(S%) for each q € (0,1).

Remark 5.6.1. Although the Podle$ spheres are isomorphic as C*-algebras, the smooth
structures for the spectral triple on C(S%]) will certainly depend on q. For this reason, as

well as considerations in quantum group theory, we might wish to study the Hopf algebra,
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A(C (S%4 )) of polynomials in « and f3, instead. Since:

10 10 1 0
a=T® +T(1=(/1-N4) ® B=N2® (5.6.3)
0 1 a 0 1 Tl

and because the operators N% and (1—4/1—Ng%) belong to the space of "differentiable
compacts", it is relatively easy to see that o and 3 belong to the domain of the smooth

structure of the spectral triple we are considering.

5.6.2 The algebra C(S%) and higher dimensions.

The analysis of the noncommutative 3-spheres C(Sz) is notably similar to the case of the
equatorial Podle$ spheres. We have a short exact sequence, and as stated earlier there is
a representation theory of C(S%) as the algebra PC(T)P ® CI+ X(£3(INp)) ® C(T). When
A =B = C(T) is prescribed with the usual spectral triple then as before we may verify that
the extension satisfies the criterium of smoothness and that we obtain a spectral triple on
C(S?(’q ). The methods of section 5.6 ensure that this triple implements a compact quantum

metric structure on C (S% ), which has spectral dimension two.

The dimensionality properties of our spectral triples for this algebra is in stark contrast
from the analysis of the noncommutative geometry of the quantum SU42 group provided
by Chakraborty and Pal, who show that an equivariant spectral triple (for the co-action on
the quantum group structure on SU42) must have dimension at least three [20]. Much of
the analysis of the geometric aspects of this algebra seems to be based on the latter point of

view and I do not see a correspondence with the theory in this chapter.

The noncommutative n-spheres for higher dimensions can be defined inductively on n.

The spheres of odd dimension arise as short exact sequences of the form
0 XK®C(S") =S —»Csi™ =0, n>1 (5.6.4)
and the spheres of even dimension as short exact sequences of the form

0 K®C* = C(SF) = (s =0, n>1 (5.6.5)
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(see [8] for an overview and references therein).
5.6.3 Future questions: Rieffel-Gromov-Hausdorff convergence and other matters.

In [103], Rieffel proposed a notion of distance between compact quantum metric spaces,
modelled on the Gromov-Hausdorff distance. It has since been used in number of ques-
tions relating to C*-algebras endowed with seminorms. Some of the results are quite sur-
prising: see [104], for example, in which Rieffel shows how the common observation in
quantum physics that "matrices converge to the 2-sphere" can be illustrated quite well us-

ing Rieffel-Gromov-Hausdorff convergence.

There are various perspectives that we could take with respect to convergence for exten-
sions in this chapter, especially for algebras arising as g-deformations. If we wish, we
can try to mimic the convergence studied by Christensen and Ivan in their approach [27].
They construct a two-parameter family of spectral triples (T, Ha, Dy g) for extensions of

the form
0-K—=T—>A—=0, (5.6.6)

and for o, 3 > 0, for which the quantum metric spaces "converge" to those on A and X
as « — 0 and 3 — 0. This is not sufficient, however, to study the Gromov-Hausdorff
convergence aspects of varying the parameter g, for example in the case of the Podles
spheres. We would be most interested in the answer to the following two questions, the

first of which seems easy and the latter rather unclear:

Question 5.6.2. Let (qn)nen C (0,1) be a sequence converging to q € (0,1) and let
(A(C (S%In)), L) be the compact quantum metric on the Podles sphere C (Sén) forn € N
highlighted in this chapter. Is it true that (A(C (S%ln)),l_) converges to (A(C (S%] )),L) for

Rieffel-Gromov-Hausdorff convergence?

Question 5.6.3. Suppose now that (qn)nen C (0,1) converges to 1. Let (C1(S2),Lp) be the
usual Lipschitz seminorm on the algebra C(S?) = C(S%), namely for which the restriction
of the metric to S? is the path metric. Is it true that (A(C(S%]TL )), L) converges to (C1(s%)),L),
or any equivalent Lipschitz pair on the two-sphere, for Rieffel-Gromov-Hausdorff conver-

gence?
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6.1 Twisted spectral triples.

6.1.1 Motivation and preliminaries.

Simply stated, the main reason that that researchers are becoming increasingly interested
in the construction of twisted spectral triples is that they are applicable to a broader class
of examples than are ordinary spectral triples. Connes and Moscovici [36] suggested that
twisted spectral triples might be a characteristic of the type III von Neumann algebras, for
which the nonexistence of a trace effectively rules out the existence of finitely summable

spectral triples.

Definition 6.1.1. Let A be a *-algebra. By a trace on A we mean a positive linear map
T : A — R such that 1(ab) = 1(ba) for all a,b € A. Such a trace will be called faithful if

whenever a € A" and t(a) = 0 then a = 0.

Theorem 6.1.2. [30] If A is a unital C*-algebra and (A, H, D) is a finitely summable spectral

triple then there is a trace T on A such that T(1) = 1.

Example 6.1.3. Another example of a C*-algebra which cannot permit such a trace is the
Cuntz algebra Oy, the simplest example of a simple purely infinite C*-algebra. This makes

a geometric analysis of O; a challenging, but rewarding, task.

Example 6.1.4. Another set of motivating examples for writing down twisted spectral
triples arises in examples relating to conformal actions of manifolds (see [81]). Starting
from a compact Riemannian spin®-manifold (M, g) and the group I' = SCO(M, g) of con-
formal diffeomorphisms of M which preserve the orientation and spin structure and where
Iy C T is the connected component of the identity, the crossed product C(M)xTy provides
a natural way to encode the diffeomorphism invariant structure of M. Except when [
preserves the Riemannian metric, there is in general no conformal structure on which to
construct an ordinary spectral triple. This seems consistent with our analysis in Chapter 4,

where the requirement that the action of Iy on (M, g) is equicontinuous is needed.
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6.1.2 Regular automorphisms and KMS states.

Kubo-Martin-Schwinger (KMS) states, a concept with its origins in quantum field theory,
have been met with considerable success in the study and classification of von-Neumann
algebras. Their role in C*-algebra theory is no less intriguing, however. For example, it
has long been known that there is exactly one such state on each Cuntz algebra O, n > 2
[84]. The KMS-condition captures the notion of a state whose "departure from a trace" is

determined by an analytic function, in the absence of a trace itself.

Definition 6.1.5. Let A be a *-algebra. A regular automorphism o : A — A is an invertible

linear algebra homomorphism such that
o(a*) = (6 Ya))*, a€A. 6.1.1)

Definition 6.1.6. Let A be a *-algebra and let o : A — A be a regular automorphism. A

o~ ™-twisted trace on A is a positive linear map { : A — R with the property,

P(aoc~™(b)) =YP(ba), a,b € A. (6.1.2)

The formal definition of a KMS state on a C*-algebra A depends on two parameters,
namely a fixed strongly continuous "gauge" action of R on A and an inverse temperature

3 >0.

Definition 6.1.7. Let A be a C*-algebra, o : R — Aut(A) be a strongly continuous action of
R which admits an analytic extension to a strongly continuous action of C on some dense
*-subalgebra, A, of A and let § > 0. A KMS(o, 3) (or just KMSp) state on A is a positive
linear map 1\ : A — R with the property,

P(ao_ig(b)) =P(ba), a,be A (6.1.3)

6.1.3 Definition and properties of twisted spectral triples.

I am aware of two different approaches in noncommutative geometry which have been
suggested to include those examples, such as type III von Neumann algebras, for which

the construction of finitely summable spectral triples is not possible. In [36], and later [81],
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Connes and Moscovici set about establishing a different set of axioms for a spectral triple
for which the Dixmier trace becomes a twisted trace with respect to a regular automor-
phism o on A. Further analysis of these twisted spectral triples is provided by Fathizadeh
and Khalkhali in [54], where the named authors explore the possibilities of writing down
a version of the Connes-Chern character formula. The above analysis lead to the proposal
of a spectral triple in which most of the regularity and Fredholm properties are preserved,
but that the commutator is only bounded up to a "twisting" by o. It is this approach we

follow.

The other approach is the construction of modular spectral triples, the definition of which
was suggested in [15] in which the geometry of the Cuntz algebra was considered, although
this has since been extended to several other examples, e.g the quantum SU; group (see [63]
and [72]). The axioms of a modular spectral triple are based on a semifinite von Neumann
algebra, rather than an unbounded Fredholm module, however. I am not aware if the

relationship between these two points of view is fully understood.

Definition 6.1.8. Let A be a C*-algebra. A twisted spectral triple (A, H, D, o) is given by a
*-representation 7t : A — B(H), a dense *-subalgebra A C A, a regular automorphism o of

A and a linear densely defined unbounded self-adjoint operator D on H such that

1. m(A)domD c domD and [D, n(a)]ls := D7nt(a) — mt(o(a))D : domD — K extends to a
bounded operator for each a € A and

2. mi(a)(1+ D?)~ ! is a compact operator for each a € A.

Remark 6.1.9. A twisted spectral triple can be either even or odd as in the usual case. p-

summability and spectral dimension is defined in the same way as in the untwisted case

and the spectral triple is called regular if it satisfies the condition that also [(1+ D2 n(a)ls
extends to a bounded operator for each a € A. The algebra of twisted differential 1-forms

QOf (A), spanned by {a € A} and {[D, a]5; b € A}, becomes a bimodule as in the untwisted

case, but the left action is now given by a-b := o(a)b foralla € Aand forallb € Qp(A)

(see [81] for details).

When a C*-algebra A admits a twisted spectral triple (A, H,D, o) and & is a maximal

analytic extension of o, there is a natural space to study given by
ClY9(A):={a e A: a(domD) c domD, a € NnezDom(6™), ||[D, (0™ (a))ls| < oo, Vn € Z}.
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Proposition 6.1.10. Let (A, K, D, o) be a finite dimensional twisted spectral triple on A. Then:

1. CY9(A) becomes a Banach algebra when equipped with the norm
lall,o = llal + l[o(a)]| + [[[D, w(a)lo |- (6.1.4)

Moreover as in Proposition 2.2.3 we obtain an injective norm-decreasing algebra homomor-
phism p : CLo(A) — B(H;), where Hq := Dom(D) with the inner product (n1,M2)1 =
(M1,M2) + (D1, Do) and p is left-multiplication.

2. When additionally (A, 3, D, o) is reqular, then (A, I, Fp), where Fqy = (14 D?)~1/2D,
defines a Fredholm module over A with the same grading.

3. When additionally (A, H,D,0) € L (p,0) for somep > 0, the map Tr, (-(1+ D2)=P/2) isqg
o~ P-twisted trace for each suitably chosen generalised limit (as highlighted in Appendix A):

Tre (ab(1+D?)"P/2) = Try, (bo P (a)(1 + D?)P/?) (6.1.5)

whenever a,b € A.
4. (Asa,Lp), where Lp(a) :== ||[D, (a)ls||, is a lower semicontinuous Lipschitz pair satisfy-

ing the twisted Leibniz rule L(ab) < L(a)||b|| + ||o(a)||L(b) for each a,b € Asq.

Proof. The proof of (2) and (3) follows as in [36] and [81], except that we do not assume that
D is invertible. Thus, the proof of (2) follows instead from the identity:

[Fp, m(a)] = (1+ D) V2(ID,m(a)lo + [(1+ D)2, m(a)]oFop), (6.1.6)
whilst (4) is obvious and the main ingredient of (1) is the calculation

labl,e = [abll+[lo(ab)[[+[[[D, n(ab)ls|

/N

lalllibll + [lo(a)[[[[o()]| + [[[D, w(a)lo bl + lo(a) [[[ID, (bl o]
< lall+llo(a)f + D, 7la)ls [N([[oll + [|o®)| + [[D, ()] s[]) = all,ol[bll1,0/
for each a,b € A, and arguments analogous to the proof of Proposition 2.2.3. O

Example 6.1.11. Suppose we have a C*-algebra A, an automorphism « € Aut(A) and a

faithful o-invariant state ¢ on A. Let us suppose we have a spectral triple of the form
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(A,12(A, $),D) on A, complete with a separating and cyclic vector &4, for ¢. Since ¢ is

o-invariant, the algebra A x «Z is represented equivariantly over L%(A, ¢) via,
a(b&gy) = aby; U(bLy) == afa)éy; U*(bEg) :=a '(b)éy, abeA. (6.1.7)

Provided further the action of « is smooth (i.e x(A) = A), U and U* leave the domain of
D invariant and there exists a positive invertible h € Z(A) such that U*DU = hD, there
is a natural way of writing down a spectral triple on AxyZ: A regular automorphism is

defined on the algebra B generated by U and A by
o(aUu™) := aU™hy, (6.1.8)
where hf} = o (n—1) (h)...a« }(h)h. Evaluation shows [D, aU"], = [D, a]U™ is a bounded
operator and so (B, L2(A, V), D, o) is a twisted spectral triple on Ax «Z.
Remark 6.1.12. We point out that the above is a slight generalisation of the scaling automor-
phisms introduced by Moscovici in [81], in which h = A is a positive real number.
We come now to the matter that we would like to address in this chapter.

Problem 6.1.13. Following the work of Connes and Moscovici, establish existence results

for finitely summable twisted spectral triples for Cuntz-Krieger algebras.

6.2 Crossed products by endomorphisms.

6.2.1 Exel crossed products.

When Cuntz introduced his eponymous algebra [40], it was shown amongst other things
how the behaviour of the Cuntz algebra Oy, closely resembles the crossed product of the
fixed UHF algebra F;, under the circle action. There is a natural gauge-invariant endomor-
phism on Oy, defined by a(x) = 3 ;<j<n SjxS], which restricts to a shift-type action on
Fn. Cuntz describes the same map as a natural automorphism & on the stabilisation of &y,

whence the isomorphism
K®O0n = (K®Tn)xgZ. (6.2.1)
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Many authors have have offered formal definitions of what a crossed product C*-algebra
by an endomorphism might be. The most important of these include the constructions of
Paschke [89], Stacey [111] and Exel [50]. We choose to adopt the latter approach. Many
comparisons have been made between Exel and Stacey crossed products, for example in

[2], but in many cases the correspondence is not explicit.

The description of the Cuntz algebra and related examples using Exel crossed products
has many nice features. For one, the Cuntz algebra can be expressed as a crossed product
of a commutative C*-algebra, which makes a geometric analysis easier. In fact, the alge-
bra encodes the dynamics of the full subshift, whose C*-algebra has totally disconnected

spectrum. Moreover, it offers a relatively straightforward characterisation of KMS- states.

Given a dynamical system, comprising a unital C*-algebra A and a *-endomorphism «
of A, the philosophy behind Exel’s crossed product construction is to construct a Toeplitz-
Pimsner type algebra which contains a copy of an algebra A and an extra operator S which
encodes the action of x. Because this algebra is "too big"- it gives a generalisation of the
Toeplitz crossed product C*-algebra of an endomorphism- the crossed product algebra
itself is defined as a certain quotient, which mimics the passage from a Toeplitz-Pimsner to

a Cuntz-Pimsner algebra.

Definition 6.2.1. [50] We suppose that we have a unital C*-algebra A, a *-endomorphism
o : A+ Aand a positive map £ : A — A, called the transfer operator, such that £L(«(a)b) =
al(b) for each a,b € A. The C*-algebra T(A, , £) is defined as the universal C*-algebra
generated by a copy of A and an operator S such that:

Sa=«(a)S, L£L(a):=S"aSe€ A; acA. (6.2.2)

Such a universal algebra exists in each case [50].

Warning 6.2.2. Khoshkam and Skandalis define a Toeplitz Pimsner-type algebra T for
each endomorphism o of a C*-algebra A in [68], but these are in general quite different to

the algebras constructed above.

Definition 6.2.3. [50] Given a unital C*-algebra A, a *-endomorphism « : A — A and a

positive map £ : A — A such that £(x(a)b) = aL(b) for each a,b € A, the Exel crossed
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product Ax, ¢ IN is defined as the quotient of T(A, &, £) with respect to the ideal generated
by a —k, where a € A, k € ASS*A and abS =kbS forall b € A.

6.2.2 Cuntz-Krieger algebras.

Definition 6.2.4. The Cuntz-Krieger algebra Oz associated with a matrix A € My ({0, 1})

is the algebra generated by partial isometries Sy, ..., Sy, satisfying the relations (see [41])
n
SiSi=) Ay;S;S;, SiSk=0(k#1). (6.2.3)
j=1

The graph of O 4 is the finite directed graph with vertices {vy, ..., vn} and a single edge from

vj tovyifand only if Ay; = 1.

The Cuntz-Krieger algebra is used to describe the dynamics of the underlying graph. Let
A € My ({0, 1}) be a matrix with no zero rows or columns and let O 5 be the Cuntz-Krieger
algebra associated to A. The subshift space is defined by ZX =& =(E)ien €{1,..., N
Ag e, = 1, Vi € N}, which becomes a compact totally disconnected space with respect

to the usual topology. The map T: £} — I}, T(&1,&,...) = (&, &3,...) is the usual left-
shift, on .

The dynamical system (L}, T) is called the Markov subshift for A. It leads to an endomor-
phism ot on the algebra ting C (ZX) in the usual way by o1 (f)(&) := f(T(&)). Our standing
assumption that A contains no trivial rows or columns ensures that T is surjective and a
transfer operator for (ZX,T) can be defined by £1(f)(&) == T 1{&p?! ZHGT—l({a}) f(n).
Thus the algebra C (Zj{\) X o1,0+IN can be formed.

Theorem 6.2.5. [50] For every A € My ({0, 1}), there is an isomorphism O o = C(Z;{) Xor,crN.

6.2.3 Cuntz-Krieger algebras as covering map C*-algebras.

The abstract definition of an Exel crossed product is often hard to work with. Exel and
Vershik [52] gave a much simplified definition of the algebra Ax ¢IN in the setting in
which A = C(X) is commutative, « = o is spatially implemented by a continuous map
T:X — Xand, provided T is a local homeomorphism, £ = £7 is spatially implemented as

in the previous example.
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Definition 6.2.6. A continuous surjection T : X — X, with X compact and Hausdorff,
is called a covering map if it has the property that for each x € X there exists an open
neighbourhood Vy such that T~1(Vy) is a finite collection of disjoint open sets Uy, .. ., Uy,

such that the restriction T[y : Uy, — Vi is a homeomorphism.

Every covering map T : X — X defines an endomorphism a1 of C(X) in the usual way

and transfer operator by:

L1()(x) ::IT—SW > fly). (6.2.4)

Notice that L1 o at is the identity on C(X).

Lemma 6.2.7. [17] Let T be a covering map of a compact Hausdorff topological space X. Then there

exists a minimal finite covering {Uih <i<1 of X such that the restriction of T to Uy is injective.

Exel and Vershik introduce a positive family of function {v; : 1 < i < 1} for each such
covering given by v; := Qui, where Q(x) =y € X; T(x) =T(y)}land {vi: 1 <i<l}isa
partition of unity for {U; }1<i<1-

Definition 6.2.8. ([52], [17]) Let T be a surjective covering map of a compact Hausdorff
topological space X. Then the C*-algebra C(X, T) is defined as the universal C*-algebra

generated by a copy of C(X) and an isometry s, subject to the relations:

1. st =o1(f)s,
2. s*fs = L1 (f) and
3.1= Z%:l v%/zss*vi/z (f € C(X)).

Theorem 6.2.9. [52] For every pair (X, T), comprising a compact Hausdorff space X and a surjec-

tive covering map T : X +— X, there is an isomorphism C(X, T) = C(X)x ¢, IN.

Example 6.2.10. For the Markov subshift (ZX, o) defined by a matrix A € M, ({0, 1}) with

no zero rows or columns, the minimal covering is given by a clopen partition,
ZX = UlgignZA,i; ZA,i ={&e ZJAF & =1 (6.2.5)

We shall define vi = QP;, where Q(§) = Zle A, g, and Pj is the projection into C(Z A ;).

Let us show that the covering map C*-algebra (£}, 0) satisfies the Cuntz-Krieger relation.
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Define partial isometries {S; : 1 < i< n}byS; = vi/ 25. A calculation then shows that for

eachfe€Xfand1<i<n,

SESi(&) = L1(QPy)( ZAT g, LT(P(E) = Ayg,. (6.2.6)

On the other hand, clearly SS; = 0 for j # i and

R

Hence we recover the usual Cuntz-Krieger relation (equation 6.2.3). Let us now document

some important properties of covering map C*-algebras for later use:

Lemma 6.2.11. [52] [17] [49]

1. As a vector space, C(X, T) is a closure of the space Cy (X, T) of finite sums of the form

Z fi/jsisj*gi/j, fij, 91, € C(X). (6.2.8)
120
2. The canonical map from C(X) to C(X, T) is injective.
3. C(X,T) is a simple C*-algebra if and only if T : X — X is irreducible, i.e there are no
nontrivial open sets U,V C X such that T*(U) NV = ( for every n. > 0
4. There exists a gauge action o : S — Aut(C(X,T)) given by o,(f) =1, 0¢(s) =zs, z€ T
and a faithful conditional expectation F on C(X,T) defined by F(x) = jT 0, (x)dz, whose
image is the C*-subalgebra of C(X, T) generated by vectors of the form

> fis'stgi, fi, g1 € C(X). (6.2.9)
i>0

5. There exists another conditional expectation G on C(X, T) whose image is C(X) and such that

G(F(x)) = G(x)Vx € C(X, T). Furthermore
G(fs's'"g) = 81;fg; f,g € C(X), i,j > 0. (6.2.10)

6. The automorphism o_gi : C¢(X, T) — Cg(X, T), where 3 > 0, is regular.
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Proof. Shown in [49] and [52]. O

As an immediate consequence of (6), the gauge action extends to a densely defined ana-
lytic action of C on C(X, T) defined by o, (f) =f, o.(s) = e'%s. As such, Exel and Vershik

establish necessary and sufficient conditions for the existence of KMSg states for o.

Theorem 6.2.12. [49] Let 3 > 0. Then a state \p on C(X, T) is a KMSp state for o if and only if
P = 1o G, where T is a trace on C(X) such that T(L1 (e~ P Qf)) = t(f) Vf € C(X).

Remark 6.2.13. In [51], Exel describes the KMS states for Cuntz-Krieger algebras explicitly
using this description. The operator Lg(f) = L( e®Qf) is also called the Ruelle-Perron-
Frobenius operator, so the KMS states in this case correspond to Borel probability measures

which leave the operator f — £_ g (f) invariant.

Definition/Proposition 6.2.14. A Markov shift (£}, T) is called irreducible if equivalently T
is irreducible, A is an irreducible matrix (that is, for 1 < 1,j < n there exists a k > 0 such

that (Ak)m— = 1), the graph of O o is connected and the algebra O 4 is simple.

The KMS-states of irreducible Cuntz-Krieger algebras have already been classified by An

Huef et al. and the analysis above provides an alternative result to the same conclusion:

Corollary 6.2.15. [1][51] Let A € M ({0,1}) be in irreducible matrix. There is a unique KMSg
state on each Cuntz-Krieger algebra O o, and the inverse temperature at which this occurs is 3 =

log p(A), where p(A) is the spectral radius of A.

6.3 The ordinary spectral triple on C(Z}).

Let us now show that it is possible to write down at least one finitely summable twisted
spectral triple on every simple Cuntz-Krieger algebra O . Let us first note that (£}, T) is
canonically equipped with the structure of a compact metric space in the following way:
For {1 € ZX define N(&,m) = inf{k > 1 : & # ni}. For A > 1, the metric d(&1, &) =
A~ N(&182) metrises the natural topology of ZX and it is seen that d(T(§), T(n)) = Ad(&,n),

unless &1 = n;3.

Starting from an invariant measure T on (£}, T) with full support, we establish the exis-

tence of a faithful trace T on C(ZX) such that t(f) = (L1 (f)) = T(ar(f)). In this way, as
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highlighted in [52], we can construct a covariant representation of O 5 on L2(C( ZX), T). It

is given by
(s)(fée) = a(f)&r, m(s™)(fEr) = L(f)Ex, (6.3.1)

where & is a separating and cyclic vector for the representation of C (ZX) onL2(C (Zj\), T).
A spectral triple of Christensen-Ivan type ([26]) shall now be chosen which reflects the
metric d on £}. Let Py be the orthogonal projection into H; := C¢ and more generally

{Pi}k>1 be the series of mutually orthogonal projections into Jy © Hy_1, where
Hy = {0 € I*(C(Z]), 1); (™ ) (@) € Ho). (6:3.2)

The algebra C(L}) is viewed as an AF-algebra with its natural filtration coming from the

representation of C(£}) on B(H), so that Ay is the algebra generated by characteristic

.....

Proposition 6.3.1. For Ux0Ax C A C CH(A), the triple (A, 1?(C(£}),T), D := 3 151 AFPy)

is a spectral triple on C(L}).

The proof of all the details can be traced to the construction of Christensen and Ivan for

unital AF-algebras [26].

6.4 The twisted spectral triple on Ox.

Lemma 6.4.1. The isometry s satisfies the relations sPy = Pgs = Pg, P1s = 0 and Pys = sPy_1
for each k > 2. In particular both s and s* map Heo = UrsoHyx C DomD onto itself and

SD|§].COO = 7\_1DS|:}(OO and S*®|g.coo = 7\@5*‘3{00.

Proof. For convenience, let 7y : C (Z}:) — Ay be the projection defined by my (f)¢& := Py (f€).

It suffices to prove the claims in the first sentence, since then (suppressing notation),

sD=) AsP=> APrgs=) NPes=A"1Ds. (6.4.1)
k>1 k>1 k>1

Since both o and £ fix multiples of the identity, the relations sPy = Pys = Py are clear. Also

P1s = s*P; = 0, since the only instance in which £(f) is a multiple of the identity is when
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also f is a multiple of the identity and £(f) = f. To prove the other relation, it suffices
to show that whenever f € C(ZX) and k > 2 then ||(Pyxs — st_l)fE,H%{ = || (ax(f)) —
oc(ﬂk,l(f))EH%{ vanishes. However the latter is equal to 1(|gl?), where g = m((f)) —

a(me—1(f)). But for k > 2, «(Ay_1) = Ag so that g = 0, proving the claim. O

The consequence of Lemma 6.4.1 is that the ordinary spectral triple (A, L2(C (}:X),T), D)
onC (Zj\) can be extended to the whole of O 5, provided that a twisting is introduced which
leaves the subalgebra C(Z}) C O invariant. The regular automorphism is o = 0 _ilogAs

which acts via,

o(f) =fVfe C(Z}), os)=As. (6.4.2)
Necessarily [D, slc = [D, s*]¢ =0, sothat{x € O; [D,xls € B(LZ(C(ZX),T))} contains the
span of {fss*g; f, g € A}. We arrive at the main result of this chapter.

Theorem 6.4.2. Let B C CY(0,4) be any dense *-subalgebra of the Cuntz-Krieger algebra O o
containing the algebra span of s, s* and the natural AF-filtration Uy >oAx of C(ZX), where A is
irreducible. Then (B, L2(C (Zj{), 1), D, o), with D as above, defines a twisted spectral triple on O .

6.5 The dimension and KMS-state for the triple on O,.

We shall now show that, at least for irreducible non-permutation matrices A, the summa-
bility properties for the twisted spectral triple on O o have a natural interpretation in terms
of the topological entropy of the Markov shift (£}, T). The asymptotics of D for the twisted
spectral triple on O o depend only on the spectral triple on C(£} ), so we shall focus on the

latter. By construction, for each p such that (A, L2(C (ZX ),T), D) is p-summable,
o0 o0
Tr((1+ D?)~P/2) Z (1+AZ%P)~12dim (3, ) =1 + Z (14 A%%P)~12 | AR (6.5.1)

where ||A¥|| is the norm of the matrix A¥, which corresponds with the number of admissi-

ble words of length k. As is well known,

Lemma 6.5.1. The topological entropy hrop (T) of the Markov shift T on L}, where A € Mn ({0, 1})
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is an irreducible non-permutation matrix, is given by
Pop(T) = p(A) = lim ~ log [A*].
P k—oo k

where p(A) is the Perron-Frobenius eigenvalue of A.

Proposition 6.5.2. Let O 5 be a Cuntz-Krieger algebra, where A is an irreducible non-permutation
matrix, and (B, 3, D, o) be the twisted spectral triple on O a constructed in Corollary 6.4.2. Then

the spectral dimension is given by
$0(B, 3, D, 0) = log, (e)hrop(T). (6.5.2)
Proof. This follows from the root test: letting K;p) = A"P|A"1||/™ then we see that

so(B,H,D,0) = inf{p >0:limsuplog KEP) < 0}

n—oo

= inf{p > 0: hyyp(T) —plog(A) < 0}

= 10g>\ (e)hTop (T).

We shall not give a detailed exposition of the resulting Dixmier functional, but it is rela-
tively easy to make a few observations. It is easy to see from inspection of the eigenvalues
of D (or (1+ D?)1/2) that the spectral triple on C (Z}:) is £ (s0.20) summable with sg as above.
This means that for each suitably chosen generalised limit, we can write a family of positive

linear functionals on O 5 given by

Tew(x) = Tro (x(1 4 D?)750/2) = v, J (x), (6.5.3)

w

where v, = Tro, (14 D?)50/2) is interpreted as a volume constant and fw :0pa —Cisa
state. Standard analysis using Riemannian zeta functions reveals that 1 is measurable and

so the volume constant does not depend on the choice of Lim,,. In fact,

Corollary 6.5.3. { = fw :CL9(OA) > Cis the unique KMSg state for O a at inverse temper-

ature 3 = hyop (T), which does not therefore depend on Lim.,.
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CHAPTER 6: CONSTRUCTION OF TWISTED SPECTRAL TRIPLES

Proof. Recall that the Dixmier functional defined by the spectral triple (B, L2( C(ZX ),7),D,0)
is a 070 twisted trace (Proposition 6.1.10). A computation shows that, for a,b € Cclo(0a),

—1 hrop (T)
blab) = h(bo_ 102 3P (@) = Y(bO i (log, Alog, ehpop()) (@) = W(bT iy, 1 (a)),

completing the proof. O

6.6 Further remarks and questions.

Remark 6.6.1. We do not see an obvious correspondence between our construction and
the modular spectral triples of Carey et. al [15]. It would be interesting to see whether
both approaches lead to the same local index formula, for example following the lead of

Moscovici’s work [81].

Remark 6.6.2. An interesting thesis of Whittaker [121] addresses the noncommutative as-
pects of an important subclass of hyperbolic dynamical systems known as Smale spaces. For
these examples, it seems preferable to work with Ruelle’s crossed product coming from a
C*-algebra of an étale groupoid of Smale space, rather than the usual crossed product. It
can be observed that, in the finitely summable case, what Whittaker achieves is an implicit
construction of a twisted spectral triple on the stable and unstable Ruelle algebras of each
irreducible Smale space. It would be very interesting to explore the relationship between

the two viewpoints further.

Remark 6.6.3. As well as Cuntz-Krieger algebras, the Exel crossed product construction
captures the structure of many higher-rank K-graphs, as well as some examples arising
from nonunital C*-algebras, which gives natural possibilities for further development in

this area.
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A: The Dixmier trace for finitely summable

spectral triples

We highlight a few facts about Dixmier ideals and Dixmier traces for general reference.

Rennie’s summary [98] is useful, but more detailed analyses can be found elsewhere (e.g
[31D).

Definition A.0.4. The Dixmier ideal £1°°)(H) of B(H), where His a separable Hilbert space,

is the two-sided ideal of operators
T e X(H); on(T)=0(logN), (A.0.1)

where on(T) = ZE:1 Ax is the sum of the first k eigenvalues of the positive operator

(1+T*T)/2 € K(H) (including their multiplicities).
g P

Definition A.0.5. A spectral triple (A, (, D) for a unital C*-algebra A is called £(P->)-
summable if (1 + D?)~P/2 ¢ L) (H),

It is well known that the above is a slightly more refined version of p-summability for
spectral triples: given a spectral triple (A, 3, D) on A which is £(9°)-summable for q > p,
butnot 0 < q < p, it is easy to see that so(A, H, D) =p.

The idea is to then "define" a trace on A related to the asymptotics of the Dirac D. It is

natural to try

Tr((14 D?)"P/?):= lim on((14+D?) 7P/, (A.0.2)

N—oo logN

but the right hand side need not converge in general. Dixmier addresses this by means of
generalised limits. He does not consider all such limits, rather specifically those sequences

(tn)neN € loo(IN) with the properties,

1. Limy (xn) > 0if and only if &y > 0, Vn € NN,
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APPENDIX A: THE DIXMIER TRACE FOR FINITELY SUMMABLE SPECTRAL TRIPLES

2. Limy (an) = lim(otn ) whenever (an )nen converges and
3. Limy (g, 1, 2, 00, 3, ...) = Lim, (ot ).

Definition A.0.6. For any generalised limit Lim,, satisfying (1), (2) and (3) above, the
Dixmier trace of an operator T € £12)(H) with spec((1 +T 2 = (A < A <110
is given by

N

. 1
Tro, (T) = lew@ E Ax. (A.0.3)
k=1

The Dixmier trace satisfies most of the axioms of a trace: it defines a positive linear func-
tional on £ (H) for each generalised limit Lim, above and Tr, (ST) = Tr (TS) for

each T € £(1:°)(H). The Dixmier trace vanishes on all trace-class operators.

Starting from a finitely summable spectral triple (A, 3, D) which is additionally £ (P->)-
summable for some p > 1, the analysis above provides a family {T, } of traces on A (indeed,

the whole of B(HH)), namely
Tw(a) == Tre(a(14 D2)7P/2), (A.0.4)

There is good reason to consider this process to be a generalisation of volume integration
for functions on elliptic differential manifolds (see [31]). We are, however, faced with prob-
lems. Aside from the fact that it might be difficult to show whether indeed (A, 3, D) is

£ (P>°)_summable for a spectral triple with dimension p, there is also the following:

Problem A.0.7. For which a € A (or B(H)) is T, (a) independent of the generalised limit

Lim,? (such functions are called measurable).

Problem A.0.8. Potentially it can happen that 1,(1) = 0, and thus we do not recover a

trace on A with interesting properties.

The answers to both of the above are well-understood in certain contexts, but I do not
know of any particularly easy ways to verify the above for abstract classes of spectral triples

coming from C*-algebras.

96



B: A Proof of Theorem 5.4.4. (sketch)

A full proof of the final assertion in Theorem 5.5.4 is beyond the scope of this report.
However, we do outline the ideas involved, which are undoubtedly familiar to researchers

in the field.

It will suffice to show that the spectral triples, labelled (E;, H, D1) and (E4, H, D;) in Theo-
rem 5.5.4 represent the Kasparov modules 6*(A, Ha,Da ) and (B, Hg, Dp ) respectively.

Our analysis will focus on the situation in which the triples on A and B are trivially graded.

For the former, note that (E;, H, D) represents the "pullback along ¢" of the triple

ma©l 0 Dael 18D
(" ,(Ha @ Hg)®C2, |7 B lyexxlia,0).  BO1)
0 0 18D5 —1@Da

The operators 1 ® Dy play no role in the K-homology, since these commute with operators
of the form 7a (a) ® 1 for each a € A, so that this triple represents the direct sum of the
triple (ma ® 1, HA @ Hp, Da ®1) € KXK(A,C)and a degenerate module. The homological
information coming from the former is just the spectral triple on A itself, which establishes

the first part of the theorem.

We would like to sketch the fact that the triple (E;, H, D;) represents the internal Kasparov
product of the spectral triple (B, Hg, Dg) € KK (B,C) and the module

7t 0
(( ) s (J{A GBG{B) ®C2/ D) € :K:K(E/B)/
0 (T[AOO')®1
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APPENDIX B: A PROOF OF THEOREM 5.4.4. (SKETCH)

where,

0 0 PDA®1 0
0 0 0 0
Do = ,
PDA®1 0 0 0
0 0 0 1-P)DaA®1

the latter of which can be seen to represent the map 1 € KK(E, B) in Proposition 5.3.1 (this
is perhaps most evident when P corresponds to the projection into the positive part of the

spectrum of D 4 ).

To see this, we remark that the Dirac operator for the spectral triple (7, H, D) can be

replaced with
P® Dy 0 PDaA®1 0
D 0 (1-P)®Dg 0 0
PDA @1 0 —P®Dg 0 '
0 0 0 (1-P)DaA®1—(1—P)2Dg

and the latter is, up to the grading of Dy, the explicit formula for the external Kasparov
product between graded and ungraded Fredholm modules. We expect, then, that a modi-

fied version of the procedure outlined in chapter 2 can lead us to the desired conclusion.

98



References

(1]

(2]

3

(4]

5

(6]

[7

(8]

(9]

[10]

[11]

[12]

[13]

[14]

Astrid an Huef, Marcelo Laca, Iain Raeburn, and Aidan Sims. KMS states on the C*-algebras of finite
graphs. ]. Math. Anal. Appl., 405(2):388-399, 2013.

Astrid an Huef and Iain Raeburn. Stacey crossed products associated to Exel systems. Integral Equations
Operator Theory, 72(4):537-561, 2012.

Cristina Antonescu and Erik Christensen. Metrics on group C*-algebras and a non-commutative Arzela-

Ascoli theorem. |. Funct. Anal., 214(2):247-259, 2004.

Saad Baaj and Pierre Julg. Théorie bivariante de Kasparov et opérateurs non bornés dans les C*-modules
hilbertiens. C. R. Acad. Sci. Paris Sér. I Math., 296(21):875-878, 1983.

Jean. V. Bellissard, Matilde. Marcolli, and Kamran. Reihani. Dynamical systems on spectral metric spaces.

ArXiv e-prints, 2010.

Bruce Blackadar. K-theory for operator algebras, volume 5 of Mathematical Sciences Research Institute Publica-

tions. Cambridge University Press, Cambridge, second edition, 1998.

David P. Blecher. A completely bounded characterization of operator algebras. Math. Ann., 303(2):227-239,
1995.

Francesco. Bonechi, Nicola. Ciccoli, and Marco. Tarlini. Quantum even spheres Zﬁ“ from Poisson double
suspension. Comm. Math. Phys., 243(3):449-459, 2003.

Ola Bratteli, Erling Stormer, Akitaka Kishimoto, and Mikael Rordam. The crossed product of a UHF algebra
by a shift. Ergodic Theory Dynam. Systems, 13(4):615-626, 1993.

Nathanial P. Brown. Topological entropy in exact C*-algebras. Math. Ann., 314(2):347-367, 1999.

Nathanial P. Brown and Narutaka Ozawa. C*-algebras and finite-dimensional approximations, volume 88 of

Graduate Studies in Mathematics. American Mathematical Society, Providence, RI, 2008.

Eric Cagnache, Francesco D’ Andrea, Pierre Martinetti, and Jean-Christophe Wallet. The spectral distance
in the Moyal plane. |. Geom. Phys., 61(10):1881-1897, 2011.

Alan L. Carey, Stawomir Klimek, and Krzysztof P. Wojciechowski. A Dirac type operator on the non-
commutative disk. Lett. Math. Phys., 93(2):107-125, 2010.

Alan L. Carey, Sergey Neshveyev, Ryszard Nest, and Adam Rennie. Twisted cyclic theory, equivariant
KK-theory and KMS states. |. Reine Angew. Math., 650:161-191, 2011.

99



REFERENCES

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Alan. L. Carey, John. Phillips, and Adam. Rennie. Twisted cyclic theory and an index theory for the gauge
invariant KMS state on the Cuntz algebra O. J. K-Theory, 6(2):339-380, 2010.

Alan L. Carey, John Phillips, and Adam Rennie. Spectral triples: examples and index theory. In Noncommu-
tative geometry and physics: renormalisation, motives, index theory, ESI Lect. Math. Phys., pages 175-265. Eur.
Math. Soc., Ziirich, 2011.

Toke Meier Carlsen and Sergei Silvestrov. On the Exel crossed product of topological covering maps. Acta
Appl. Math., 108(3):573-583, 2009.

José R. Carrién. Classification of a class of crossed product C*-algebras associated with residually finite

groups. J. Funct. Anal., 260(9):2815-2825, 2011.

Partha Sarathi Chakraborty. From C*-algebra extensions to compact quantum metric spaces, quantum

SU(2), Podles spheres and other examples. J. Aust. Math. Soc., 90(1):1-8, 2011.

Partha Sarathi Chakraborty and Arupkumar Pal. Equivariant spectral triples on the quantum SU(2) group.
K-Theory, 28(2):107-126, 2003.

Partha Sarathi Chakraborty and Arupkumar Pal. On equivariant Dirac operators for SUq(2). Proc. Indian
Acad. Sci. Math. Sci., 116(4):531-541, 2006.

Partha Sarathi Chakraborty and Arupkumar Pal. Torus equivariant spectral triples for odd-dimensional

quantum spheres coming from C*-extensions. Lett. Math. Phys., 80(1):57-68, 2007.

Partha Sarathi Chakraborty and Arupkumar Pal. Characterization of SUg (1 + 1)-equivariant spectral
triples for the odd dimensional quantum spheres. J. Reine Angew. Math., 623:25-42, 2008.

Partha Sarathi Chakraborty and Arupkumar Pal. Equivariant spectral triples and Poincaré duality for
SUq(2). Trans. Amer. Math. Soc., 362(8):4099-4115, 2010.

Erik Christensen. On the interpretation of [d, a] as an infinite matrix. arXiv preprint arXiv:1303.7426, 2013.

Erik Christensen and Cristina Ivan. Spectral triples for AF C*-algebras and metrics on the Cantor set. J.

Operator Theory, 56(1):17-46, 2006.

Erik Christensen and Cristina Ivan. Extensions and degenerations of spectral triples. Comm. Math. Phys.,
285(3):925-955, 2009.

Erik Christensen, Cristina Ivan, and Michel L. Lapidus. Dirac operators and spectral triples for some fractal

sets built on curves. Adv. Math., 217(1):42-78, 2008.

Erik Christensen, Cristina Ivan, and Elmar Schrohe. Spectral triples and the geometry of fractals. |. Non-
commut. Geom., 6(2):249-274, 2012.

Alain. Connes. Compact metric spaces, Fredholm modules, and hyperfiniteness. Ergodic Theory Dynam.
Systems, 9(2):207-220, 1989.

100



REFERENCES

[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Alain Connes. Noncommutative geometry. Academic Press Inc., San Diego, CA, 1994.
Alain Connes. On the spectral characterization of manifolds. J. Noncommut. Geom., 7(1):1-82, 2013.

Alain Connes and Giovanni Landi. Noncommutative manifolds, the instanton algebra and isospectral

deformations. Comm. Math. Phys., 221(1):141-159, 2001.

Alain Connes and Matilde Marcolli. A walk in the noncommutative garden. In An invitation to noncommu-

tative geometry, pages 1-128. World Sci. Publ., Hackensack, NJ, 2008.

Alain. Connes and Henri. Moscovici. The local index formula in noncommutative geometry. Geom. Funct.

Anal., 5(2):174-243, 1995.

Alain Connes and Henri Moscovici. Type Il and spectral triples. In Traces in number theory, geometry and
quantum fields, Aspects Math., E38, pages 57-71. Friedr. Vieweg, Wiesbaden, 2008.

Caterina Consani and Matilde Marcolli. Spectral triples from Mumford curves. Int. Math. Res. Not.,
1(36):1945-1972, 2003.

Gunther Cornelissen, Matilde Marcolli, Kamran Reihani, and Alina Vdovina. Noncommutative geometry

on trees and buildings, 1994.

Maria Isabel Cortez and Samuel Petite. G-odometers and their almost one-to-one extensions. J. Lond. Math.

Soc. (2), 78(1):1-20, 2008.
Joachim Cuntz. Simple C*-algebras generated by isometries. Comm. Math. Phys., 57(2):173-185, 1977.

Joachim Cuntz and Wolfgang Krieger. A class of C*-algebras and topological Markov chains. Invent. Math.,
56(3):251-268, 1980.

Joachim Cuntz and Daniel Quillen. Algebra extensions and nonsingularity. J. Amer. Math. Soc., 8(2):251-289,
1995.

Ludwik Dabrowski, Francesco D’ Andrea, Giovanni Landi, and Elmar Wagner. Dirac operators on all Podles

quantum spheres. J. Noncommut. Geom., 1(2):213-239, 2007.

Ludwik Dabrowski and Andrzej Sitarz. Dirac operator on the standard Podles quantum sphere. In Non-
commutative geometry and quantum groups (Warsaw, 2001), volume 61 of Banach Center Publ., pages 49-58.

Polish Acad. Sci., Warsaw, 2003.

Ludwik Dabrowski and Andrzej Sitarz. Dirac operator on the standard Podle$ quantum sphere. In Non-
commutative geometry and quantum groups (Warsaw, 2001), volume 61 of Banach Center Publ., pages 49-58.
Polish Acad. Sci., Warsaw, 2003.

Kenneth R. Davidson. C*-algebras by example, volume 6 of Fields Institute Monographs. American Mathe-
matical Society, Providence, RI, 1996.

Robert Ellis. Equicontinuity and almost periodic functions. Proc. Amer. Math. Soc., 10:637—-643, 1959.

101



REFERENCES

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]
[62]

[63]

[64]

David E. Evans and Yasuyuki Kawahigashi. Quantum symmetries on operator algebras. Oxford Mathematical

Monographs. The Clarendon Press Oxford University Press, New York, 1998. Oxford Science Publications.

Ruy Exel. Crossed-products by finite index endomorphisms and KMS states. ]. Funct. Anal., 199(1):153-188,
2003.

Ruy Exel. A new look at the crossed-product of a C*-algebra by an endomorphism. Ergodic Theory Dynam.
Systems, 23(6):1733-1750, 2003.

Ruy Exel. KMS states for generalized gauge actions on Cuntz-Krieger algebras (an application of the Ruelle-
Perron-Frobenius theorem). Bull. Braz. Math. Soc. (N.S.), 35(1):1-12, 2004.

Ruy. Exel and Anatoly. Vershik. C*-algebras of irreversible dynamical systems. Canad. ]. Math., 58(1):39-63,
2006.

Paul Fabel. Characterizations of compactly almost periodic homeomorphisms of metrizable spaces. Topol-

ogy Appl., 142(1-3):1-12, 2004.

Farzad Fathizadeh and Masoud Khalkhali. Twisted spectral triples and Connes’ character formula. In
Perspectives on noncommutative geometry, volume 61 of Fields Inst. Commun., pages 79-101. Amer. Math. Soc.,

Providence, RI, 2011.
Tom Hadfield. K-homology of the rotation algebras Ag. Canad. J. Math., 56(5):926-944, 2004.

David Handelman and Wulf Rossmann. Actions of compact groups on AF C*-algebras. Illinois ]. Math.,
29(1):51-95, 1985.

Andrew. Hawkins, Adam. Skalski, Stuart. White, and Joachim. Zacharias. On spectral triples on crossed

products arising from equicontinuous actions. ArXiv e-prints, 2011.

Eli Hawkins and Giovanni Landi. Fredholm modules for quantum Euclidean spheres. ]. Geom. Phys.,

49(3-4):272-293, 2004.

Richard H. Herman, Ian E. Putnam, and Christian F. Skau. Ordered Bratteli diagrams, dimension groups
and topological dynamics. Internat. J. Math., 3(6):827-864, 1992.

Nigel Higson and John Roe. Analytic K-homology. Oxford Mathematical Monographs. Oxford University
Press, Oxford, 2000.

Jens. Kaad and Matthias. Lesch. Spectral flow and the unbounded kasparov product. ArXiv e-prints, 2011.
Jens. Kaad and Matthias. Lesch. Spectral flow and the unbounded Kasparov product. ArXiv e-prints, 2011.

Jens Kaad and Roger Senior. A twisted spectral triple for quantum SU(2). J. Geom. Phys., 62(4):731-739,
2012.

Leonid. V. Kantorovich and Gleb. P. Akilov. Funktsionalnyi analiz. 1zdat. “Nauka”, Moscow, 1977. Second

edition, revised.

102



REFERENCES

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]
[78]

[79]

[80]

[81]

G. G. Kasparov. The operator K-functor and extensions of C*-algebras. Izv. Akad. Nauk SSSR Ser. Mat.,
44(3):571-636, 719, 1980.

Gennadi. G. Kasparov. The K-functors in the theory of extensions of C*-algebras. Funktsional. Anal. i
Prilozhen., 13(4):73-74, 1979.

Gennadi. G. Kasparov. Equivariant KK-theory and the Novikov conjecture. Invent. Math., 91(1):147-201,
1988.

Johannes. Kellendonk and Jean. Savinien. Spectral triples and characterization of aperiodic order. Proc.

Lond. Math. Soc. (3), 104(1):123-157, 2012.

David Kerr. Dimension and dynamical entropy for metrized C*-algebras. Comm. Math. Phys., 232(3):501—
534, 2003.

David. Kerr. Entropy and induced dynamics on state spaces. Geom. Funct. Anal., 14(3):575-594, 2004.

Mahmood. Khoshkam and Georges. Skandalis. Toeplitz algebras associated with endomorphisms and

Pimsner-Voiculescu exact sequences. Pacific J. Math., 181(2):315-331, 1997.

Ulrich Krdhmer and Elmar Wagner. Twisted spectral triples and covariant differential calculi. In Algebra,
geometry and mathematical physics, volume 93 of Banach Center Publ., pages 177-188. Polish Acad. Sci. Inst.
Math., Warsaw, 2011.

Fabrice Krieger. Toeplitz subshifts and odometers for residually finite groups. In Ecole de Théorie Ergodique,

volume 20 of Sémin. Congr., pages 147-161. Soc. Math. France, Paris, 2010.
Dan Kucerovsky. The KK-product of unbounded modules. K-Theory, 11(1):17-34, 1997.

Petr Kurka. Topological and symbolic dynamics, volume 11 of Cours Spécialisés [Specialized Courses]. Société

Mathématique de France, Paris, 2003.

Frédéric Latrémoliere. Bounded-Lipschitz distances on the state space of a C*-algebra. Taiwanese ]. Math.,

11(2):447-469, 2007.
Frédéric Latrémoliere. Quantum locally compact metric spaces. J. Funct. Anal., 264(1):362-402, 2013.
Hanfeng Li. Order-unit quantum Gromov-Hausdorff distance. ]. Funct. Anal., 231(2):312-360, 2006.

Steven Lord, Adam Rennie, and Joseph C. Varilly. Riemannian manifolds in noncommutative geometry. J.

Geom. Phys., 62(7):1611-1638, 2012.

Bram. Mesland. Unbounded bivariant k-theory and correspondences in noncommutative geometry. ArXiv

e-prints, 2009.

Henri Moscovici. Local index formula and twisted spectral triples. In Quanta of maths, volume 11 of Clay

Math. Proc., pages 465-500. Amer. Math. Soc., Providence, RI, 2010.

103



REFERENCES

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]
[97]

[98]

[99]

Gerard J. Murphy. C*-algebras and operator theory. Academic Press Inc., Boston, MA, 1990.

Sergey Neshveyev and Lars Tuset. The Dirac operator on compact quantum groups. J. Reine Angew. Math.,

641:1-20, 2010.

Dorte Olesen and Gert Kjaergard Pedersen. Some C*-dynamical systems with a single KMS state. Math.
Scand., 42(1):111-118, 1978.

Stefanos Orfanos. Generalized Bunce-Deddens algebras. Proc. Amer. Math. Soc., 138(1):299-308, 2010.

Robert Owczarek. Dirac operator on the Podles sphere. Internat. . Theoret. Phys., 40(1):163-170, 2001.
Clifford algebras and their applications (Ixtapa, 1999).

Narutaka Ozawa and Marc A. Rieffel. Hyperbolic group C*-algebras and free-product C*-algebras as
compact quantum metric spaces. Canad. ]. Math., 57(5):1056-1079, 2005.

Arupkumar Pal and Sethuraman. Sundar. Regularity and dimension spectrum of the equivariant spectral

triple for the odd-dimensional quantum spheres. J. Noncommut. Geom., 4(3):389-439, 2010.

William L. Paschke. The crossed product of a C*-algebra by an endomorphism. Proc. Amer. Math. Soc.,
80(1):113-118, 1980.

Alan. L. T. Paterson. Contractive spectral triples for crossed products. ArXiv e-prints, 2012.

Vern Paulsen. Completely bounded maps and operator algebras, volume 78 of Cambridge Studies in Advanced

Mathematics. Cambridge University Press, Cambridge, 2002.

John Pearson and Jean Bellissard. Noncommutative Riemannian geometry and diffusion on ultrametric

Cantor sets. |. Noncommut. Geom., 3(3):447-480, 2009.

Mahmood. Pimsner and Dan. Voiculescu. Exact sequences for K-groups and Ext-groups of certain cross-

product C*-algebras. |. Operator Theory, 4(1):93-118, 1980.

Michael V. Pimsner. A class of C*-algebras generalizing both Cuntz-Krieger algebras and crossed products
by Z. In Free probability theory (Waterloo, ON, 1995), volume 12 of Fields Inst. Commun., pages 189-212. Amer.
Math. Soc., Providence, RI, 1997.

Michael V. Pimsner and Dan. Voiculescu. Exact sequences for K-groups and Ext-groups of certain cross-

product C*-algebras. |. Operator Theory, 4(1):93-118, 1980.
Piotr. Podle$. Quantum spheres. Lett. Math. Phys., 14(3):193-202, 1987.
Adam Rennie. Summability for nonunital spectral triples. K-Theory, 31(1):71-100, 2004.

Adam Rennie. Spectral triples: Examples and applications, notes for lectures given at the workshop on

noncommutative geometry and physics yokohama, february 2009, 2009.

Adam. Rennie and Josef. C. Varilly. Reconstruction of manifolds in noncommutative geometry. ArXiv

Mathematics e-prints, 2006.

104



REFERENCES

[100]
[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

Marc A. Rieffel. Metrics on states from actions of compact groups. Doc. Math., 3:215-229 (electronic), 1998.
Marc A. Rieffel. Metrics on state spaces. Doc. Math., 4:559-600 (electronic), 1999.

Marc A. Rieffel. Compact quantum metric spaces. In Operator algebras, quantization, and noncommutative

geometry, volume 365 of Contemp. Math., pages 315-330. Amer. Math. Soc., Providence, RI, 2004.

Marc A. Rieffel. Gromov-Hausdorff distance for quantum metric spaces. Matrix algebras converge to the sphere
for quantum Gromov-Hausdorff distance. American Mathematical Society, Providence, RI, 2004. Mem. Amer.
Math. Soc. 168 (2004), no. 796.

Marc A. Rieffel. Matrix algebras converge to the sphere for quantum Gromov-Hausdorff distance. Mem.
Amer. Math. Soc., 168(796):67-91, 2004.

A. Guyan Robertson. K. k. jensen and k. thomsen elements of kk-theory (mathematics: Theory and applica-
tions, birkhauser, basel-boston-berlin 1991), viii + 202 pp. 3 7643 3496 7, sfr. 98. Proceedings of the Edinburgh
Mathematical Society (Series 2), 35:519-520, 9 1992.

Zhong-Jin Ruan. Subspaces of C*-algebras. J. Funct. Anal., 76(1):217-230, 1988.

Richard Sharp. Spectral triples and Gibbs measures for expanding maps on Cantor sets. . Noncommut.
Geom., 6(4):801-817, 2012.

Andrzej Sitarz. Twisted Dirac operators over quantum spheres. J. Math. Phys., 49(3):033509, 10, 2008.

Adam Skalski and Joachim Zacharias. Noncommutative topological entropy of endomorphisms of Cuntz

algebras. Lett. Math. Phys., 86(2-3):115-134, 2008.

Adam Skalski and Joachim Zacharias. A note on spectral triples and quasidiagonality. Expo. Math.,
27(2):137-141, 2009.

Peter. J. Stacey. Crossed products of C*-algebras by *-endomorphisms. ]. Austral. Math. Soc. Ser. A,
54(2):204-212, 1993.

Serban Stratila and Dan Voiculescu. Representations of AF-algebras and of the group U (co). Lecture Notes in

Mathematics, Vol. 486. Springer-Verlag, Berlin, 1975.

Hiroshi Takai. Duality for C*-crossed products and its applications. In Operator algebras and applications,
Part 1 (Kingston, Ont., 1980), volume 38 of Proc. Sympos. Pure Math., pages 369-373. Amer. Math. Soc.,
Providence, R.1., 1982.

Leonid. L. Vaksman and Ya. S. Soibelman. Algebra of functions on the quantum group SU(n + 1), and
odd-dimensional quantum spheres. Algebra i Analiz, 2(5):101-120, 1990.

Joseph C Virilly and Pawe 1 Witkowski. Dirac operators and spectral geometry, 2006.

Dan Voiculescu. Dynamical approximation entropies and topological entropy in operator algebras. Comm.
Math. Phys., 170(2):249-281, 1995.

105



REFERENCES

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

Dan Voiculescu. Lectures on free probability theory. In Lectures on probability theory and statistics (Saint-Flour,

1998), volume 1738 of Lecture Notes in Math., pages 279-349. Springer, Berlin, 2000.

Elmar Wagner. On the noncommutative Spin geometry of the standard Podle$ sphere and index computa-

tions. J. Geom. Phys., 59(7):998-1016, 2009.

Xiaolu Wang. Voiculescu theorem, Sobolev lemma, and extensions of smooth algebras. Bull. Amer. Math.

Soc. (N.S.), 27(2):292-297, 1992.

Leonid. N. Wasserstein. Markov processes over denumerable products of spaces describing large systems

of automata. Probl. Inform. Transmission, 5:47-0052, 1969.

Michael F. Whittaker. Poincare Duality and Spectral Triples for Hyperbolic Dynamical Systems. ProQuest LLC,
Ann Arbor, MI, 2010. Thesis (Ph.D.)-University of Victoria (Canada).

Wilhelm Winter and Joachim Zacharias. The nuclear dimension of C*-algebras. Adv. Math., 224(2):461-498,
2010.

Stanislaw. L. Woronowicz. Twisted SU(2) group. An example of a noncommutative differential calculus.

Publ. Res. Inst. Math. Sci., 23(1):117-181, 1987.

Wei Wu. Lipschitzness of *-homomorphisms between C*-metric algebras. Sci. China Math., 54(11):2473—
2485, 2011.

106



