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Abstract

The (twisted) crossed product construction is fundamental in the theory of C*-algebras
and in noncommutative topology since it represents the operation of forming a quotient
when this is a singular, badly-behaved space. For instance, the study of noncommuta-
tive coverings, in the special case of finite abelian structure groups, shows that twisted
crossed products are the noncommutative analogue of topological regular coverings. Since
spectral triples are a central notion in noncommutative geometry, this makes the task of
constructing spectral triples on crossed products a natural subject of interest.

In this thesis, we construct and study spectral triples on reduced twisted crossed
products A %7 . G, where A is a unital C*-algebra, G a discrete group and (a,0) a
twisted action in the sense of Busby and Smith [19]. For this construction we follow, as in
[47], the guiding principle of the Kasparov external product, combining the given Dirac
operator on A with a matrix valued length-type function on the group. In particular,
we provide sufficient conditions so that this triple on A %7 . G satisfies some of the
azioms of noncommutative manifolds [23]: summability, regularity, compatibility with
real structures, first and second order conditions and orientation cycles.

Our guide example is the spectral triple on the noncommutative 2-torus [44, 95],
regarded as the crossed product C(S!) x Z. We show that our constructions generalize
the usual ones on its triple.
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Chapter

Introduction

1.1 Background and History

The notion of a “spectral triple” (or unbounded Fredholm module) was introduced by
Alain Connes in the course of studying a generalization of the Atiyah-Singer index the-
orem to noncommutative spaces. Its prototype is given by the commutative x-algebra
C>°(M) of smooth functions on a compact spin manifold M and the Dirac operator on
the Hilbert space of square-integrable spinors. Under precise additional assumptions, any
commutative spectral triple must be of this form and so it is possible to recover the orig-
inal manifold and its geometry from these data [23, 26, 94]. The range of applicability of
this paradigm is vast, going from the foundational example of spin manifolds to foliated
manifolds, group C*-algebras, quantum groups, quantum deformations and fractals. This
list is not exhaustive and we direct the reader to [20, 24, 25, 28, 44] and the references
therein for more information.

So far, most research has focused on investigating the properties of particular known
spectral triples. However, despite their importance and extensive study, it is not yet fully
understood under what conditions it is possible to define a spectral triple on a given
C*-algebra and examples have been constructed only for some specific classes of them, as
for instance in [35, 41, 42, 63, 70, 73, 76, 77, 80].

An example of a noncommutative space which does not yet have a fully satisfactory
description of its spectral geometry is the (twisted) crossed product of a C*-algebra A with
a locally compact group G. This construction is of particular interest in noncommutative
topology since it is recognized as the right noncommutative generalization of a quotient
space by a group action, even when the quotient is a singular, badly-behaved space.
Indeed, it is known that given a group G acting on a locally compact and Hausdorff
topological space X, the quotient X/G can easily fail to be also locally compact and
Hausdorff. However, when the action is free and proper, the quotient X/G has these
properties and the algebra Cy(X/G) of continuous functions vanishing at infinity is Morita
equivalent to the maximal crossed product Cy(X) x G, meaning that they have the same
topological information (e.g. isomorphic K-theory). The advantage of the crossed product
is that it may distinguish two quotients even when these are not locally compact and
Hausdorff, a lack that prevents the use of the standard Gelfand machinery. Furthermore, it
naturally retains the information of the isotropy of the action. A more detailed discussion
can be found in [61, Chapter 2].
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Twisting the crossed product construction with a 2-cocycle o0: G x G — A is also a
rather natural geometric operation since studying noncommutative coverings with finite
abelian structure group one discovers that any twisted crossed product is a regular cov-
ering and any regular covering is a twisted crossed product, c.f. [5, 107]. This makes the
task of the construction of spectral triples on crossed products a natural subject of interest.

The first example of a spectral triple on a crossed product was introduced in [22]
using a length function ¢ on a discrete group G to define a multiplication operator by ¢
on /2(G). The reduced group algebra C(G), which is in fact a crossed product with the
trivial C*-algebra C, is taken acting on £2(G) via the left regular representation. There
Connes also develops a notion of metric on a compact noncommutative space and shows
that there are some necessary conditions for a C*-algebra to admit a summable spectral
triple on itself.

The first generalization of this construction for any C*-algebra A is in [13], where the
authors construct a canonical spectral triple on the crossed product A x Z to characterize
the metric properties of a dynamical system (A,Z,«). The great achievement therein is
the understanding that these properties are strictly related to the equicontinuity of the
action in a Lipschitz sense (namely, as a compact quantum metric space [22, 97]).

Their work has been subsequently generalized in [47] for any discrete group G en-
dowed with a length-type function, using as building blocks the spectral triples on the
reduced group C*-algebra C(G) as defined by Connes. There the action is assumed to
act smoothly and equicontinuously on the spectral triple (A, H, D), in the sense that the
action a has to preserve the dense subalgebra A and

sup [[[D, w(ag(a))]]| < o0
geG

for all a € A. As pointed out by the authors, the key idea is to use (a representative
of the) external unbounded Kasparov product to produce a spectral triple on the tensor
product A @ C;(G) and then check under which conditions the same formula still defines
a triple (C.(G, A), H, lA)) on the reduced crossed product. Despite the use of the Kasparov
product, the reason why this construction should bear any relation to the (external)
Kasparov product is so far not completely clear.

Besides the structure of a quantum metric space, in [47] the authors begin the study
of the spectral properties of their triple on A x, G: it is proved, for instance, that the
summability of spectral triples is preserved (under some additional assumptions) under the
passage from (A, H, D) to (C.(G, A), H, lA)), and that the dimension is additive. Further
properties of this triple were found in [83], where the author shows that the triple is
equivariant with respect to the coaction of a group and that this coaction satisfies a
condition known as contractivity.

A complete and satisfactory discussion when G is not discrete but just locally compact
and Hausdorff is far from being understood. A great step in this direction was given by
[52], where the authors are able to relax the hypothesis on the existence of a length-
type function on the group at the price of producing a twisted spectral triple. Despite the
extremely general range of applicability, it is not clear whether this construction preserves
all the spectral properties of the starting triple or bears any relation with Kasparov’s
bivariant K-theory (the same authors note that their resulting triple does not define in
general an equivariant Kasparov module [52, Remark 2.8]).
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1.2 Purpose of the Thesis and Main Results

Following the stream pursued by the aformentioned authors [13, 22, 47, 52, 83], in this
thesis we construct spectral triples on reduced twisted crossed products A xg , G, where
A is a unital C*-algebra, G a discrete group and («, o) a twisted action in the sense
of Busby and Smith [19], and then we study under which conditions we have some of
the Connes axioms for a spectral manifold. Note that, rather than the more advanced
discussion developed in [52], we build upon the construction given in [47].

More precisely, in Chapter 6 we construct spectral triples on the reduced crossed prod-
uct of a twisted group algebra when the group G is endowed with a proper Dirac weight
with matrix values. We characterize the summability property in terms of a generalized
notion of growth of the group (Proposition 6.8) and provide sufficient conditions such
that the regularity condition holds true (Propositions 6.9 and 6.11). Eventually, when
the weight is scalar valued, we define an involutive antilinear map, characterize when this
map is a real structure and show under which conditions this map satisfies the first and
the second order conditions (Propositions 6.13, 6.14 and 6.16).

In Chapter 7 we generalize the constructive result of [47] when the length-type function
[ on the group takes values in a matrix algebra and the equicontinuity condition is suitably
adapted to take into consideration the presence of the twisting cocycle o (see Theorem
7.1 and condition (7.1)). Then, following the idea in [47, Remark 2.9], we assume that
the triple (A, H, D) is G-equivariant with respect to a map u: G — U(H) and we show
that there exists another construction of a triple on the twisted crossed product A xg . G
which turns out to be K-homologically equivalent to the previous construction when a
uniform bound condition of the form

sup [|[D, ug]|| < oo (1.1)
geG

holds true. We further show that the resulting triple of this construction:
e is equivariant with respect to the dual coaction of G (Proposition 7.6)

o naturally generalizes the spectral triple on the noncommutative 2-torus [44, 95],
regarded as the crossed product C(S!) x Z (Example 7.5).

o represents a Kasparov class which is the result of natural operation in KK-theory
applied to the starting data (see Section 7.2, in particular Theorem 7.13 and Propo-
sition 7.11).

o is regular when the spectral triple (A, H, D, u) is regular and the map w is smooth
in a natural sense (see Theorem 7.17).

To prove the existence of a real structure and an orientation cycle on this triple, we
assume that the cocycle is trivial, the length function takes scalar values and G acts by
isometries, i.e., the operators u, commute with the Dirac operator D. Then:

« We construct a real structure J on (C.(G,.A), H, D) provided (A, H, D) admits a
real structure J such that Ju, = uyJ for any g € G (see Theorem 7.21).

e If G is abelian, we construct a second inequivalent real structure J provided Ju, =
uyJ for any g € G (see Theorem 7.27).
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e In both cases the relationship between J and u can be interpreted as the equivariance
of J with respect to the action of CG endowed with a suitable *-structure, and find
that both J and J are equivariant for the dual coaction of G.

e We compute the KO-dimension of J and J in terms of the KO-dimension of .J , and
show that, under suitable assumptions, the first and the second order conditions are
preserved.

Lastly, in Section 7.6, using a suitably twisted shuffle product between Hochschild
cycles, we induce an equivariant orientation cycle on (C.(G, A), H, D) from an equivariant
orientation cycle on (A, H, D) (Theorem 7.41).

1.3 Structure of the Thesis

The thesis is divided in three parts: preliminary material, the body of the thesis and the
appendix. In the first part we review the main ingredients that we need to present the
research project and our novel contributions. In particular

e in Chapter 3 we fix the main definitions and properties about twisted crossed prod-
ucts and their covariant representations. Furthermore, we present the example of
the rotation algebra, which will guide our exposition, and the theory of noncommu-
tative coverings with finite abelian structure group.

e in Chapter 4 we give a brief introduction to Kasparov’s bivariant K-theory, with
particular emphasis to its unbounded version. We also present the equivariant
theory and how is related to the KK-theory of crossed products.

e in Chapter 5 we review the notion of spectral triple and its relations with spectral
geometry, from the Connes axioms for the reconstruction theorem to the definition
of a compact quantum metric space. We remind the well known construction of the
spectral triple on the rotation algebra as a guiding example.

In Part II we expose our main results, namely the construction of a spectral triple on
the reduced twisted crossed product A xg ,. G and the study of the Connes axioms of a
spectral manifold, discussing at first the case in which A = C. We conclude this part with
some remarks and possible future research directions.

Part III is the appendix and we collect as a reference some basic facts and conventions
about Hilbert modules and operator x-modules that are needed in order to properly
discuss KK-theory and to compute the internal Kasparov product of unbounded modules.
We further review the basic facts about Hopf algebras and compact quantum groups aimed
at discussing their actions and coactions on spectral triples.
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Conventions and Notations

All Hilbert spaces and C*-algebras in this thesis are assumed to be separable and alge-
bras are assumed to be unital unless specified otherwise. Furthermore, every group G
is assumed to be topological with a locally compact second-countable Hausdorff topol-
ogy. We denote its neutral element by e and its left Haar measure by py. We adopt the

multiplicative notation.

2.1 List of Symbols

Symbol Meaning

AT Minimal unitization of a C*-algebra A

U(A) Group of unitaries of the C*-algebra A (or its unitization A™)
My, n(A) Space of m x n matrices with values in the C*-algebra A.
St The unit circle R/Z

T2 The 2-dimensional torus S' x S!

U(l) The unitary group in C

E4 Right Hilbert C*-module over A

LA(E) Adjointable operators over the Hilbert C*-module F 4
Ka(E) Compact operators over the Hilbert C*-module E4

L(H) Space of bounded linear operators on a Hilbert space H
U(H) Space of unitary operators on a Hilbert space H
(A,G,a,0) Twisted C*-dynamical system with action « and cocycle o
A xS G Twisted crossed product of the system (A, G, «,0)

Axg G Reduced twisted crossed product of the system (A, G, a, o)
Cx(@Q) Twisted group algebra of G

T XU Integrated form of a covariant representation (7, )

Ag The 2-dimensional rotation algebra

T The canonical trace on A%

H, The GNS representation of Ag

G Pontryagin dual group of an abelian group G
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ce,

Ce(X)
Co(X)
KKdJ(A,B)
b(D)

CLir(A)

da

Left regular representation of G on £2(G)

Right regular representation of G' on £2(G)

n-th complex Clifford Algebra

Algebra of continuous functions on X with compact support
Algebra of continuous functions on X which vanish at infinity
A Hopf algebra H with counit € and antipode S

Right, left action

KK-theory group

Either maximal tensor product or Kasparov product of modules
bounded transform of a Dirac operator D

Connection over an operator x-module

Lipschitz subalgebra of A for a spectral triple (A, H, D)
Complex and finite dimensional vector space

The spectrum of an element in a C*-algebra

Growth of the group G
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Chapter

Twisted Crossed Products

Given a C*-algebra A and a group G acting on it, a crossed product A x G is the smallest
C*-algebra containing A in which G acts only by inner automorphisms. This is not unique,
depending on in which sense one means “the smallest”. The crossed product contains both
geometric and analytic information: indeed, on the one hand it can be regarded as the
noncommutative version of a classical quotient space (see e.g. [61, Chapter 2]); on the
other hand (when A = C and G is abelian) it is the natural environment to do Fourier
Analysis on G. In this chapter we briefly recall some basic facts, definitions and examples
about twisted crossed products following mainly [12, 78, 103].

Assumptions 3.1. In this chapter we denote by A a separable unital C*-algebra and by
G a (countable) discrete group with neutral element e.

Note that most of the contents of this chapter can be adapted to be true also when A
is not unital (by passing to the multiplier algebra) and when G is just a locally compact
topological group (by using its Haar measure).

3.1 Basic Definitions, Examples and Properties

Definition 3.2 (cf. [19, 78]). Let A and G as in Assumptions 3.1. A twisted C*-
dynamical system is a pair of maps a: G — Aut(A) and o: G x G — U(A) satisfying

ag ooy = Ad(o(z,y)) 0 agy (3.1)
o, 9) (29, 2) = as(0(y, 2))o (. 2) (32)
o(x,e) =o(e,z) =1 (3.3)

e = idy (3.4)

for all x,y,z € G. The map o is called a 2-cocycle with values in U(A).

Note that if o takes values in the centre of A, then « is a homomorphism from G to
Aut(A), i.e. is an ordinary action. This happens for example when A is commutative or
when o takes value in U(1). In particular, if o = 1 then the system is an ordinary C*-
dynamical system (see e.g. [109]) and, for sake of clearness, we call this case as untwisted.
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From the properties of the couple (o, o) we can readily deduce also that for z = z = g
and y = g~! in (3.2) we have

o(9.971) = ay (olg7",9))) (3.5)

Further, using equation (3.5) one can easily check that the inverse map of « is

049_1 = agz-10Ad (J(g,g_l)*) = Ad (J(g‘l,g)*) 0 Q1. (3.6)

Example 3.3. Let X be a locally compact Hausdorff topological space and G a discrete
group. For any continuous left action G x X — X, the map a: G — Aut Cy(X) defined
by

as(f)(@) = f(s' - x)

for s € Gand z € X is a group homomorphism and the triple (Co(X), G, @) is an untwisted
C*-dynamical system. Vice versa, a standard application of the Gelfand-Najmark duality
between topological spaces and C*-algebras (see e.g. [75, 109]) shows that given an
untwisted C*-dynamical system (Co(X), G, ), there exists a continuous left action G x
X — X such that

as(f)(z) = f(s7" - 2)

for s € G and ¢ € X. This happens for instance when X = GG and G acts on itself by left
or right multiplication. a

Given a twisted dynamical system (A, G,«,0), we define a twisted convolution *-
algebra structure on the space C.(G, A) of the finitely supported function from G to A by

(f*g)(x) = f(Way(gly '2))o(y,y " z),
e (3.7)

fr(@) = o(z, a7 au(f(z71)"),

for f,g € C.(G, A). Hereafter we denote by ad, the A-valued function on G which is 0
everywhere except at the point x € G where it takes the value a € A. As G is discrete,
every function f € C.(G,A) will be then identified with the (finite) sum > o f(2)dy
and operations (3.7) are translated into the following relations:

0p * 0y = 0(,Y) 0y, 6 =o(z 7t x)* 0,1, 000, = ag(a) (3.8)

x

for # € G and a € A. Such rules extend to L!'(G, A) making it the Banach x-algebra
LY(A, G, a,0). Obviously C.(G, A) is unital since A is unital and the unit is 146.. Using
the previous axioms it is easy to check that

(abg)* = (97", 9) ag-1(a*)6,1.

3.1.1 Twisted Covariant Representations

Definition 3.4. A representation of a unital C*-algebra A is a pair (H,m) given by
a Hilbert space H and a x-homomorphism mw: A — L(H). We say that a representation
(H, ) is non degenerate if n(a)H = H.
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According to our convention, any representation of a unital C*-algebra need not be a
unital homomorphism. Upon restricting to the subspace w(A)H, it is always possible to
assume that a representation is non degenerate. Note that any unital representation is
non degenerate.

Definition 3.5. A twisted covariant representation of (A,G,«a,0) is a couple (7, u)
where m: A — L(H) is a non degenerate representation and uw: G — U(H) satisfies

Uglly = T(0(2,Y))Uszy (3.9)
ugm(a)u, = m(az(a)) (3.10)

forall x,y € G and a € A.

Note that from these relations we get that u. = w(14) and that
Uy = Uy—170 (a(az, :cfl)*) = (a(mfl,aﬁ)*) Up—1. (3.11)

Example 3.6. Let G act on itself by left translation and let 1t: G — Aut(Cy(G)) be the
associated dynamical system as in Example 3.3. Let M : Co(G) — L(L*(G)) be given by
point-wise multiplication:

M(f)h(s) = f(s)h(s)
and let \: G — U(L*(G)) be the left-regular representation A\, f(y) = f(z~'y). Then
(M, \) is a covariant representation of (Cy(G), G, 1t). O

There exists a 1 — 1 correspondence between covariant representations and non de-
generate representations of L'(A4,G,a,0). On the one hand, to the twisted covariant
representation (7, u) one associates its integrated form, which is the x-homomorphism
7 xu: LY(A,G,a,0) — L(H) given on the dense subspace C.(G, A) by

T X u( Z a15x> = Z (ag)Usy. (3.12)
zeG zeG

Note that the integrated form 7 x u is non degenerate since 7 is non degenerate. Further,
it is unital when 7 is unital. On the other hand, given a x-representation ¢ of C.(G, A)
it is possible to check that the couple of representations

m(a) = ¢(ade) ug = ¢(1ady)
is covariant and ¢ = 7 X w.
Remark 3.7. When o = 1, covariant representations of the system (A, { e } ,id) correspond
exactly to representations of A and covariant representations of the system (C,G,id),
where id is the trivial action that sends all the elements of G to the identity automorphism
of A, correspond to unitary representations of G.

3.1.2 Twisted Crossed Products

Given a twisted dynamical system (A, G, «a, o), the quantity
|f|| :==sup{ ||m xu(f)|| : (m,u) is a covariant repr. of (4,G,«a,0) } (3.13)

on C.(G, A) is well defined and finite as it can be controlled by the L' norm of f. In
particular, it is possible to prove that (3.13) is a norm which is called the universal norm.
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Definition 3.8. The twisted crossed product C*-algebra Ax% G for (A,G,a,0) is the
C*-completion of C.(G, A) with respect to the universal norm (3.13).

Since A is unital, the crossed product A x¢ G contains a copy of both A and G.
More precisely, there is a non degenerate homomorphism ig: A — A g G and a map
ic: G — U(A xg G) such that:

(1) the couple (ig,i¢) is covariant in the sense that
ic(x)ic(y) = ia(o(z,y))ic(zy) and ig0a, = Ad(ig(z)) o ia
for every z,y € G.

(2) for every covariant representation (m, U) of (A, G, a, o) on the Hilbert space H there
is a non degenerate representation 7 x U: A X7 G — L(H) making the diagram

G—SAxTGA A

N P4
UsrcH)<" 7

These maps are given by is(a) = ad. and ig(dy) = 1404. Note that the image of the
map iq X ig defined on L'(G, A) is dense in A xJ G as G is discrete. The existence of
these maps constitutes the universal property of the crossed product A x¢ G in the
sense that if there exists a (unital) C*-algebra B endowed with maps (ja,jc) with the
two previous properties, then B is isomorphic to A X7 G and, under this isomorphism,
ja =14 and jg = ig (see e.g. [78, Proposition 2.7]).

comimute.

Definition 3.9. The twisted group algebra of G is the twisted crossed product C X% G
with respect to the trivial action of G on C and is denoted by C%(G).

Example 3.10 (Clifford Algebras). As proved in [3], we can regard (complex) Clifford
algebras as twisted group algebras of a suitable finite group. Consider indeed C/,, as the
complex algebra generated by the skew-adjoint anti-commuting elements ey, ..., e, such
that e = —1 and graded in the standard way. Consider further the cyclic multiplicative
group Zo and let g = —1 be its generator; any element in G = Z% is of the form z =
(¢g"*,...,9"") where z; = 0,1 € Z for i = 1,...,n. Define

O—n(xa y) = (—1)2j<i TiYj

for z,y € G and consider the twisted group algebra Cy (G) for the trivial action of G on
C. Then the map C; (G) — Cl,, given on a basis by

(g%t ..., g"") — (iex)™ -+ - (iep)™",

is an isomorphism of C*-algebras. Note that the cocycle oy, is trivial when n = 1 and so
C/l; is an untwisted crossed product. a

Remark 3.11. Note that the twist by a cocycle is a genuine noncommutative phenomenon
in the sense that the C*-algebra C%(G) is commutative if and only if G is abelian and the
cocycle is trivial (see e.g. [39]).
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Remark 3.12. It can be shown that the vector spaces Ax% G and A®C}(G) are isomorphic
for any twisted action of G on A but they are in general not isomorphic as algebras. When
a: G — Aut(A) is (exterior equivalent to) the trivial action, they are isomorphic and this
motivates the assertion that a crossed product can be though of as a “twisted” maximal
tensor product of A and C%(G). For more details we refer to [109, Section 2.5].

3.1.3 Reduced Twisted Crossed Products

Let us now consider back the definition of the twisted crossed product. In general, it is
not obvious that there are any covariant representations of a given dynamical system.
However, starting from a suitable representation of the algebra A on a Hilbert space
H, one can induce a representation of A xJ G on a larger space. Consider indeed a
twisted dynamical system (A, G,«,0) and let 7: A — L(H) be a faithful *-representation
(provided e.g. by standard GNS theory [75]). Define a couple of maps from A and G onto
L(H @ *(G)) by

{fr(am ®6,) = 7 (a,1(0)) € ® 6,
(3.14)

ME® ) = (olay™9)) @ dya.

It is easy to check that the couple (7, ) is a twisted covariant representation and its
integrated form is a representation of A x2 G on H ® ¢*(G). Note in particular that

N€@d) =7 (0 y)") €@ 5,1,
The homomorphism 7 x A: Ce(G, A) — L(H @ (*(G)) is non degenerate whenever 7 is

non degenerate. Furthermore, if 7 is faithful then # x X is also faithful. This allows to
define a norm on C.(G, A) by setting

HES

7 S\(f)H fe .G, A) (3.15)

where the left hand side is the operatorial norm of L(H ® ¢%(G)).

Definition 3.13. The reduced twisted crossed product A xg, . G (or just A x, G) is
the C*-algebra completion of C.(G, A) with respect to the norm (3.15).

It can be shown that the reduced crossed product is independent of the choice of the
faithful representation 7 (see e.g. [78, Remark 3.12]). The reduced twisted group algebra
C %7 G is denoted by Cy ,(G).

Remark 3.14. We have defined the induced representation using a twisted left regular
representation A of G on £2(G). Analogous formulas can be defined for a suitable twisted
right regular representation but they are unitarily equivalent under the involution Vz: H®
2(G) — H ® ?(G) given by £ ® §, +— £ ® 6,-1. More details can be found in [12, 19].

Obviously, there exists a map A: A X7 G — A xg . G induced by the identity map
which is always surjective but in general fails to be injective. It is known that this map is
an isomorphism when the group G is amenable, a topological property which is satisfied
by abelian groups and by compact groups (see e.g. [79, 110]). Other conditions which
imply the injectivity of that map are provided also in [4] and [12].
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3.1.4 A Fell Absorption Principle

It is a well known fact in representation theory that the left regular representation A of a
group G on £?(G) is able to absorb any other unitary representation u of G on a Hilbert
space H in the sense that the tensor product action u ® A on H ® (*(G) is unitarily
equivalent to the action 1 ® A (see e.g. [33]). This principle due to Fell can be easily
generalized to twisted actions as follows; for sake of convenience (and with a slight abuse
of notation) we denote the map A in (3.14) by ¢ ® .

Lemma 3.15 (cf. [12]). Let (7w, u) be a twisted covariant representation of (A, G, «,0)
on H and W: H ® (*(G) — H @ I>(G) be given by

W(E®d,) = m(0(g,97") Jugt  d.
Then W(c @ AW* =u® A.
Proof. Given £ ® 6, € H ® (*(G) we have
W(o @ NpW*(€® 6y) = m(a(hg, g b1 ) Jungm(a (g™ h ™", h))ugm(a(g,971))E @ g
for any h € G. Using equation (3.11) this becomes

W(o @ NaW* (€@ dy) =m(o(hg, g~ h™") ang(o(g™ h™", h)o(gh, g7"))uné @ dng

o(e,h) by equation (3.2)

= upé ® (Shg
which is just (u ® \)p, applied to £ ® 4. O

As noticed in [12], a Fell absorption principle holds true also for twisted representations
of dynamical systems in the following way. Let (7, u) a twisted covariant representation
of (A,G,a,0) on a Hilbert space H and define the maps #: A — L(H ® (*(G)) and

A: G — L(H @ £*(G)) by

{fr(a)(f ® dg) = m(a)é ® b (3.16)

A (€ ® 3g) = up€ @ Oy

fora € A, £ € H and g,h € G. These clearly forms a twisted covariant representation of
(A,G,a,0) on H® ?(G) as

Mg (€ @ 8,) = untigf @ Spga = 7(0 (R g)) Ang(€ ® 8,)

and
M ()X (€ @ 6,) = upm(a)ué ® 6y = 7 (an(a)) (€ ® 5,).

We then have the following result.

Proposition 3.16 (cf. [12]). The integrated form # x \ of the covariant system (3.16)
is unitarily equivalent to the integrated form T x A of the covariant system (3.14).
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Proof. We have already seen in Lemma 3.15 that WA,W* = \, for any h € G. An easy
calculation shows that

W (a)W™ (€ @ )

m(0(9,97")") [ugm(ag-(a)uy| w(o(g,97"))E @ 5,
T(agg-1(a))€ ® 6y = m(a) ® 4,
#(a)(€® &),

for any a € A. In particular, W7 x A(adp)W* = W (a)W*WA,W* = 7 S\(aéh) for any
ady, € A Ng G.

O

3.2 An Example: The Rotation Algebra

In this section we collect some of the well known facts about the rotation algebra [95], the
simplest and richest example of a noncommutative topological space. We analyze its dif-
ferential structure, from the point of view of Connes spectral geometry [25], in Chapter 5.
For more references and details we refer to [32, 75, 84, 89] and in particular to [44, Ch. 12].

Consider the unit circle S! as the additive group R/Z endowed with the quotient
structure. We identify functions in C(S') to continuous periodic functions on R with
period 1 thanks to the isomorphism S — U(1), [t] — 2™

Definition 3.17. Let 0 be a real number and o: Z — Aut(C(S')) be the action induced
by the rigid rotation of the circle by the angle 270 given by cu, (f)(t) == f(t+nb) fort € R.
The rotation algebra A} is defined as the (mazimal) crossed product C(S*) x4 Z.

It is often useful to realize the rotation algebra as an algebra of bounded operators
acting on a Hilbert space: to this aim, consider the representation M of C(S') on L?(S')
given by point-wise multiplication and the unitary shift operator V" f(t) = f(t + nf)
for t € R and n € Z. An easy computation shows that (M, V) is a faithful covariant
representation of (C(S'),Z,«) on L?(S!). Further, if we expand elements g of C(S!) as
Fourier series

g(t) = Z cpe?™int, (3.17)
nez
we notice that the multiplication operator by g is generated by the unitary multiplication
operator U f(t) = €™ f(t) and thus any element in A7 is of the form Y, ez anmU" V™.
A straightforward computation shows that

VU = ™yv (3.18)

and it is possible to interpret Ag as the universal C*-algebra generated by two unitaries
U,V satisfying (3.18). This picture immediately gives clear isomorphisms between the
various A2: firstly, as (3.18) is unchanged for the transformation 6 — 0+n with n € Z, we
deduce that there is an isomorphism A2 ~ Ag 4n- Therefore we can, whenever convenient,
restrict the range of parameter 6 to the interval [0, 1). Furthermore, as UV = e 2™V U =
2=V ] the swap of U with V in (3.18) extends to an isomorphism A% ~ A? , for
any 6 € [0,1). This means that we can further restrict the interval down to [0, 3]. It is
known, however, that it is not possible to further reduce this interval and, more precisely,
that for 6 € [0, 3] the algebras A3 are mutually not isomorphic (see [51]), even tough some

may be Morita equivalent.



16 Chapter 3. Twisted Crossed Products

Remark 3.18. From (3.18) it is clear that A% is abelian if and only if @ is an integer.
This means that the only commutative rotation algebra with 6 in the range [0, %] is A3
and this is isomorphic to the C*-algebra C(T?) of continuous functions on the 2-torus
T? = S' x S! with angular coordinates (o1, p2), by taking U = e?™%1 and V = e27i¥2,

It is known that the rotation algebra Ag comes equipped with a distinguished (unique
if 6 is irrational) tracial state

T A2 — C, T ( Z anmU"Vm) = agp

n,me”L

which is clearly normalized in the sense that 7(1) = 1. Furthermore, one can check that

T(a*a): Z |anm’2a

n,mezZ

so 7 is also faithful. The GNS representation theory for 7 is defined as follows: the tracial
state 7 defines a sesquilinear form (a,b) = 7(a*b) on A%. The completion of A2 with
respect to this scalar product yields a Hilbert space H, = LQ(Ag,T) which carries a *-
representation of Ag by left multiplication operators. This representation has 1 € Ag CH,
as cyclic and separating vector.

Theorem 3.19. Consider the covariant representation (M, V) of C(SY)x4Z on L*(S!)
where M is the multiplication operator and V' the canonical unitary shift. There exists an
isomorphism of Hilbert spaces H, — L?*(SY)®/0?(Z) which maps the GNS representation
of A% into the integrated form of the covariant system (M ®1,V ®\) as defined in (3.16).

Proof. Let us first define the isomorphism. The map H, — L?(T?) given on the generators

by U s €2™%1, V 1 e?™%2 extends to an isomorphism of Hilbert spaces: in particular,

an element h =3, ey hnmU" V™ goes to the function

Z Z hnm e?mntpl 627rzm502 .
meZ \n€Z

fm(p1)€L?(ST)

Under Fourier transform on the second entry, we identify L?(S' x S') with L?(S') ® (?(Z)
and the function e*™¥2 ¢ L2(S') goes to the delta function &, in £2(Z) (note that,
according to our convention, the character n € Z ~ S1 maps z — 2z~ "). The isomorphism
®: H, — L?(S')®/(%(Z) then just takes an element f ®d,, € C(S!) x4 Z C H, and maps
it to f ® 6. In this way it is easy to understand how C(S') x, Z acts on L?(S') ® ¢3(Z):
a pure element g € C(S!) just acts by multiplication on the first factor; on the other
hand, for 6,, € C(S') x Z we have

m > (f(pn)on) = dm f(©1)00,0mbn = V™ (£)(01)0n+m.
These are precisely the representations defining the system (3.16). O

Another way to look at the rotation algebra which is often useful is as the twisted group
algebra of Z? in the following way. Given a real number 6, we define o: Z? x Z* — U(1)

as
o(z,y) = e P20, (3.19)
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An easy computation shows that o is a 2-cocycle for the (additive) group Z?2, such that
o(z,y) = o(y,z) and o(x, —x) = 1 for any z,y € Z>.

Proposition 3.20. There exists an isomorphism A% ~ C*(Z2,0) of C*-algebras.

Proof. Tt is enough to show that in C*(Z?, o) there are two unitaries satisfying (3.18).
Consider the canonical basis e; = (1,0),ez2 = (0,1) of Z? and set u = J,,v = J.,. Then
*’”'9(5(171) and vu = e™9§ 20,

u =e (1,1)- In particular, vu = e

O

3.3 Noncommutative Finite Abelian Coverings

In this section we introduce regular noncommutative finite coverings with abelian finite
structure group and we show that they are isomorphic to twisted crossed products with
respect to the dual group, a result that apparently appeared in [107] for the first time.
We also discuss in detail the meaning of the notion that was called regularity in [2] by
comparing it with the familiar notion of free action. We refer to [86] and [99] for further
properties of group actions on C*-algebras. This section is taken from [5].

Given a topological abelian group G, the Pontryagin dual G is the group of con-
tinuous homomorphisms x: G — S!, where S! is the circle group R/Z with quotient
structure. The group Gis topological once endowed with the compact-open topology and
clearly abelian so that we can consider its dual: the theorem of Pontryagin (known as
Pontryagin duality) states that

G~G (3.20)

where every point € G goes in the map that evaluates every character of G in z~ 1.

Note that if G is discrete then G is compact.

Convention 3.21. In the following we denote elements of G with Latin letters and those
of G with Greek letters.

Note that, according to this convention,Athe pairing between G and G is given by
(v, z) = y(x) while the pairing between G ~ G and G is given by (x,7) =y(x71) = v(x).
For a reference about this convention we direct the reader to [109, pp. 194-195]. Till the
end of this section we consider G finite and abelian.

Definition 3.22 (cf. [2]). A finite abelian (noncommutative) covering of a unital
C*-algebra A is an inclusion of C*-algebras A C B together with an action 8 of a finite
abelian group G on B such that A is the fized point algebra B¢ of B. We say that G is
the deck transformation group and denote this structure by G ~ B 2 A.

Given a noncommutative covering, we have that action of G on B decomposes B in
its closed spectral subspaces

By ={be B|B4(b) =7(9)b Vg€ G}

for v € G. Every B, is a Hilbert bimodule over A with scalar right product (b, b2) := b]ba.
and left product (b, b2) == b1b3. Notice that the induced norm on every B, coincides with
the norm of B so that every spectral subspace is complete from the beginning.
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Proposition 3.23 (cf. [2]). With the above notation we have that:
(1) ByB, C B,..
(2) Given b € B, then b* € Bx.
(3) If b € B, is invertible, then b~! € Bs.
(4) Each b € B may be written as Zve@ by with by € By given by

|Gr27

geqG

Let us now consider the ordinary crossed product B xG. We can construct a canonical
B x G — A - Hilbert bimodule pyg &4 in the following way: consider B endowed with

o left action bdy > 2 := bfy(x) and left inner product

B><G b17b2 Z blﬂg b2 gy
geG

e right action z <1 a := za and right inner product

b1,b2) 4 = (b702)
(b1,b2) A ‘G|Zﬁg 2)

geG

Then pyg &4 is the bimodule obtained by completing B in the usual way. It turns out
that pywa €4 is almost a Morita equivalence bimodule for it may lack the fullness of the
left product gug (- ).

Definition 3.24. The group action is free when pwg Ea is a Morita equivalence bimodule.

Note that a group action on a C*-algebra which is free in the sense of Definition
3.24 is not free in the set theoretic sense: for example, a = 0 € B is a fixed-point
with respect to the action g for any ¢ € G. To avoid possible confusion, in literature
a group action for which pwg&a is a Morita equivalence bimodule is often called sat-
urated. The two meanings are linked in the following way: when B = C(X) with X
Hausdorff and compact, Rieffel has proved that the action f: G — Aut(C(X)) is free
(saturated) if and only if the corresponding action X G is free in the familiar sense
(see e.g. Proposition 7.1.12 and Theorem 7.2.6 in [85]).

Definition 3.25. The canonical map can: BGO B — B C(G) defined on the algebraic
tensor product is the B — A-module map given by

can(z ©y) = Z xBy(y) @ dy. (3.21)

geG

We say that the G-action satisfies the Elwood condition if the map can has dense range
in B® C(Q) with respect to the crossed product C*-norm.
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Theorem 3.26 (cf. [86, 99]). Let G ~ B D A be a finite abelian covering. The
following conditions are equivalent:

(1) The action B is free.

(2) The action B satisfies the Elwood condition.

3) Every spectral subspace B~ for v € G is a A— A Morita equivalence bimodule.
v

(4) The multiplication map induces an isomorphism of Hilbert A: A-modules between
the balanced tensor product By ® 4 B, and A for every v € G.

Moreover, if the action is free any B, is finitely generated and projective as a right
A-module.

We say that an element z in a right A-module X is a generator if X = {za,a € A}.
Analogously, an element z in a left A-module X is a generator if X = {az,a € A}.

Proposition 3.27. For any v € C:’, the following facts are equivalent:
(1) B, contains an element which is unitary in B.
(2) B, contains an element which is invertible in B.
(3) By is a free, rank-1, right A-module and the action is free.
(4) By has a generator as a right A-module and the action is free.
(5) By is a free, rank-1, left A-module and the action is free.

(6) B, has a generator as a left A-module and the action is free.

Proof. (1) = (2) is obvious. (2) = (1): if uy € B, is invertible in B, ay, = |/ubpy is
invertible in A, hence u, = ,u,yagl € B, is invertible in B. Since p, = ua, is the polar
decomposition, ., is unitary and is clearly a generator for B, both as a right and as a
left A-module.

(2) = (3): the map a € A~ pya € B, is a right A-module isomorphism. As for the
freeness, we have to show that, for any v € CA?, the A-bimodule map

p: By ®1 B, — A
by ® by = byb,.

is a bijection. Since the p, are invertible, for any element x € By ®4 B, there is a
unique element a € A such that py ® p,a € By ® B, is a representative of x, and
Py ® pya) = pypya is clearly injective. Setting a = u;l,ugl, we have ¢ € A and
p(ps ® pya) = 1, which implies that p is surjective.

(3) = (4): if &: A — B, is aright A-module isomorphism, namely ®(a;)az = ®(a1a2),
iy := ®(1) is clearly a generator.

(4) = (2): reasoning as above, since the p, are left-generators, any element in By ® 4
Bs as a representative in By ® B, of the form uy ® pya with p(uy ® pya) = pypqya, even
though a is not unique in principle. Exploiting the surjectivity of p, Ja: pyp,a = 1,
namely p,a € By is a right inverse of p5. This shows that each p, has a right-inverse
Ay € Bx.
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Now the injectivity of p implies that if puzpu,a = 0 then p,a = 0. Setting a =
Ay (1 = Ay oy we get

Hihny @ = fihig Ay (L = Mypim) iy = pm (1 = Apig) piry = 0,

therefore 0 = piya = p Ay (1 — Ayps)py = (1 — Ayps)py. Multiplying by A, to the right
we get 1 — A5~ = 0, namely p5 € By is invertible in B.

The equivalences (3) < (5) and (4) < (6) are proved using the adjoint map from B,
to Bﬁ. ]

Definition 3.28. We say that the finite abelian covering G ~ B O A is rank-1 regular
if one of the equivalent conditions of Proposition 3.27 is satisfied. In this case, the action
is said to be rank-1 free. Any map s: G — U(B) with s, € B, and s = I is called a
frame.

Condition (1) in Proposition 3.27 has been called regularity in [2] and it has been
proved to imply freeness by making use of the Elwood condition.

Remark 3.29. Rank-1 freeness implies that the action is faithful. Indeed, if there exists
a nontrivial ¢ € G acting trivially, we may find v € G such that v(g) # 1. Therefore,
the equation b = [4(b) = v(g)b is satisfied only for b = 0 and B, does not contain any
invertible element.

Remark 3.30. As py € By, we have that u,Aps = A for any vy € G.

Remark 3.31. A finite abelian noncommutative covering G ~ B O A is rank-1 regular if
and only if B is strongly G-graded (that is, the inclusion in Proposition 3.23 point (1) is
an equality for any v, € G). Indeed, assume that the covering is regular. Take a € B,

and let s: G — U(B) be a frame. A straightforward computation shows that asy, is in B,

and so a = as;s;, € ByBy,. On the other hand, assume that B is strongly @—graded. For
any p € G we have that 1 € B, = B,z = B, Bg. In particular, there are elements c € B,
and d € By such that 1 = cd. We have found in any spectral subspace B, an element c
which is invertible in B and so the covering is rank-1 regular.

It is known that the condition that B is strongly graded with G finite and abelian is
equivalent to the Hopf-Galois condition.

In general, the rank-1 regularity assumption is not always satisfied as shown by [2,
Example 1.7]. Later we shall give a commutative example too. Let us now consider when
this is instead satisfied.

Example 3.32. Let G be a finite abelian group and A a unital C*-algebra. Assume that
G has a twisted action (o,0) on A. Consider the twisted crossed product B := A %7, G
and the action 5 of GG on it given by the dual action

Bg(ady) = (g,7)ady = y(g)as,.

The C*-algebra B contains A in the obvious way and clearly the fixed point algebra of B
under 3 is precisely A. Moreover, the spectral subspaces are B, = Ady = 6, A for every
v E G and of course every 0, is unitary. This means that G ~ B O A is a rank-1 free
noncommutative covering with deck transformation group G. a

In Example 3.32 we have shown that A C Ax2 @G is a rank-1 regular finite noncommu-
tative covering. The converse holds true: any finite rank-1 regular covering is a twisted
crossed product. This was proved by Wagner in [107] with a slightly different terminology.
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Theorem 3.33. Let G ~ B D A be a finite rank-1 reqular noncommutative covering
with G abelian. Any frame s: G —— U(B) determines a twisting pair (o, o) by

ay(a) = syasy, and o(y,p) = 848,85, VM€ G
together with an isomorphism ®: A %7, G — B which on the generators is given by
®(ad,) = as,.
This isomorphism is equivariant with respect to the dual action of G on A X, G.

Proof. Tt is straightforward to check that («, o) is a twisting pair. Moreover since the
group is finite we don’t have to worry about completions and the maximal reduced crossed
product coincides with the reduced one. Let’s check that ® is a morphism of C*-algebras.
Then it will be clearly invertible. We have

P(ady x boyu) = P(acy (b)o (v, 1)dyu) = a(sybs?)(8y8u8%,) Sy = P(ady)P(bdy)

and
®((ad,)*) = ®(03 ,az5(a")d7) = sessz(s7a"s5)sy = s,a” = ®(ady)".

The statement about the equivariance is trivial. ]

Remark 3.34. Following [19], let B(G, A) be the group of all the maps p: G — U(A)
satisfying p(e) = 1. There is a natural action of B(G, A) on the set of twisting pairs,
where p € B(G, A) acts on (a,0) by p- (a,0) := (aP, oP), with

af = Ady(y) 0y, and  oP(y, 1) = p(Y)ax(p(u))o (v, wp(yu)*,

for v, u € G. The isomorphism class of A x*? G only depends on the orbit of the twisting
pair under the above B (CA}, A)-action. We see that any two frames give rise to twisting
pairs in the same cohomology class i.e. in the same orbit. Indeed, if s,s’: G — B are
frames with corresponding twisting pairs (o, 0) and (a/,0’), then putting p(y) = sJ's,
for v € G, we find (o/,0") = p- (a,0).

Let us examine now the commutative case. Consider a compact space X with right
action X v~ G and quotient Y = X/G. The induced action on the functions corresponds
to

(Bgf)(x) = f(z - g),
for g € G and f € C(X), and the spectral subspaces read as

C(X)y ={f € C(X): By(f) = (v, 0)f}, ~v€G.

As is well known, in the case when the projection 7: X — X/G is a regular covering, we
can identify C'(X), with the C(Y')-module of sections of a unitary complex line bundle
V, — Y associated to the character v: G — U(1). The total space of V, is the quotient
space (X x C)/G with respect the the right diagonal action (z,2)-g == (z-g¢, (7, 9) 2) and
the canonical identification

C(X), =T(Y.V5),

associates to the equivariant function f: X — C the section F': Y — V. defined by
F([z]) = [z, f(z)] for every [z] € Y. The following facts are well known but it is interesting
to specialize them to the rank-1 case.
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Proposition 3.35. If the covering C(Y) C C(X) ~ G is rank-1 regular, the projection
X =Y is a reqular covering in the topological sense. Moreover the spectral subspaces for
every v € G satisfy all the following equivalent properties:

(1) there is an invertible w, € C(X),.

(2) The bundle V., is topologically trivial V, ~Y x C (the isomorphism is not required
to preserve the flat structure).

(3) The module C(X), has rank one over C(Y').

Vice versa if X — Y is a reqular covering and one of the equivalent properties (1), (2), (3)
is satisfied for every v € G then the covering is rank-1 free.

In this case, if all the spaces are reasonably good (say CW -complezes) then the above
properties are equivalent to the vanishing of the first Chern class [c1(Vy)] € H*(Y;Z).

Proof. At this point the proof is immediate. We give some details and some remarks.
First of all, since the rank-1 property is quite strong, the implication: rank-1 regular =
topologically regular can be proven directly since x - ¢ = x implies

(7 g)wn (2) = (Bywr)(x) = wy(z - g) = wy(2)

for every . This is impossible unless g = e. Concerning the equivalence of the properties,
we comment on the (3) = (2). Assume that C(X), has an algebraic generator w,. This
corresponds to a section of V,, that has to be different to zero on every point on Y, and so
w~ () # 0 for every x € X. The vice versa is clear once we observe that the assumption of
topological regularity makes the construction of the vector bundles V, possible. In other
words the corresponding modules are finitely generated projective. For Chern classes we
refer to [8]. O

Notice that if X and Y are manifolds, by Chern-Weil theory since our bundles are
flat, the real Chern classes [c1(V5)] € H?(Y;R) vanish for every v € G. In particular
the integer classes [c1(Vy)] € H?(Y;Z) are torsion classes. It follows that if H*(Y;Z) is
torsion free then the regularity assumption (3.28) is satisfied. In general this is not the
case as shown by the following example.

Example 3.36 (cf. [57]). Let Zy act on the 2-sphere as the universal covering of the
real projective space P?(R). Then the character v: Zy — SO(2) mapping the generator
to the antipode produces a flat SO(2)-bundle which is non trivial because its Euler class
generates H*(P?(R); Z). Under the isomorphism SO(2) = U(1), V,, has a natural complex
structure and the first Chern class corresponds to the Euler class. a
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Kasparov’s Bivariant K-Theory

The main object of Kasparov’s bivariant K-theory [59] consists of a bifunctor which asso-
ciates a Zo-graded group K K.(A, B) to any pair of (suitable) C*-algebras A and B. This
bifunctor unifies both K-theory and K-homology in the sense that

KK.C,B)~ K,(B) and KK.(A,C)~K*(A).

The strength of this construction relies on the existence of a product which generalizes
the index pairing between K-theory and K-homology. In this chapter we recall some
definitions and facts about KK-theory and its unbounded version, the Kasparov product
and the relations of these with group actions. For more details we refer to [10, 16, 53].
For a brief introduction to Hilbert modules, we refer to Appendix A.

4.1 Kasparov Modules and KK-Theory

The main ingredient of Kasparov’s KK-theory is the Kasparov module, an object that is
modeled on a family of abstract elliptic operators on Hilbert modules.

Definition 4.1 (cf. [59]). Let A and B be graded C*-algebras. A Kasparov A — B-
module is a triple (E, ¢, F) where E is a countably generated graded right Hilbert B-
module, ¢p: A — Lp(E) is a graded x-homomorphism and F is an odd operator such
that

F.6(a)], (F2~1)é(a) and (F — F*)g(a) € Kp(E) (4.1)

for all a € A. In the following we let E(A, B) denote the set of Kasparov A — B-modules.

Note that the commutator in (4.1) is a graded commutator. Furthermore, there is a
binary operation on E(A, B) given by direct sum.

Example 4.2. Let A and B be graded C*-algebras. Any graded sx-homomorphism
¢: A — B defines a Kasparov A — B-module (B, ¢,0). O

Two Kasparov modules (FEy, ¢o, Fy), (E1, ¢1, F1) € E(A, B) are unitarily equivalent
if there is an even unitary u € Lp(Ep, E1) such that ugg(a)u* = ¢1(a) for any a € A and
uFyu* = Fy. In this case we write (Ey, ¢o, Fo) ~ (F1, ¢1, F1).

Two Kasparov A — B-modules &, &; € E(A, B) are said to be operator homotopic
when there are a graded Hilbert module F, a graded homomorphism ¢: A — Lp(F) and
a norm continuous path (Fy)ejo,1) in £p(F) such that:

23
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(1) Fr:=(E,¢,F;) € E(A,B) for all t € [0, 1]
(2) ]:0 >~ 50 and ]:1 ~ 51.

A Kasparov module (E, ¢, F) € E(A, B) is said to be degenerate if [F, ¢(a)] = 0, (F? —
1)¢p(a) = 0 and (F — F*)¢p(a) = 0 for any a € A. We write & ~,p &1 if there are
degenerate Kasparov modules Dy, Dy € E(A, B) such that & @ Dy is operator homotopic
to & @ D;. This is an equivalence relation on E(A, B) [53, Lemma 2.1.17].

Definition 4.3. We define KK (A, B) as the set of equivalence classes of Kasparov A— B-
modules in E(A, B) under the relation ~p,.

The operator homotopy equivalence relation respects direct sums and so K K (A, B)
becomes an abelian semigroup under the operation:

[(E1, @1, F1)] @ [(E1, 61, F1)] = [(Eo ® Ex, ¢o @ ¢1, Fo & F1))]

If (F,¢,F) € E(A, B) is degenerate, then it is homotopic to the zero module (see [16,
Proposition 17.2.3]). A remarkable result of the theory is that this semigroup is actually
a group (see e.g. [53, Theorem 2.1.23] or [16, Proposition 17.3.3]).

Remark 4.4. The standard definition of the Kasparov group relies on a slightly different
notion of homotopy [16, Section 17.2 and 17.3]. However, since our algebras are assumed
separable, these definitions are all equivalent, cf. [53, Theorem 2.2.17].

Remark 4.5. A Kasparov module (F, ¢, F') € E(A, B) is said to be a compact pertur-
bation of (E,¢,F’) € E(A,B) if (F — F')¢(a) € Kp(FE) for all a € A. In this case, the
straight line homotopy from F' to F’ provides an operator homotopy between the two
modules (see e.g. [16, Prop. 17.2.5]) and thus they represent the same KK-class.

The construction of the KK-group is functorial in both entries:

(1) If f: Ay — Ay is a graded homomorphism, then for any B there is an induced map
E(As, B) — E(A1, B) given by (E,¢,F) — (E,¢ o f, F). This map respects direct
sum and homotopy and so defines a homomorphism f*: K K(As, B) - KK (A1, B)
(see [53, Lemma 2.1.25]). Analogous for K K, (A, B).

(2) If g: By — By is a graded homomorphism, then for any A there is an induced map
E(A, By) — E(A, By) given by (E, ¢, F) — (E®4B, @1, F®1). This respects direct
sum and homotopy and so defines a homomorphism g,: KK(A, B;) - KK (A, Bs)
(see [53, Lemma 2.1.26]). Analogous for K K, (A, B).

Combining these constructions together, we deduce that KK is a bifunctor from pairs
of C*-algebras to abelian groups which is contravariant in the first variable and covariant
in the second. Functoriality is particularly meaningful in view of the Example 4.2.

Example 4.6. Let f: A — D and g: D — B be graded homomorphism and denote by
[f] and [g] the classes of the morphisms respectively in KK (A, D) and KK (D, B). Then
f*(lg]) and [g o f] € KK (A, B) are both represented by (B,go f,0) so f*([g]) = [g o f]-
On the other hand, the class g.([f]) is represented by (g(D)B, g o f,0) which is ho-
motopic to (B,go f,0). We deduce in particular that g.([f]) = [g o f]- O
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There is a functorial construction known as amplification which is worth to mention.
If A,B,D are C*-algebras, there is a map from E(4, B) to E(A®D, B®D) given by
(E,¢,F) — (E®D,¢®1, F®1). This map preserves direct sums and the equivalence
relation (see e.g. [53, Lemma 2.1.27]) and so induces homorphisms 7p: KK(A,B) —
KK(A®D, B&D). Note that this homomorphism is natural in both variable.

Proposition 4.7. For any C*-algebras A and B, the map
c: KK (A, B) - KK(A®K, BRK)
is an isomorphism. In particular, KK is a stable bifunctor.

Complex Clifford Algebras are used to define the higher-order KK-groups. In our
convention, C/, is the complex algebra generated by the skew-adjoint anti-commuting
elements e1, ..., e, such that e = —1 and graded in the standard way.

Definition 4.8. We define KK, (A, B) .= KK (A, B&CL,).

Using the fact that C¢, ~ End(C??) for n even and that KK is a stable bifunctor, we
deduce that we have only two groups to consider and that we have the so called formal
Bott periodicity:

KK(A®Cl,B) ~ KK (A, B&Cly). (4.2)

4.2 The Kasparov Product

The Kasparov product [59, §4, Theorem 4] is a pairing
®p: KK;(A1, Bi1®D) x KK;(DRAs, By) — KK;1j(A1®A2, Bi®Bo)

for suitable C*-algebras which has many functorial properties and generalizes composition
and tensor product of x*-homomorphism. It is the greatest achievement of the theory, both
for the great generality of the assumptions and the technicalities of the non-constructive
proof. A more constructive description of it was introduced and developed in [21, 102]
thanks to the notion of a connection which we now recall.

Let E; be a graded Hilbert A-module, Fy a graded Hilbert B-module and ¢: A —
Lp(E>) be a graded homomorphism. We can form the internal tensor product Ejp =
E1®¢Eg as in Subsection A.1.1 which is a graded Hilbert B-module under the map Sis
given by Sia(e1 ® e2) = Sg,(e1) ® Sg,(e2). For each x € E; we can define the creation
operator T, € Lp(F2, E12) by T,(e2) = x ® eg for ea € Ea. An easy computation shows
that T is given by T (e1 ® e3) = ¢((x,e1))ey for e € Fy and ey € Fy. Note that T,
depends linearly on x and that ||T| = || 7| < ||z| for any = € E;.

Definition 4.9. Let F5 € Lp(FE3). An element F € Lp(F12) is called an F>-connection
for By when

Ty o Fy — (—1)dee@deeF) p o T e Kp(Ey, Ero)

4.3
FyoTF — (—1)des@ dee(F2)* o ¢ Kp(Eyy, Es) -

for any x € E1. A Kasparov A— C-module (E12, ¢, F) is called a Kasparov product for
(E1,¢1, F1) in E(A, B) and (E2, ¢2, F2) € E(B,C) when F' is an Fy-connection for E;
and ¢(a)[F1®1, Fl¢(a)* >0 mod Ko (E1s) for all a € A.
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It is possible to prove that for any (E1, ¢1, F1) € E(A, B) and (FE2, ¢2, F») € E(B,C)
there exists a Kasparov product (Ei2,¢,F) € E(A,C) and that this is unique up to
operator homotopy [53, Theorem 2.2.8].

Theorem 4.10. There exists a bilinear map
®p: KK(A,D) x KK(D,B) — KK(A, B)

which takes two classes [(E1, ¢1, F1)] and [(Ea, g2, F2)] and gives back the class of the
Kasparov product of the representatives. Furthermore, this map is associative in the
sense that

X®D1 (Y®D2Z) = (X®DIY)®DQZ

foranyx € KK(A,Dy),y € KK(D1,Ds) and z € KK (D3, B).

Example 4.11. Let f: A — D be a morphism and (D, f,0) its Kasparov module in
E(A, D) as in Example 4.2. Given any (E, ¢, F') € E(D, B) with ¢ essential, we have that
D®¢FE ~ F and, under this identification, (E, ¢o f, F) is a Kasparov product for (D, f,0)
and (F, ¢, F'). In particular, the product represents the pullback (see Example 4.6):

(B, 6, F))) = [fl®pl(E, ¢, F)] (4.4)
Analogously, given g: B — A, we have that g.([(E, ¢, F)]) = [(E, ¢, F)|®g[g]. O

Having Example 4.11 in mind, one may regard the elements in the KK groups as
morphisms over separable algebras where the composition rule is given by the Kasparov
product. This category has the remarkable property of being triangulated and is universal
in the sense that split exact stable functor from the category of C*-algebras to abelian
groups factors through the category KK (see for instance [30, 48]). The next proposition
summarizes the important functoriality properties of the product.

Proposition 4.12. Let A, A’, B, B'D, D’ be graded C*-algebras. Let f: A" — A, g: B —
B', h: D — D’ be graded x-homomorphisms. Let x € KK(A,D), y € KK(D,B) and
z € KK(D',B). Then:

(1) f*(x&py) = f*(x)&py
(2) hi(x®pz) = xRph*(z)
(3) 9*(X®DY) = X@)DQ*(Y)

Proof. See [16, Proposition 18.7.1]. O

4.3 Unbounded KK-Theory

It is sometimes convenient to define Kasparov modules and classes using an unbounded
operator D instead of a bounded Hilbert module map. In doing so, the issues in the
theory of unbounded operators are even more delicate as, differently from Hilbert spaces,
closed submodule of a C*-module need not be orthogonally complemented.

Definition 4.13 (cf. [10]). Let B be a C*-algebra and E a (right) Hilbert B-module. A
densely defined closed operator D: Dom D — E is called regular if
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(1) D* is densely defined in E
(2) 14 D*D has dense range

A regular operator D is symmetric if Dom D C Dom D* and D = D* on Dom D. It is
selfadjoint if it is symmetric and Dom D = Dom D*.

It is possible to show that if D: Dom D — F is regular, then D is automatically B-
linear and Dom D is a B-submodule of FE. Furthermore, in this case, D*D is self-adjoint
and regular (see [71, Proposition 1.3.2]).

Definition 4.14 (cf. [10]). Let A and B be Zz-graded C*-algebras. An unbounded
Kasparov (A, B)-module is a triple (E,$,D) where E is a graded right Hilbert B-
module, ¢: A — Lp(FE) a graded C*-algebra homomorphism and D: Dom(D) — E a
self-adjoint reqular odd operator such that:

(1) there exists a dense subalgebra A C A such that ¢(a)Dom(D) C Dom(D) and the
commutators [D, ¢(a)] are bounded for every a € A

(2) the operator (1 + D?)~Y2¢(a) extends to a compact operator on E for any a € A
We denote the space of such modules by ¥(A, B).

As in the bounded case we set ¥;(A, B) = (A, BRC/;) where C¢; is the complex
Clifford algebra with j generators. Bounded and unbounded Kasparov modules are related
by the following result.

Theorem 4.15 (cf. [10]). Let A and B be Zy-graded C*-algebras and (E, ¢, D) an
unbounded Kasparov (A, B)-module. The bounded transform of D, defined by

b(D) := D(1 + D?)"2, (4.5)

is a bounded operator on Eg. Furthermore, the triple (E,¢,b(D)) is a (bounded) Kas-
parov module.

The bounded transform induces a map b: V(A, B) — KK(A, B) which send any
unbounded module to the KK-class of its bounded transform. As pointed out in [10],
if (E,¢,D) € W(A,B) and T € Lp(F) is odd self-adjoint, then the class induced by
(E,¢,D) and by (E,¢,D + T) in KK(A, B) is the same. In this case we say that
(E,¢,D +T) is a bounded perturbation of (E, ¢, D).

Theorem 4.16 (cf. [10]). The bounded transform b: W(A, B) — KK (A, B) is surjec-
tive.

The bounded transform map b: ¥(A, B) - KK (A, B) is clearly not injective in gen-
eral as we need to suitably identify unbounded modules up to homotopy and “quotienting”
the kernel of the transform; this kernel is identified by a degeneracy condition known as
spectral decomposability.

Definition 4.17 (cf. [55]). An unbounded Kasparov module (E, ¢, D) is spectrally de-
composable when there exists an orthogonal projection P: E — E such that:

(1) P preserves the domain of D and [D,P] =0 on Dom D
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(2) DP and D(P — 1) are unbounded positive and regular operators

(8) ¢(a)P = P¢p(a) for all even elements a € A and ¢(a)P = (1 — P)p(a) for all odd
elements a € A

(4) XP = (1 — P)X, where X: E — E is the Zy-grading.

Proposition 4.18 (cf. [55]). Let A and B be Zz-graded C*-algebras and (E, ¢, D) an
unbounded Kasparov A — B-module. If (E,$,D) is spectrally decomposable, then the
bounded Kasparov class [(E, ¢,b(D))] € KK(A, B) is the null class.

Similarly to the bounded case, it is possible to define an homotopy between unbounded
Kasparov modules up to spectrally decomposable modules (which in [55] is called “stable
homotopy” ) and it turns out that this is an equivalence relation. The quotient of Uy (A, B)
under this relation is denoted by UK (A, B) and the bounded transform b induces a map

b: UK(A,B) — KK(A, B) (4.6)

which is an isomorphism (see [55, Theorem 7.1]).

One of the greatest challenges of the bounded picture of Kasparov’s bivariant K-theory
is the fact there is not a closed formula to describe the interior product of its modules:
one has to make a guess and then show that it has the properties of a product. As shown
in [72] and its subsequent developments [18, 56], in the unbounded picture it is possible
to define directly (by an algebraic formula) the interior product of Kasparov modules by
introducing the notion of a (suitably) smooth connection on an operator space, notion
which we now briefly recall in a form which will be of interest for us. We take for granted
the definitions in Appendix B.

Let A1 be an operator x-algebra and assume that it is dense inside a C*-algebra A.
The inclusion A; — A is completely bounded. Let P: Hy, — Hjy, be a completely
bounded self-adjoint idempotent and X; = PH4, an operator *-module; P extends to
an orthogonal projection P: Hy — Hy4 and X = PHy, is a Hilbert A-module. The
inclusion X7 — X is completely bounded and compatible with both the inner products
and the module actions. Suppose now we are given a right Hilbert B-module Y together
with a s-representation m: A — Lp(Y) and a self-adjoint densely defined unbounded
operator D on Y such that each a € A; maps the domain of D into itself and the
commutator with D yields a completely bounded map [D,-]: A1 — Lp(Y). We denote
by X ®4 Lp(Y) the interior tensor product over A; this is a right Hilbert A-module via
the action (z®7T)-a =2 ® Tn(a).

Definition 4.19. A connection for the triple (A,Yp, D) is a completely bounded linear
map V: X1 — X @4 L(Y) such that

V(z-a)=V(z) -a+2®[D,d]
forallx € X1 and a € A;.

Given a connection V: X1 = X ®4 Lp(Y), we write ¢(V): X1 ®4Y - X ®4Y for
the composition of maps

(V) X1@4Y —2L s X @4 Lp(V)RY —S s X @4V

(4.7)
rRT @y — 2Ty
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where ¢ is the contraction map.
The inner product on X induces the pairing X x X @4 Lp(Y) — Lp(Y) “on the first
entry” by (z,y®T) = (z,y) - T.

Definition 4.20. A connection for the triple (A,Yp, D) is said to be hermitian if

(D, (z,y)] = (z,V(y)) — (v, V(2))*
for all x,y € X;.

As shown in the following example, under mild assumptions any operator *-module
X carries a hermitian connection and this is essentially the commutator [D, -] under the
identification X; = PHy,.

Example 4.21 (Grassmann connection). We define Q1, to be the smallest C*-subalgebra
of Lp(Y) generated by the elements of the form [D,a1] and 7(a) for a; € A; and a € A.
We endow Q4 with its natural structure of an A — Q}, Hilbert C*-module. We further
suppose that the action of A on Q}D is essential, namely such that A - QlD is dense in QID.
This condition provides an isomorphism H ®4 Q) ~ Hq: of Hilbert C*-modules. The
composition of maps v

D,
Xy — Hay, P Hoy ~Ha 04 0h P8 X 04 Qb — X @4 La(Y)

is a hermitian connection (cf. [56]) on X; called the Grassmann connection. a

In general, the operator 1 ® D on X ®4 Y is not well defined as D is not A-linear.
This can be fixed as follows thanks to the existence of a connection. Suppose now that A;
is o-unital, that the action of A on Lp(Y) is essential and that there exists a connection
V on Xi. We define the densely operator 1 ®y D on X1 ® 4 Y by

1oy D=1 D+ ¢(V), (4.8)

with ¢(V) defined in (4.7). Regarding X; as PH4,, the operator (4.8) is nothing but the
diagonal action of D on every entry of the sequence [56, Lemma 5.1]. It is well known
that (4.8) is self-adjoint regular and well defined on the interior tensor product. We are
now ready to compute the internal Kasparov product of two modules.

Theorem 4.22 (cf. [56]). Let (X, D;) and (Y,D2) be two odd unbounded Kasparov
modules for (A, B) and (B, C') respectively and suppose that B-Y is dense in' Y and that
B QlD2 is dense in QlDQ. Suppose that there is a correspondence (X1, V) from (X, Dy)
to (Y, Da), namely an operator x-module X1 over a o-unital operator x-algebra By and
a completely bounded hermitian Ds-connection V°: X1 — X ®p Lo(Y) such that

(1) the operator x-module X1 C X is a dense subspace of X and the operator x-algebra
B1 C B is a dense x-subalgebra of B. The inclusions are completely bounded and
compatible with the module structures and inner products.

(2) each b € By maps the domain of Ds into itself and the derivation [Da,-]: By —
Lco(Y) is completely bounded on By .

(8) the commutator [1 @yo Da, a| is well defined and extends to a bounded operator on
X®pY foralla e A.
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(4) for any p € R\ {0}, the unbounded operator
[D1 ®1,1®go0 Do] (D1 ® 1 —ip)™?
18 well-defined and extends to a bounded operator on X Qp Y.

Then, for any hermitian Dy-connection Vp,: X1 — X ®@p Lo(Y), the operator
. 0 D1 ®1—11®y Dy
D1 xy Dy := <D1®1+i1®vD2 0 )

on (X®pY)®(X®pY) is an even unbounded Kasparov A—C-module which represents
the interior Kasparov product of (X, D1) and (Y, D2).

The proof of this theorem relies on the well known Kucerovsky criterion [64], which
provides sufficient conditions to establish when a candidate Kasparov module is the inte-
rior product of others two given. We mention that his work has been recently improved
and generalized in [36], with the advantage that the positivity condition in Kucerovsky’s
original result (which was a global condition) is there replaced by a “local” positivity
condition, in the full spirit of the Connes-Skandalis approach to the bounded Kasparov
product [21, 102]. Let us now show how the exterior Kasparov product looks in the
unbounded picture.

Theorem 4.23 (cf. [10]). Let (E;, D;) be unbounded bimodules for (A;, B;), i = 1,2.
The operator
D1®1 + 1®D3: Dom(D;)® Dom(D3) — E1®E,

extends to a self-adjoint reqular operator with compact resolvent. Moreover, the diagram

\I’i(Al,Bl) X \Ifj(AQ,Bg) E— \I’i+j(A1®A2,Bl®B2)

® ~ =
KKi(Al,Bl) X KKj(AQ,BQ) — KKZ'+j(A1®A2,Bl®BQ)

commutes.

4.4 Equivariant KK-Theory

In this section we describe the KK-theory of algebras which carry an action of a locally
compact topological group G and give a survey of the most important properties. The
original theory is contained in [58, 59]; we refer also to [16, §20] and [37] for more details.

Definition 4.24. A C*-algebra B with a strongly continuous action B: G — Aut(B) of
a locally compact Hausdorff topological group G is called a G-algebra.

Definition 4.25. Let B be a G-algebra and E a (right) Hilbert B-module. A continuous
action of G on E is a homomorphism from G into the space of bounded linear transfor-
mations on E (not necessarily the space of module homomorphisms Lg(E)) such that it
is continuous in the strong operator topology and

g (zb) = (g x)By(b)
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forany g € G, x € E and b € B. A Hilbert B-module with a continuous action of G is
called a G-equivariant Hilbert B-module.

If F1 and Es are G-equivariant Hilbert B-modules, there is a natural induced action of
G on L(F1, Es) given by conjugation. In general, this action g — ¢ - T for T € L(E1, E2)
is not norm-continuous: we say that T is G-continuous if it is. Obviously every G-
equivariant map is G-continuous. Furthermore, if G is compact, any continuous map can
be averaged over G to give a canonically associated G-equivariant map. In the case of a
graded C*-algebras and graded Hilbert modules, we require that the action of the group
G preserves the subspaces of homogeneous elements.

Definition 4.26. Let A and B be graded G-algebras. A G-equivariant Kasparov A — B-
module is a triple (E, ¢, F') where E is a G-equivariant countably generated Hilbert B-
module, ¢: A — Lp(F) is an equivariant graded x-homomorphism and F is an even
G-continuous operator in L(E) such that

[F,¢(a)l, (F? = 1)¢(a), (F — F)¢(a) and (g-F — F)¢(a) (4.9)

are compact operators on E for all a € A and g € G. The set of G-equivariant Kasparov
A — B-modules is denoted by Eq(A, B). The set Dg(A, B) of degenerate equivariant
Kasparov modules is defined correspondingly.

The equivalence relation ~y, is defined as in Section 4.1 and KK (A, B) is the quo-
tient of Eg(A, B) by ~,p. As in the non-equivariant situation, we define

KKS(A,B) = KK%(A, B&Ct,)

where C/,, is the complex Clifford algebra and KK (A, B) is an abelian group for the
direct sum. Furthermore, K K%(-,-) is a bifunctor from pairs of G-algebras to abelian
groups, contravariant in the first variable and covariant in the second.

Remark 4.27. When G is compact, it is always possible to assume that the representative
(E, ¢, F) of any equivariant Kasparov class is such that g - F = F. Indeed, averaging F
over the group will yield a compact perturbation with the desired property.

Example 4.28. Let A and B be graded G-algebras and f: A — B a *-homomorphism
which is G-equivariant, namely such that

flag(a)) = By(f(a)).
The triple (B, f,0) defines canonically an element [f] € KK (A, B). O

Also in this case there exists an intersection product and the proofs are similar. More
precisely, given the G-algebras A, As, B1, Bo and D, there exists a bilinear pairing

&p: KKS (A1, B1&D) x KKS(D&Ag, By) — KK, (A1®Ay, Bi&By)

which is associative and functorial in all possible senses. As a consequence of this pairing,
one has Bott periodicity.

In the following subsections we present two fundamental relations between equivariant
KK-theory and KK-theory of crossed products.
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4.4.1 The Green-Julg Isomorphism

The Green-Julg isomorphisms [54] allow to describe the equivariant K-theory or K-
homology of a certain algebra in terms of the K-theory or K-homology respectively of
a crossed product. More precisely:

(1) If G is compact, then KK (C,B) ~ KK(C,B x G).
(2) If G is discrete, then KK (A,C) ~ KKo(A x G, C).

Note that the crossed products are maximal and that this isomorphisms can be easily gen-
eralized to the case where C is replaced by any C*-algebra which carries a trivial action
of G. Furthermore, the two isomorphisms can be given explicitely on the representatives
of the equivalence classes. Let us begin by describing the case of G compact.

Let E be a G-equivariant Hilbert B-module for G compact and B a G-C*-algebra.
Then E becomes a pre-Hilbert B x5 G-module if we define the right action of B xz G on
E and the B xg G-valued inner products by the formulas:

r-fi= /Gus(x : f(s_l))ds <$1,332>BNBG(3) = (21, us(22)) B

for x,21,72 € F and f € C(G,B) C B xg G. We denote by Epx ¢ its completion. It is
easy to see that if (E, ¢, T') represents an element of K K% (C, B) with T being G-invariant
(and note that this can always been done for G' compact according to Remark 4.27), then

T extends to an operator on Epy,c such that (Epx,q,¢,T) represents an element of
KK(C,B xgG) [38, Lemma 0.1]. We have the following result.

Theorem 4.29 (Green-Julg Isomorphism [10, 38]). Let G be a compact group and B
a G-C*-algebra. The map II: KK%(C,B) — KK(C, B x5 G) given by

I([(Ep, ¢, T))) = [(EBxsc, ¢, T)] (4.10)

(for T the G-invariant representative) is an isomorphism.

Sketch of the proof. We define a map v: KK (C,B x5 G) — KK%(C, B) and show that
it is inverse to II. Let L?(G, B) denote the Hilbert B-module defined as the completion
of C(G, B) with respect to the B-valued inner product

(9= [ B (£ () ds
/

and the action of B on L*(G, B) given by (f - b)(t) = ( )B:(b) for f € C(G, B) and
b € B. There is a well defined left action of B x5 G on L*(G, B) given by convolution
(when restricted to C(G,B) C B x5 G and to C(G, B) C L*(G, B)). Assume now that
(E, ¢, T) represents an element of KK (C, B x5 G). We can therefore consider the tensor
product E ®@px,c L?(G, B) which is a G-equivariant Hilbert B-module under the action
id ® p for p: G — AutL?(G, B) defined by ps(f)(t) = f(ts) for f € C(G,B). Then
(FE® L*(G,B),¢ ®1,T ® 1) represents an element of K K%(C, B); the map v is then
defined by

V[(E,¢,T)] == [(E® L*G,B),p®1,T ®1)] (4.11)

O]
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Let us now discuss the isomorphism for G discrete (see [37, Example 4.9]). Given a
G-equivariant Kasparov A — C-module (E, ¢, T, u), we have that the couple (¢, u) is a
covariant representation for the action a of G on A. The integrated form ¢ x u represents
the maximal crossed product A x G on H and so this defines a Kasparov A x, G — C-
module (E, ¢xu,T). Note that the discreteness of G is needed to prove that the quantities
in (4.9) are compacts.

Theorem 4.30 (Green-Julg Isomorphism, Dual Version [10, 37, 38]). Let G be a dis-
crete group and (A,G,a) a dynamical system. The map Ig: KK%(A,C) = KK (A x4
G,C) given by

Io([(E, ¢, T\ U)]) = [(E, ¢ ¥ u, T)] (4.12)

is an isomorphism.

The construction of the inverse map relies on the universal property of the maximal
crossed product for which any non degenerate homomorphism ®: A x, G — L(H) must
be of the form ® = ¢ x u for a covariant couple (¢, u).

4.4.2 The Kasparov Descent

Let (B,G,p) a C*-dynamical system and F a right Hilbert B-module. The algebra
C.(G, B) acts on C.(G, E) by

(@ f)(t) = /G 2(s)8s (F(s71)) ds (4.13)
for f € Co(G,B) and x € C.(G, E). We define the crossed product £ x5 G as the right

Hilbert B xg G-module obtained by completing the right C.(G, B)-module C.(G, E) with
respect to the C.(G, B)-valued scalar product

(2, y)(t) = /G Bor ((2(s),y(st))p) ds,  w,y € Co(G, B). (4.14)

Remark 4.31. Note that the module E x5 G as just defined is different from the module
E x5 G defined for the Green-Julg isomorphism and that, in this case, for its construction
a G-action on FE is not needed.

Suppose now to have a covariant Kasparov module (E, ¢, F') € Eg(A, B). The action
¢: A— Lp(F) induces a left action ¢: A xo G — L(E x5 G) by

(¢ (a)z)(?) ==/G<Z>(a(8)) [s-a(sTH)]ds (4.15)

for a € C.(G,A) and x € C.(G, E). Endowed with this action and the operator F €
L(E x5 G) defined by

(Fz)(t) = F(z(t)) € C.(G,E),

one can show that (Exg, 1, ﬁ) becomes a A X, G — B xg G Kasparov module.

Theorem 4.32 (Kasparov Descent [59]). Let (B,G, ) a C*-dynamical system and
(E,¢,F) € ]Eg(fl, B). The map Jg sending the equivariant Kasparov module (E, ¢, F)

to (E xg G,9, F) induces a homomorphism of groups

Jo: KK%(A,B) — KK(A x4 G,B x5G)
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which is functorial in A and B and is compatible with the intersection product. Fur-
thermore, when A = B, the map Jg is unital in the sense that Ja(14) = Lax, G-

An analogous statement holds true also for reduced crossed products. Note that
this construction works also for unbounded modules as leaves the operator essentially
untouched: an easy computation shows indeed that the Kasparov descent construction
commutes with the bounded transform.

Remark 4.33. When G is discrete, it is known (cf. [6, Remark 1.15]) that there is a
commutative diagram

Ig

KK%(A,C) » KK(Ax,G,C)

Ja
KK(Ax,G,C*Q)),

where the map € is induced by the trivial representation of G.



Chapter

Spectral Triples and Geometry

Spectral triples on C*-algebras are a central notion in noncommutative geometry, being
modeled on the geometric structure codified by the properties of the commutative *-
algebra C'°° (M) of smooth functions on a compact spin manifold M and the Dirac operator
on the Hilbert space of square-integrable spinors. In this chapter we recall how a spectral
triple can determine a geometric space and its interactions with (co)actions of a group.

5.1 Connes’ Spectral Manifolds

In this section we recall some basic well known definitions, facts and examples about
spectral triples, with particular emphasis on some of the Connes axioms for the spectral
reconstruction theorem. For more details we refer to [23-26, 28, 44, 68].

Definition 5.1. An odd spectral triple (A, H, D) on a unital C*-algebra A consists of
a unital dense x-subalgebra A C A, a representation m: A — L(H) on a Hilbert space H
and a self-adjoint operator D (called a Dirac operator) densely defined on H such that
(1+ DZ)_% is compact, m(a)(Dom D) C Dom D and the commutator [D,w(a)] extends to
a bounded operator on H for every a € A.

If the representation 7 is not clear from the context, we will use the notation (A, H, D, ).
In general, the algebra A is not necessarily coincident with the Lipschitz algebra
CLiP(A), ie. the algebra of all those a € A leaving invariant the domain of D and
for which the operator [D,7(a)] is bounded. In this sense, the operator a — [D,w(a)]
can be seen as a closable derivation from A to L£(H), where the domain of its closure
is precisely CP(A). It is known that the Lipschitz algebra is a Banach *-algebra with
respect to the graph norm
lally = llall + [I[D, m(a)]]l

For a proof, we direct the reader to [13, Lemma 1].

Example 5.2 (cf. [20, 44, 68]). Let M be a compact spin manifold [66]. Denote by
7: S — M the spin bundle and let H = L?(S) be the Hilbert space completion of the
space of smooth sections I'(M, S), V° the lift of the Levi-Civita connection to S and
~ the Clifford action of the dual tangent space on S. Define the Dirac operator as
D =~0oV?5. Then (C®°(M), L*(S), D) is a spectral triple. O

35
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Definition 5.3. A spectral triple (A, H, D) on a unital C*-algebra A is called non de-
generate when it is the case that the representation 7 is faithful and [D,7(a)] = 0 for
a € A, if and only if a € Cly. It is called irreducible if there is no closed subspace of
H invariant under the action of A and D.

An even spectral triple on A is given by the same data with the addition of a
Zo-grading, namely a self-adjoint operator X: H — H called a grading operator such
that x? = 1g, m(a)X = Xm(a) for all a € A, X(Dom D) C Dom D and DX = —XD.

In the case of an even spectral triple, it is always possible to fix a basis of H in such

a way that H = Hy @& Hy and
o ™0 0 o 0 Do
() 2= D)

10

Sometimes it is useful to think of odd spectral triples as even triples under the grading
X = idg. In this way, it is possible to consider the two situations at the same time.

As already mentioned, in [26, 94] it is shown that any spectral triple over a commu-
tative C*-algebra satisfying a suitable set of additional properties must be of the form of
Example 5.2. We will now introduce some of them, properly stated in a noncommutative
setup.

5.1.1 Summability

Definition 5.4. Given a spectral triple (A, H, D) on a unital C*-algebra A, we consider
the function

(p(z) =tr ((1 + D2)*Z/2)

for z € C, with the convention that it may take infinite values. The numbers z € C for
which (p(z) is finite are called summability exponents and the triple is called finitely
summable if there exists at least one summability exponent. In this case, we define the
abscissa of convergence of (p as

abs((p) =1inf{t >0 : (p(t) < oo }.

We recall that abs((p) is the unique number d, if any, for which the Dixmier trace
tr,, ((I + D?)~%?) is finite non zero (cf. e.g. [45] Theorem 2.7).

There exists a direct way to compute the abscissa of convergence of the zeta function
associated to a Dirac operator D and goes as follows.

Definition 5.5. Let T be a positive compact operator on a Hilbert space H, denote by
{pin(T) }n>0 the non-increasing sequence (with multiplicity) of its eigenvalues and set

fort >0, cf. e.g. [40]. We call infinitesimal order of T the number

o(T) =inf{s>0:tr7° < oo }.
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Theorem 5.6. Let I be a positive compact operator on a Hilbert space H. Then

o) = (imiar 5y r) = mapw S —imow 2

As a consequence, note that if 7" is finite rank then o(7) = 0. Furthermore, the
abscissa of convergence is just

abs(Cp) = o ((1+ D?)71/2). (5.1)

The first equality in the statement of Theorem 5.6 has been proved in [45, Theorem
1.4] and the second equality has been proved in [46, Proposition 1.13]. For the sake of
completeness, we prove them explicitely here. We first need a Lemma.

Lemma 5.7. Let f: (0,00) — (0,00) be a right-continuous, non-increasing, piecewise-
constant function.

(1) If limy_oo f(t) = 0 and the set of discontinuity points consists of an unbounded
increasing sequence T, then

g (/1) _ o 081/ 1 )

lim sup
t—00 logt n log Zr,
log(1 log(1
lim inf M = lim inf M.
t—00 logt n 10g Tpt1

(2) If lim_,q f(t) = +o0 and the set of discontinuity points consists of an infinitesimal
decreasing sequence x,,, then

: log f(t) _ . log f(2n)
lim sup = limsup ————*
t0  logl/t n o logl/x, 1
lim inf log /(%) = lim inf M.
t—0 logl/t n logl/xy,
Proof. (1) Let t; be an increasing sequence such that limy % exists. Possibly

passing to a subsequence, we may assume that, for any n € N, there is at most one k such
that =, <t < zp41, denote by ny the indices for which x,, <ty < x,,4+1. Since f(t) is
constant in [z, ,%,,+1) and 1/logt is decreasing, we have, for any y, € [zp, Zp41) such
that y,, > ti, the inequalities

loB(1/ F(ym)) _ lo8(1/F(t)) _ log(1/ ()
1og Yn,, —  logty - logw,,

On the one hand we get
log(1/f(t log(1 n log(1 n ) log(1/f(t
o BT o (1 f ) loa(Uf ) o log(1/£ (1)
k log t;. n log x,, n log t—300 logt
On the other hand,
poning OB O) _ L dog(1/ () o (1 f () _ yp 108(1/F (1))
t—00 logt n log yn k log yn,, k log ty,
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log 1

Finally, by choosing y, close enough to 41 so that Z:= — 1, we get
log(1 log(1
lim inf M = liminf M'
n log Y, n log Tp 41

Since t; may be chosen as to reach the liminf or the lim sup, part (1) follows.
As for part (2), let t; be a decreasing sequence such that limy %
above, we may assume that, for a suitable subsequence x,,, z,, < t; < x,,—1, and

consider a sequence y,, € [zp,zp—1) such that y,, > t;. Again,

log f(zn,) _ log f(ts) _ 10g f(yn,)
logl/z,, — logl/ty — logl/yn,

exists. As

The rest of the proof follows as in part (1). O

Proof of Theorem 5.6. During this proof, we suppress the dependence on 7. We first
extend the sequence (i, )nen to a right-continuous non increasing function [0, 00) — R by
posing u(t) = pp, for n <t <n+ 1. We also write A(¢) instead of A;.

Let us prove the first equality. We observe first that

a3 () = [ o)t

n>0

then set

g (hmmf 1<>g(/~cn(T))>_1 _ (hmmf logw(t)))_l

it
and Q = {a > 0: [;° u(t)*dt < co}. We prove that o(T) < d and that d < o(T).

e To prove that o(T) < d, set a(t) = loilg/(’;)(t). In particular p(t) = t~*® and

liminf; o a(t) = 1/d. If a > d, then liminf; .o aa(t) = «/d > 1, hence there
exists 5 > 1 such that aa(t) > g for t sufficiently large. Therefore

/ () dt :/ tmee®gr < const+/ t=Pdt < oo,
0 0 0

which implies « € €2, namely (d, 00) C Q.

o On the other hand, to prove that d < o(7") we may assume d > 0, namely 1/d < oo.
Now let t;, — oo be such that

/0 log 1/pu(tk)
k=
log ty,

1/d.

We have u(ty) = t,;g’“. Let now « < d, namely af; — «/d < 1, and choose ¢ > 0
such that afp <1 — e eventually. Then

Lk
/ p(t)dt > tep(te)® =ty - t,;ae’“ >, — 00, for k — oc.
0

Therefore a < o(T), i.e. d < o(T).
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We now prove the second equality. Let us note that u(t) satisfies the hypotheses of
part (1) of the Lemma above, where the set of discontinuity points consists of a sequence
{pn,n € N} C N, while A(t) satisfies the hypotheses of part (2), where the set of discon-
tinuity points consists of the sequence {u(p,),n € N}. We also note that A o u(p,) = pn.
By Lemma above,

log(1/p(t) _ 1. . o 108(1/u(pn))

liminf =" ~22 = limin
tro0 log n log pr+1
log(A(t log(A
lim sup M = lim sup M .
t—o  logl/t n o logl/pp, -1
Finally,
1 log 1/, —1\
lim sup M = lim sup __98Pn  _ (lim inf Og/upn1> _
n IOg 1/,Ufpn—1 n log 1/:“’pn—1 n ]ngn

The third equality comes from Lemma 5.7. O

5.1.2 Reality

The following notion generalizes the existence of the charge conjugation operator on Dirac
spinors on spin, manifolds [44, 90].

Definition 5.8 (cf. [23, 28]). A real structure for an (even or odd) spectral triple
(A, H,D,m,X) on a unital C*-algebra A is an anti-linear isometry J: H — H such that

(1) [w(a), Jx(b)J 1] =0 for all a,b € A (zeroth order condition)
(2) there are signs e,¢' " = £1 for which

J?=¢ DJ=¢JD XJ =¢e"JX.

In this case (A, H, D, J) is called a real spectral triple.

There are eight possible triples of signs (e,&’,&”) and they determine the so-called
KO-dimension n € Zg of the real spectral triple according to the following table!:

n| 0 1 2 3 4 ) 6 7

e | +1 +1 -1 -1 -1 =1 +1 +1
e l+1 -1 41 +1 +1 -1 +1 +1
e’ | +1 -1 +1 -1

Accordingly, even triples have even KO-dimension and odd triples have odd KO-
dimension. We mention that a real structure on a spectral triple determines a KKR-cycle
in Real K-homology and the periodicity modulo 8 of the previous table is related to the
periodicity of real Clifford algebras [44, Section 9.5].

Remark 5.9. In the commutative case (see Example 5.2), the KO-dimension of the real
structure coincides (modulo 8) with the dimension of the underlying manifold.

'Tf n is even, J' = JX can be used as another real structure with the new signs (eg”, —¢’,¢”) [34].
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The zeroth order condition makes the Hilbert space H into a bimodule over A thanks
to the right action
Y <ab=Jr(b*)J 1, YveHbe A

Equilavently, we can regard H as a A ® A°°-module under the action
a @b > =n(a)Jr(b*)J 1

for a,b € A and ¢ € H. The following property is the noncommutative analogue of
requiring D to be a first order differential operator.

Definition 5.10 (cf. [25]). A real spectral triple (A, H,D,J) on a unital C*-algebra A
satisfies the first order condition if

[[D, m(a)], Jw(b)rl} = 0. (5.2)
for every a,b € A.

Remark 5.11. Using Jacobi identity, one can show that (5.2) is equivalent to
[[D,Jm()J 7] 7(a)] =0

for any a,b € A. In particular, this means that the first order condition is “symmetric”
in A and A°P.

Motivated by the properties of the real structure operator on the spectral triple of
the noncommutative Standard Model of particle physics (see e.g. [28, Chapter 1] and the
references therein), we consider also the following property.

Definition 5.12 (cf. [17]). A real spectral triple (A, H,D,J) on a unital C*-algebra A
satisfies the second order condition if

(D, w(@)], J[D, (b)) 7] = 0. (5.3)

for every a,b € A.

5.1.3 Orientability

The orientability condition involves the generalization of a a differential top form in
terms of Hochschild homology, which we now briefly recall [67]. Let A be a complex
unital algebra and M an A-bimodule. For every positive n € N define the A-module
of Hochschild n-chains (with coefficients in M) to be C,(M,A) = M @ A®" and
Co(M,A) = M. The Hochschild boundary is the family of maps by,: C,(M,A) —
Cp—1(M, A) given on pure elements by

bn(m®a1®-~®an) =maRas® - Qay
n—1
+Z(_1)2m®a1®"‘®ai—1®aiai+l®"‘®an (54)
=1
+(_1)nanm®a1®"‘®an_1

if n > 1 and byo(m) = 0, and extended by linearity. It turns out that (Ce(M,A),b) is
a chain complex and its homology is the Hochschild homology with coefficients in M.
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Choosing M = A as an A-bimodule with the usual left and right multiplication, we get
the Hochschild chain complex of A.

Let now (A, H,D,X) be an even or (with the convention that X = 1) odd spectral
triple on A, and let J be a real structure of KO-dimension n € Zg. For a Hochschild
n-chain c =Y ay®a; ® - @ a, € Cyh(A, A) set

7p(c) = 3 m(ag)[D, w(a)] - [D, m(an)].
Definition 5.13. A spectral triple (A, H,D,X) on A is strongly orientable if there
exists a Hochschild n-cycle ¢ € Cy, (A, A) such that Tp(c) = X.

It is useful to consider also a weaker notion of orientability. Consider the case in which
the A-module is M = A® A°P, where A°P denotes the opposite algebra, with the left and
right actions of A given on m ® n € A ® A°P by:

a(m®@n)b:=amb®n a,be A
For a Hochschild n-chain ¢ = Y (ag ® bp) ® a1 ® - - @ ay, in Cp (A ® AP, A) we define the

map

p(c) = Zﬂ'(ag)Jw(bS)J_l[D,ﬂ'(al)] - [D,m(an)]. (5.5)
Definition 5.14. A real spectral triple (A, H, D, J,X) on A is orientable if there exists
a Hochschild n-cycle ¢ € Cy,(A® AP, A) such that mp(c) = X.

Note that if A is unital and 7(14) = idy, then every strong orientation cycle
c=Yap®a1®---Qay in Cp(A,.A) induces a (weak) orientation cycle ¢ = > (ap®@14)®
a1 ® - ®ay in Cp(A® AP, A) as

np(c) = Zw(ao)Jw(lA)J_l[D, m(ay)] - [D,m(ay)]
> mw(ao)[D,7(a1)] - - [D, w(an)]

=7p(c) = X.

5.1.4 Regularity

The regularity condition originates from the development a well-defined noncommutative
differential calculus on spectral triples and encodes the information of what elements can
be regarded as smooth inside the algebra A. For more details we refer to [44, Chapter 10.3].

Definition 5.15. Let (A, H, D) be a spectral triple over a unital C*-algebra A and
§(T) = [|DI],T] (5.6)

be the unbounded derivation on the domain Dom(d) of elements T € L(H) which preserve
Dom(|D|) and for which [|D|,T] extends to a bounded operator on H. For k > 2 we define

6k inductively on the domain Dom(0%) = {T € Dom(0) ‘ §(T) € Dom(&*1) } and set

Dom®(4) = ﬁ Dom(6%).
k=1

We say that (A, H, D) is regular if both w(A) and [D,n(A)] belong to Dom®™(9).
In the case the operator |D| is not invertible, we can replace |D| with its invertible
bounded perturbation Az = (1+ Dz)% thanks to the following result.
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Theorem 5.16 (cf. [49, 105]). A spectral triple (A, H, D) over a unital C*-algebra A
is reqular if and only if m(A) and [D,m(A)]) belong to Domoo([A%, 1.

The regularity of a spectral triple is closely related to the existence of a so-called
algebra of generalized differential operators [29, 49, 50]. We recall some basic facts (mainly
following the exposition of [105]). In the next following we denote by A a self-adjoint
positive and invertible operator on a Hilbert space H (and so strictly positive). When
dealing with a spectral triple, we take A = 1 4+ D? so that A is thought of order two.

Definition 5.17. The A-Sobolev space of order s € R, denoted W5 = W*(A), is the
Hilbert space completion of Dom(Ag) with respect to the inner product

(€ mws = (A3, Ay (5.7)
for every &, m € H.

For any t < s there exists a constant C' such that

1€llwe < CllElw- (5:8)

for ¢ € W*(A), and so there is a continuous inclusion W* C W*. Moreover, Dom(A2) is
complete in the norm induced by (5.7) for any s > 0. (see [105] for a proof).

Definition 5.18. The space of A-smooth vectors is

W= (\W*= (| W?" = (] Dom(A").
seR n=0 n=0

As the notation suggests, the space W is dense in W* for any s € R (in particular,
also in W° = H). We denote the space of linear maps P: W — W by End(W®).

Definition 5.19. We say that a linear map P: W™ — W™ has analytic order at most
t € R if it extends by continuity to a bounded linear operator P: W5t — W* for any
s € R. The space of such operators is denoted with Op' = Op’(A). We further define

Op =O0p(A) = U Op‘(A).

teR

Notice in particular that operators with analytic order at most 0 extend to bounded
linear operators on H = W9, allowing us to identify Op® with a subspace of L(H).

Lemma 5.20 (cf. [105]). Operators with finite analytic order form a filtered algebra:
(1) Op* C Op' for any s <t
(2) Op® - Op' C Op**
In particular, Op°® is a subalgebra of L(H).
The algebra Op® plays a central role in the regularity of a spectral triple.

Proposition 5.21 (cf. [44], Lemma 10.22). Let (A, H, D) be a regular spectral triple over
a unital C*-algebra A and A := 1+ D% We have that both w(A) and [D,w(A)] are in
Op’(A).
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Sketch of the proof. The idea is to show by induction that
Azm(a)A72 =Y (-1) (") &7 (m(a))b(D)’
— J
7=0

where 6 is the derivation (5.6) and b(D) = D(1 + D2)7% is the bounded transform of D.
In particular AZ7(a)A~2 is bounded for any n € N (0-included) and so

[1€llyprn -

By interpolation, one gets the thesis for general exponents. ]

In(@)llyn = [AEn(a)e| = ||aEn(a)a~EA%e

| < |atr(@a—s

A theorem of Higson relates the notion of regularity with the existence of an algebra
of generalized differential operators.

Definition 5.22 (cf. [49]). An N-filtered subalgebra D C Op(A) is called an algebra of
generalized differential operators (GDO) if it is closed under the derivation [A,-]

and satisfies
[A, D] € D! (5.9)

for any k € N.

Theorem 5.23 (cf. [49]). A spectral triple (A, H, D) over a unital C*-algebra A is
regqular if and only if there exists an algebra of generalized differential operators (with
respect to A = 1+ D?) containing 7(A) and [D,7(A)] in degree zero.

We maintain the notation A = 1 + D?; then observe that D € Op'(A). Indeed for
any £ € W and s € R we have
ID€]ys = (D*(1+ D?)°%¢.€) = (b(D)*(1+ D*)**¢.€)
= o2 % ¢ < 16(D) 2 1€

where b(D) = D(1 + D2)7% is the bounded transform of D. Now define the N-filtered
algebra & C End(W°) inductively by:

(1) &0 is the subalgebra generated by 7(.A) and [D, 7(A)]

(2) €1 =0+ [A,E% +£%A, £9).

(3) EF =gl g YRt eigh=i 4 [N EF1] + £0[A, €81 for k > 2

We have the following result.
Theorem 5.24 (cf. [29, 49, 105]). Let (A, H, D) be a spectral triple over A

(1) If (A, H, D) is reqular then E¥ C Op* for any k > 0.
(2) If "(A)W>® C W and EF C Op* for any k > 0, then (A, H, D) is regular.

Proof. If the triple is regular there exists an algebra D of generalized differential operators
containing m(A) and [D,7(A)] in degree zero by Theorem 5.23. By induction, £¢ C D*
for any k € N. In particular, ¥ C D¥ C Op* for any k > 0.

On the other hand, if £¥ C Op”* for any k > 0 then £ is an algebra of generalized
differential operators containing 7(.A) and [D, 7(A)] in degree zero; by Theorem 5.23 the
triple is regular. O
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5.2 Equivariant Spectral Triples

In this section we recall the standard definitions and some basic facts about actions
and coactions of Hopf algebras and compact quantum groups on spectral triples, with
particular emphasis on the case where the Hopf algebra is CG and the CQG is C;(G).

Definition 5.25. Let (A, G, a, 0) be a twisted dynamical system. A spectral triple (A, H, D)
on A is G-equivariant if there exists a map u: G — U(H) such that:

(1) (mw,u) is a twisted covariant representation of (A,G,a,0) on H.

2) The operators u, leave the domain of D invariant for all g € G and the commutator
g
(D, ug| extends to a bounded operator on H for every g € G.

When [D,ug4] =0 for every g € G, we just say that the triple (A, H, D) is G-invariant.

Remark 5.26. Differently from our references [82, 100, 101], we admit a non-trivial com-
mutator [D,ug]. What in their papers is called a “G-equivariant spectral triple”, it’s a
G-invariant spectral triple for us. Note that the invariance is not referred to the action
on the algebra A.

When the cocycle is trivial, it is known that the bounded transform of an equivariant
spectral triple defines an equivariant Kasparov module as introduced in Section 4.4 (see
[87]). The idea of the proof is to check that the commutator [b(D),u,] is compact for
any g € G in the same way the commutator [b(D), 7(a)] is proved to be compact in [10,
Proposition 2.2] using the boundedness of the commutators between D and a.

Example 5.27 (cf. [44, 95]). Consider the unit circle S! as in Section 3.2. Fix now 6 € R
and consider the action of Z on C(S') given by

an(f)(t) = f(t+nb)

forn € Z and t € R. Then (C(S'),Z,a) is a C*-dynamical system. The spectral triple
(C(SY), L*(SY), D), where D is the self-adjoint extension of the operator —ia% on L%(SY),
is Z-equivariant with respect to the unitary representation u of Z on L?(S') given by
un(f)(t) = f(t 4+ nh). More precisely, note that [D,u] = 0 and so the triple is actually

Z-invariant. O

Remark 5.28. When the group G is compact and the 2-cocycle trivial, it is always possible
to find a G-invariant spectral triple in the same K-homology class just by averaging the
Dirac operator over the group.

Remark 5.29. If (A, H, D) is G-invariant, then [D, (o (g, h))] = 0 for any ¢g,h € G.

We recall now some constructions involved with equivariant spectral triples regarded
as unbounded Kasparov modules.

Example 5.30 (Green-Julg Isomorphism). Let 0 = 1. Any G-equivariant spectral triple
(A, H,D,,u) defines a spectral triple (C.(G,A), H,D, 7 x u) on the mazimal crossed
product A X, G as the commutators

(D, m(a)ug] = [D, 7 (a)]ug + 7(a)[D; ug] (5.10)

are bounded by hypothesis. Vice versa, using the universal property of the maximal
crossed product, any spectral triple on A x, G comes from a G-equivariant spectral triple.
We can think of this association as the unbounded version of the well known Green-Julg
isomorphism KK (A,C) ~ KK (A x, G,C) for discrete groups (see Section 4.4.1). O
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Example 5.31 (Kasparov Descent). Let 0 = 1. Let us now discuss the Kasparov descent
map of a G-equivariant spectral triple. From formula (4.13), consider B = C and C.(QG)
acting on the right on C.(G, H) by right multiplication:

(§ ® dg) 9 0p = & @ Ogn

for £ € H and 64,6, € Co(G). The completion of C.(G, H) with the C*(G)-valued scalar
product

<§ ® 597 B 5h> = (55 /"')5_(]_1}7,)

as introduced in formula (4.14), defines the right Hilbert C*(G)-Hilbert module H x G ~
H ® C*(G). Using formula (4.15), we see that the representation 7: A — L(H) induces
a representation 1) of A x G on H ® C*(G) by

(adg)(§ ® 0n) = w(a)ugs © dgn-

The image of (A, H, D,u) under the descent is then (C.(G,A), H ® C*(G),D ® 1,v).
O

The notion of equivariance has been widely studied in literature in many contexts. In
particular, having in mind the case in which H = CG, it is possible to define the notion
of equivariance even for any Hopf algebra [82, 100, 101].

Definition 5.32. Let H be a Hopf algebra and (A, H,D) be a spectral triple over an
H-module algebra A. We say that the triple is H-equivariant if there exists a dense
subspace W C H for which:

(1) W is an H-equivariant A-module, that is:
h> (m(a)v) = w(h > a)(hg) > v)
foranyh e H,veW and a € A.
(2) the commutator [D,hr>] is bounded on its domain for any h € H.
If the commutators [D, h>] vanish for every h € H, we say that the triple is invariant.

Analogously, having in mind the case Q = C}(G), we formulate a notion of equivari-
ance for compact quantum groups.

Definition 5.33 (cf. [15]). Let (A, H,D,X) be an (even or odd) spectral triple on a Q-
comodule unital C*-algebra B. We say that the triple is equivariant for coactions of

Q if there exists a dense subspace W C H and a unitary corepresentation ©: H — H®Q
for which:

(1) W is a Q-equivariant B-module in the sense that for every b € B and x € W,

@(b > 33) = b(_l) >T(_1) & b(o)ﬂj‘(o),

(2) the operatorial form X of © as in (C.8) commutes with D ® 1g and with X ® 1¢

(3) (id ® ¢)Adx (b) € B" for every b € B and every state ¢ on Q.
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5.3 An Example: The Noncommutative Torus

In Section 3.2 we have introduced the rotation algebra A% as a deformation of the C*-
algebra of continuous functions on the 2-torus 72 = S x S' and studied its properties
as a noncommutative topological space. In this section we focus our attention on its
differential and metric structure, namely in the existence of a spectral triple over Az and
its properties. For more details, we refer to [44, Section 12.3] and the references therein.

Definition 5.34. The noncommutative torus Ag is the unital dense subalgebra in Ag
given by

m,neL

Ag = { Z A UV (@rmn)mn € S(ZZ> }7

where S(Z?) is the space of Schwarz functions on Z2, i.e. those sequences that satisfy

sup (14 m? +n?)* apm,|*> < oo
m,nel

for all k € N.

The Lie group T2 acts on A2 by (z,w) > U™V™ = zmw"U™V" for z,w € U(1) and
it is easy to see that A% is just the subalgebra of smooth elements for this action. In
particular, this proves that A2 is a unital pre-C*-algebra (see [44, Proposition 3.45]).

Remember now from Section 3.2 that Ag comes equipped with a faithful normalized
tracial state 7 which defines the GNS representation H, = L*(A%, 7). Note that the trace
7 is invariant under the aformentioned action of the torus 7°2.

Definition 5.35. We define on the dense subspace .AZ C H, the basic derivations 0;
for i =1,2 as the operators

U =210 8U =0
81‘/:0 82V=27TiV.

(5.11)
We have the following facts:
(1) The operators 0y and 0 satisfy the Leibniz derivation rule:
0i(ab) = (0;a)b + a(0;b)

for any a,b € A%. This condition implies that 9;(1 Ag) =0 forany i =1,2.

(2) 9;(a*) = (d;a)* for any a € A% and i = 1,2. In particular, the map 8} defined by
dfa = (0;a")"
is a derivation and 0] = 0;. Thus, the basic derivations are symmetric operators.

(3) The basic derivations 0; and Jo commute. Moreover, they span the abelian Lie
algebra of infinitesimal generators of the action of T2 on Ag. In this sense, the
pre-C*-algebra A% is precisely their common smooth domain.



5.3. An Example: The Noncommutative Torus 47

(4) Using the previous points, one can check that 7(d;a) = 0 for any a € Ag and any
1 =1,2. As a consequence, we have that

7((0;a)*b) = —71(a*0;b)

for any a,b € A% and so any basic derivation extends to a closed (unbounded)
skew-adjoint operator on H..

Using the basic derivations, we can define the Dirac operator

0 a—i)
D=—g <81 + iy ) = —2(0181 + 0282) (5.12)

on H. @ H. and this turns out to be self-adjoint, to have compact resolvent and to have
the commutator with a € A% (acting diagonally on H, & H,) bounded. We deduce that

(43, H- @ H,, D) (5.13)

is a spectral triple on Ag. We now discuss the Connes axioms for this triple.

Definition 5.36. The Tomita conjugation associated to the noncommutative torus
spectral triple (.Az, H, ® H;, D) is the anti-unitary map Jo: H. — H, given by

Joa = a*.
fora e .A2 C H,.
Clearly J¢ =1 and the right multiplication map 7°P: A% — L(H,) given by
7P (b)a = Jor(b*)Jy ta = ab

)°P. Since left and right multiplication

is a representation of the opposite algebra (A
= 0 for any a,b € A2 In particular, the

commute, we have that [r(a), Jow(b)Jy ']

operator
(0 —Jo

defines on H,; ® H, a real structure of KO-dimension 2. A straightforward computation
shows that we also have the first order condition.

O:bw

To show that the triple is orientable, consider the Hochschild 2-chain
ci= L (VU QURV UV eVaU). (5.14)
2(2m)?
A straightforward computation shows that bc = 0 so this is a Hochschild 2-cycle. Fur-
thermore, using equations (5.11), we deduce that
. 2 2
7‘(’D(C) = —;((2:_))2(0102 — 02(71) =o03=X

and so the orientation axiom is satisfied.

Remark 5.37. This example served then as a building block for large class of theta-
deformed spaces, with similar properties, see e.g. [27].
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5.4 Spectral Triples From Equicontinuous Actions

Given a spectral triple on a unital C*-algebra A and an equicontinuous action of a discrete
group G on A, a spectral triple on the reduced crossed product C*-algebra A x,. G was
constructed by Hawkins, Skalski, White and Zacharias in [47], extending the construction
by Belissard, Marcolli and Reihani in [13]. The main idea was to use the Kasparov product
to make an ansatz for the Dirac operator. In this section we recall the relevant results
from their work, as a preparation for our new contributions that are discussed in Part II.

5.4.1 Spectral Triples on Group Algebras

The main ingredient in their construction of a triple on A x,, G is a spectral triple on
the reduced group algebra C(G). It is known that unbounded Kasparov modules on
groups and groupoids exist when they are endowed with a weight type function, see e.g.
[9, 14, 22, 70]. We recall some basic facts and definitions specializing the discussion for
our purposes.

Definition 5.38. A weight on a non-necessarily topological group G is a functionl: G —
R. A weight is proper if the level sets { g € G | —n < l(g) < n } are finite for each n € N.
We say that a weight is non degenerate when l(g) = 0 if and only if g = e.

Differently from [47], we consider weights on groups taking values in R and we admit
the possibility for them to be degenerate. We will discover that this flexibility will not
influence the nature of their results.

Example 5.39. Any group homomorphism [: G — R is clearly a weight on G. In this
case, being R abelian, [ must be cyclic in the sense that

I(gh) = l(hg)

for any g,h € G. Note that if the homomorphism [ is non degenerate as a weight, then
G must be abelian as well. a

Definition 5.40. A weight I: G — R is said to be a Dirac weight if for every g € G
the (left) translation function ly: G — R given by

ly(z) = 1(z) — (g~ ) reG

is bounded. A Dirac weight [ is said to be of first order type if for every g € G the (left)
translation function ly is constant.

Example 5.41 (cf. [22, 97]). A pseudo-length function on a group G is a weight
{: G — R such that:

(2) L(zy) < l(x)+ L(y) for every z,y € G,

(3) £(z) = L(z~1) for every = € G.
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A length function is a pseudo-length function which is non-degenerate as a weight. The
prototypical length function is the word metric on a finitely generated group G which
associates to any element g € G the minimum number of generators needed to write g
(for an a priori fixed generating set). Note that any length function is a non-negative
Dirac weight as

0="L(e) =L(zxz™b) < l(zx)+ L(z~) = 20(x) Ve e G

and ly(z) = U(x) — (g~ 'z) < l(g) for any z,g € G. Given a pseudo-length function
l: G — R, the quantity
dy(x,y) = (xy™") (5.15)

clearly defines a right invariant pseudo-metric on the group G. If £ is a length function,
then dy is a metric.
O

Remark 5.42. Let G be a topological group. If there is a G-equivariant spectral triple
(A, H, D, u) on a certain unital C*-algebra A, then ¢(g) = ||[D, ug]|| is a length function on G.

The following lemma provides a complete characterization of first order Dirac weights
on groups.

Lemma 5.43. Letl: G — R be a weight on a group G. The following facts are equivalent:
(1) 1 is a first-order type Dirac weight
(2) Il = a+ ¢ where a = l(e) is a constant and ¢: G — R is a group homomorphism
(3) Uzzy™') —l(zy™1) = l(z2) — U(2) for every x,y,z € G.

Proof. See [14, Lemma 3.13] O

Remark 5.44. Differently from Example 5.41, given a Dirac weight [: G — R there is no
reason for d(x,%) = I(zy~') to be a metric or a pseudo-metric on the group. However, if
[ is of first order then the quantity

(z) = |I(z) = I(e)]

is a pseudo-length function on G since the function [(x) — I(e) is a group homomorphism
by Lemma 5.43. In particular, dy(z,y) = £(zy~!) is a right invariant pseudo-metric on
G. Note that if the first order Dirac weight [ is non-degenerate, then ¢ is non-degenerate
and dy a metric on GG. As an example, the Dirac weight id: R — R gives back precisely
the standard euclidean distance on G = R. Note that this condition is however rather
restrictive: if [ is non-degenerate, then it is an injective homomorphism and G is a sub-
group of R. Standard results show then that G must be either dense in R or of the form
aZ for a € R (namely, cyclic).

Remark 5.45. The properness condition for a Dirac weight on a group is also extremely
restrictive as it forces the weight to grow. For example, there is not any constant proper
weight on a group unless the group is finite. Furthermore, the space of proper weights
on a group may be a priori empty. To avoid this condition, one is somewhat forced to
fall into Kasparov’s KK-theory (e.g. [70, Section 3.7]). However, avoiding this condition
is not always convenient: for example, any positive weight (such as length functions) will
yield a spectral triple whose K-homology class is trivial.
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Till the end of this section we shall consider a discrete group G endowed with a
proper Dirac weight [: G — R. Let M; be the multiplication operator by [ on the
domain of finitely supported elements of /2(G) and let us denote also by M; its self
adjoint extension to £?(G). The group algebra CG acts on £2(G) via the left regular
representation A\gdy, = dgp for g, h € G, and the data

(CG,3(G), My, A) (5.16)

form an odd spectral triple on the reduced group C*-algebra C}(G). Indeed, M is self-
adjoint as [ takes values in R, the properness of [ implies that the resolvent of M; is
compact and the fact that [ is a Dirac weight guarantees that the commutators [M, Ag] =
M, Ay are bounded for every g € G. Note further that if the weight [ is non degenerate,
then the triple (5.16) is also non degenerate.

Example 5.46. Consider the discrete group G = Z endowed with the non degenerate
proper Dirac weight ¢: Z — R given by the inclusion. It is well known (see e.g. [70, pag.
240]) that the spectral triple as defined in (5.16) agrees with the usual spectral triple on
C(S%) arising from the Dirac operator —ia% under the Fourier transform C}(Z) ~ C(S%).
Note in particular that, at the level of K-homology, it is a generator of the cyclic group
KYCx(Z2)) ~ Z. 0

5.4.2 Spectral Triples on Crossed Products

Consider now an odd spectral triple (A, H, D, ) on a unital C*-algebra A and assume that
there is a C*-dynamical system (A, G, «). Let us assume further that G is equipped with a
proper Dirac weight [: G — R so that this determines a spectral triple (CG, £2(G), M;, \)
over C(G). Following the notation in Chapter 3, the pair of maps

{fn(a)(é @ 8y) =7 (ag1(a)) €@ 3,
(€ ® 8g) = € @ Ong,

where a € A, £ € H and g,h € G, provide representations of A and G on H ®¢*(G) which
are covariant and the integrated form 71 x \ is a *-representation of C.(G, .A) on H®%(G).

Following the prescription for ‘Ehe external Kasparov product, e.g. [24, Chapter 4.A], we
define a Dirac operator D on H = H ® (2(G) ® C? = (H ® *(Q)) @ (H ® /*(G)) by

(5.17)

D=D®1®0 +10 M & oy

B 0 D®1—i® M, (5.18)
“\Del1+ieM, 0 ’

where o1 and oy are Pauli matrices and we consider A x,, G acting diagonally on H.
The operator (5.18) is clearly densely defined and self-adjoint with compact resolvent.
The only non-trivial fact is to check that the commutator of D with the representation
of A X4, G is bounded: on the one hand, we have that

[1® My, #1(a)An] = (1© M) 71 (a)A (5.19)

for any h € G. As | is a Dirac weight, the operator M, of multiplication by the function
In(x) = I(x) — I(h~'z) on ¢*(G) is bounded. On the other hand, for a € A and g,h € G,

we have

[D ®1, ﬁl(a)xh} (E®6,) = [D, m(ag1p1 (a))} £ ® bpg- (5.20)
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A priori this quantity is not well defined as 7(cy(a)) might not belong to the domain of
D:; and even in that case the right hand side is not necessarily bounded. These difficulties
are overcame by some ad hoc hypothesis.

Theorem 5.47 (cf. [47]). Let (A, G, «) be a C*-dynamical system with G discrete and
(A, H,D) be an odd spectral triple on A. Assume G is equipped with a proper Dirac
weight I: G — R and that the action on A is also

(1) smooth, in the sense that ag(A) C A for all g € G;

(2) equicontinuous, namely such that

sup [|[D, 7(ag(a))]]| < oo (5.21)
geG

for alla € A.

The triple (C.(G, A), H,D,# % 5\) is an even spectral triple on A X, G. Furthermore,
if the weight | is non degenerate and the triple (A, H, D) is non degenerate, then the
triple (C.(G,A), H, D, 71 X A) is also non degenerate.

Remark 5.48. Even though the operator D resembles (a representative for) the external
Kasparov product of D and M, the triple (C.(G, A), H, lA)) is not the external Kasparov
product of the triple (A, H, D) with the triple (C*(G), £2(G), M;) as the isomorphic vector
spaces A Xq, G and A ® C)(G) are in general not isomorphic as algebras.

Remark 5.49. Of course, not every action is equicontinuous. Various examples are given
for instance in [13, Section 4.1].

It is well known that the construction in Theorem 5.47 can be thought as a generaliza-
tion of the boundary map in the K-homology Pimsner-Voiculescu sequence (cf. [88]) in the
following sense. Applying the six-term exact sequence in K-homology to the generalized
Toeplitz extension

0 — ARK(A(Z)) — Co(X,A) X Z — AxagZ — 0, (5.22)

where X = Z U { 400 } is the one point compactification of Z, and identifying the K-
theory of Cy(X, A) x Z with the K-theory of A, one obtains the Pimsner-Voiculescu exact
sequence

KO(A) KO(A) z KA x4 Z)
o ot
KN A% Z) — = KYA) —— % L K1(A).

Here ¢ is the pull-back map. Note that the boundary maps 0° and 9! are just the left
Kasparov multiplication by the class in KK (A XqZ,A®K) ~ KK (A Xy Z,A) defined
by the extension (5.22) (see [16, Sections 19.5-6]).
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Consider now the discrete group G = Z and the Dirac weight ¢: Z — R given by the
inclusion. It is clear that the triple (A %, Z, H, D) is the Kasparov product of (A, H, D)
with the class of the generalized Toeplitz extension (5.22). This proves that

o' [(A,H,D)| = [(A o Z, H, f))] : (5.23)

A more refined method to see this fact can be found for instance in [93].

Remark 5.50. By passing to higher order spectral triples and applying a logarithmic
dampening of the Dirac operator, it is possible to handle also non-equicontinuous actions
and get similar results. As an example of this strategy, consider a non-isometric diffeo-
morphism on the circle which give rise to a twisted spectral triple on S* [43, Example
1.6] of which the logarithmic dampening is an ordinary spectral triple [43, Example 1.9].
The pullback action of the diffeomorphism generates an action of Z on the circle which is
not equicontinuous. Deforming the standard Dirac operator on the circle and following
a prescription similar to that of Theorem 5.47, one can define a higher order spectral
triple on C(S') x Z whose K-homology class coincides with the class of its dampening
[43, Corollary 1.41] and represents the Pimsner-Voiculescu boundary map image of the
aformentioned dampened class on C(S') [43, Prop. 1.30 and the preceeding discussion].

Proposition 5.51 (cf. [47]). Let (A, H,D) be an odd spectral triple on a unital C*-
algebra A and G a discrete group equipped with a proper Dirac weight | acting smoothly and
equicontinuously on A. If the triple (A, H, D) is p-summable and the triple (CG, 2(G), M)
is g-summable, then the triple (A Xq, G, H,D,#1 % \) is (p+ q)-summable.

Sketch of the Proof. This follows as in the case of the external product of two spectral
triples: if A\, and pu,, are respectively the sequences of the eigenvalues of D and M, by
assumption the sequences ((14 A2)7?/2) and ((1+ u2,)~%/?) are convergent. Then, using
the inequality

(z+y— 1)1 > g%P x,y>1,a,8 >0,

the double sequence (1 + A2 + p2,)~(P+9/2 also is proved convergent. O

Proposition 5.52. Let (A, H, D) be an odd spectral triple on a unital C*-algebra A and
G a discrete group equipped with a proper Dirac weight | _acting smoothly and equicontin-
wously on A. If (A, H, D) is irreducible then (A Xq, G, H,D,# % \) is also irreducible.

Proof. 1t is a straightforward check. O

5.4.3 The Iteration Procedure

Similarly to what described so far, we can construct odd spectral triples on crossed prod-
ucts starting from even spectral triples and an equicontinuous action (in a suitable sense).

Let
_ (0 Do
(A,H_Ho@Hl,D_<D6 0))

be an even spectral triple on a unital C*-algebra A with the Z2-grading Hy ® H; and
T =7 ®m. Let a be an action of a discrete group G on A and let I: G — R be a proper
Dirac weight. We have a diagonal representation of the reduced crossed product A x4, G
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on (Hy®(GQ)) & (H; @ %(G)). Provided a,(A) C A for all g € G and the equicontinuity
condition

sug |0 (ag(x)) Doy — Domi(ag(x))| < 400, Ve e A

g€

then the Dirac operator

B:<1®Ml D0®1> (5.24)

Diol —1® M,

can be used to define an odd spectral triple (CC(G,A),ﬁ,ﬁ) on A xq, G for H =
H ® %(G). In the same way as for odd spectral triples, we have that this triple:

(1) is non degenerate whenever the Dirac weight | and the triple (A, H, D) are non
degenerate

(2) represents the image of the even spectral triple (A, H, D,X) under the Pimsner-
Voiculescu boundary map when one considers the group G = Z and the Dirac
weight given by the inclusion 2: Z — R.

As noticed in [47], the combination of the construction in Theorem 5.47 and its even
version discussed above leads to the construction of satisfactory spectral triples on crossed
products by (smooth and equicontinuous) actions of Z¢ for any d € N under the standard
identification

Axg 28~ (AXay Z) Xy L+ -+ ) Xay L (5.25)

where ajq, ..., aq denote the coordinate Z-actions of a. Note that this triple is odd if d is
even and even if d is odd. The only non trivial thing to check is that the equicontinuity of
« implies the equicontinuity of all its coordinate Z-actions: a precise formulation of this
fact is Proposition 2.8 in [47]. Note that the spectral triple on A x, Z% is not in general a
spectral triple constructed from a Dirac weight on Z? as introduced in Subsection 5.4.1.
However, they can be viewed as spectral triples from matrix valued Dirac weight as
suitably defined in the next chapter.
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Chapter

Spectral Triples on C} ;(G)

Following the method recalled in Section 5.4 to create a spectral triple on a crossed
product, we now study the preliminary case of a spectral triple on a group algebra.
However, differently from [47] and [98], we will consider a more general situation of twisted
group algebras and matrix valued Dirac weights on discrete groups, as in [5].

6.1 Matrix Valued Dirac Weights

Let V' be a finite dimensional complex vector space and denote by L£(V) the space of
linear operators on V. We denote by Sp(7') the spectrum of the operator 7.

Definition 6.1. A (matriz valued) weight on a group G is a functionl: G — L(V') such
that l(g) is self-adjoint for any g € G. We say that a weight is non degenerate when
I(g) =0 if and only if g =e. A weightl: G — L(V) is proper if

the union of all the spectra § = p(l(g)) is a discrete set in
1) th £ all th S = Uyee Spll d R
(2) for anyt € S there are only finite elements g1, . .., gn € G such thatt € i, Sp(L(gi))-

A weight 1: G — L(V) is said to be a Dirac weight if for every g € G the (left)
translation function ly: G — R given by

ly(z) = 1(x) — (g~ ) reG
1s bounded.

Example 6.2 (Clifford Length Functions). Let C/, be the complex Clifford algebra
where vw + wv = —2(v, w) for v,w € R™. A Clifford representation ¢ : C¢,, — End¢(V)

is unitary if e(v) is unitary for any v € R™ with ||v]| = 1, and in this case it follows that

g(v)* = —e(v). Given a norm preserving group embedding ¢ : Z" < R", we can define
l(m) ==1ie(s(m))

for m € Z". In other words I(m) = 3_7_; m;f; for f; :=ie(1(e;)). The elements I(m) are

clearly self-adjoint and [ is a Dirac weight since ¢ is a representation. Further, since

[(m)? = |m| - 1d,,

o7
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we have that [ is a proper weight. We call these particular weights Clifford length
functions. Notice that such weights can be pulled back: indeed, let s : G; — G2 be a
map of sets such that

(1) s(g) =0if and only if g =0
(2) has finite fibers.

In particular, if s is a group morphism then it has to be injective. Then if [ is a Clifford
length function also los is a proper Dirac weight; however it is not Clifford, in general. O

Example 6.3 (cf. [47]). We provide an example of a Clifford length function on Z¢
for any d € N. Let M;* denote the space of n x n hermitian matrices over C. Define

1V Z — M3® be given by
(1) . 0 —in
I(n) = (m 0 ) .

For d > 1 define inductively I(): Z4 — Mg, ) 51 by
(d) — g(d—1) ngloasz_4 0
M ny,...,ng) =1 (n1,...,mg—1) + ( 0 g
if d is even, and by
0 19D (ny, . ong_q) — inglyw—ye
[(@) = IyewesNd—1 dlo@-1y/
(n17 7nd) <l(d—1)(n1, .. 7nd—1)* + ind]—Q(d—l)/2 0

if d is odd. A straightforward computation shows that they are proper Dirac weights
on Z% satisfying the smoothness condition, the equicontinuity condition and the Clifford
condition (I()(n))2 = ||n?- 1.

O

Remark 6.4 (cf. [47]). The Clifford length function introduced in Example 6.3 allow to
give a concise description of the iterated spectral triple on A X, Z% as introduced at the
end of Section 5.4. Fixed d € N, set r = [d/2] and write

H=H®PZ)2C? ~ (H ® (29 ® (CQM) o (H ® (24 ® CTl) .
Then, the Dirac operator on H inducing a spectral triple on A x Z% can be written in the

form
=~ o ( 0 D ® 1Z2(Zd,‘/)

1y &M
D& Lpgay 0 ) e

with V = C2" . 0

6.2 Construction and Basic Properties

Till the end of this section we shall consider the following setup.

Assumptions 6.5. Let G be a discrete group and o: G x G — U(1) a 2-cocycle such that
(C,G,id, 0) is a twisted C*-dynamical system as in Definition 3.2. Assume further that
G is endowed with a proper Dirac weight | : G — L(V).
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Let M, be the multiplication operator by [ on the domain of finitely supported elements
of 2(G,V) ~ 2(G) ® V, explicitely

M;(6g @ v) =04 1(g)v

for g € G and v € V, and let us denote also by M; its self adjoint extension to £2(G, V).
The twisted group algebra CG acts on £2(G,V) via the amplification A ® 1 of the left
regular representation A of G' on £?(G) given explicitely by

)\gdh = O’(g, h)5gh Yg,h € G.
Sometimes, we write A instead of A ® 1 for sake of simplicity. The data
((CG? EQ(Ga V)7 Ml7 )‘) (61)

form then an odd spectral triple on the reduced twisted group C*-algebra Cy: ,(G). Indeed,
M is self-adjoint as [ takes values in self-adjoint matrices, the properness of [ implies that
the resolvent of M; is compact and the fact that [ is a Dirac weight guarantees that the
commutators [M;, \j] = M, )\, are bounded for every g € G. Note further that if the
weight is non degenerate, then the triple (CG, ?(G) ® V, M;) is non degenerate.

Example 6.6 (cf. [81]). Consider G = Z? and define a cocycle o on it as in (3.19).
We have seen with Proposition 3.20 that C¥*(Z?) is isomorphic to the algebra of the
noncommutative 2-torus. We want to show that one can recover the standard spectral
triple on the torus using matrix valued Dirac weights. On the one hand, using Theorem
3.19 and the details contained in its proof, it is easy to see that the GNS representation
H, is isomorphic to the space L?(S' x S') ~ (?(Z?) via Fourier transform and that the
multiplication operator of C(S') x Z goes to the twisted left regular representation of the
twisted group algebra. Fix now V = C2 and consider the matrix valued Dirac weight {(?)
as given in Example 6.3. Using the fact that the pointwise multiplication by the length

function 7: Z — R is the Fourier transform of the standard Dirac operator D = —ia% on
the circle S* (see Example 5.46), a straightforward computation shows that the matrix
multiplication by 1(?) is the Fourier transform of the Dirac operator (5.12). |

Let us now discuss when the spectral triple (CG,¢%(G, V), M;) is finitely summable.
We will adapt a well known argument from [22, 74|, generalizing their results for matrix
valued weights and twisted crossed products.

Definition 6.7. Let G and l: G — L(V) be as in Assumptions 6.5. Define
B, :={g€G | minSp(|i(g)]) <n}.

Note that Dirac weight | being proper, the cardinality #B, of By is finite. We shall
say that G has polynomial growth with respect to the weight | when # B, grows at most
polynomially for n — oo. In this case, we call growth of G the number
1 B
dg = limsup m. (6.2)
n logn
Proposition 6.8. Let G andl: G — L(V) be as in Assumptions 6.5. The spectral triple
(CG, 12(G) @V, M) defined in (6.1) is finitely summable if and only if G has polynomial
growth with respect to the weight l. In this case, abs(Cy,) coincides with the growth of G.
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Proof. Let’s first estimate the size of the sets B,,. The eigenvectors of the Dirac operator
for the spectral triple (CG, ¢*(G) ® V, M) are the vectors d, ® vj(g) € (*(G) ® V, where
the v;(g)’s are the eigenvectors of the matrix I(g). For any g € G, we denote by s;(g),
j=1,...,dimV, the singular values (with multiplicity) of {(g) and set

Y, ={(g,k) € G x{1,...,dimV} : sp(g) < n}.
The family of singular values (with multiplicity) for M is then given by

{si(9) | (9,5) e Gx{1,...,dimV } }.

On the one hand ¥,, C B, x {1,...,dim V'}, therefore #3,, < #B,,-dim V. On the other
hand, for any g € B,, there exists k € {1,...,dim V'} such that (g,k) € 3,41, therefore
#B,, < #X,+1. This implies that

log(#2)

dg = lim sup
n logn

Let us now show that this quantity is equal to the abscissa of convergence. Using equation
(5.1) we get that

log(A1/n((1+ M7)"1/%))

abs(Cyr,) = limsup log

We then observe that
(U M)V = { k€ N2 (14 MP)TV2) > 1/n
:#{ (0. k) € G x {1,... . dimV} : \/1 + s0(g)? <n}
and that
#5,1 <#{(9,k) € G x{1,...,dimV}: /1 +s5(9)? < n} < #%,
since | M;| < (1 4+ M?)Y/? <1+ |M;|. Finally,

L log(#%,) L og(hyw((1+ M7)TH?))
dg = lim sup = lim sup

n logn n logn

= abS(CMl)'

O]

Let us now move to discuss the regularity of the triple. A first general result, inde-
pendent of the proper Dirac weight I: G — L(V'), is the following.

Proposition 6.9. Let G and |l : G — L(V) be as in Assumptions 6.5. The triple
(CG,2(G) ® V, M) is Lipschitz regular, that is the derivation & defined in (5.6) is
bounded.

Proof. Tt is clear that the operator | M| is the (self-adjoint extension of the) multiplication
operator by h s |I(h)|. Given &, ® v € £2(G) ® V we have

[IMi], Ag) (9 @ v) = [Mi] (9gn @ v) = AgOn @ [I(h)] v

— 5@ (1(gh)| — [L(R))) . (63)
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It is known that for any couple of square matrices .S, T we have
IS =Tl < CIS =T (6.4)

for a suitable constant C' which does not depend on S,T but depends on the dimension
of the vector space V (see [62, Corollary 14]) and this is C' = 1 for dimV = 1 and
proportional to log(dim V') for dim V' > 2. This proves that the commutator [|M;|, \,] is
bounded for any g € G. O

Remark 6.10. Estimate (6.4) is true only for operators on finite dimensional vector spaces
(see [60]). This constitutes a serious obstruction to the generalization of the previous
result to weights with values in £(H) for H infinite-dimensional Hilbert space.

In general, the left regular representation A, does not lie in the domain of the iterated
derivation 6% for k > 2 as the elements |I(h)| do not commute each other. If this is the
case, then

8% (Ag)(6n ® ) = Sgn @ (1(gh)| — [1(A))* v

and this is bounded by (6.4). Understanding when the commutator [A, \] lies in the
domain of 6% for any k > 1 leads to a similar issue: for 6, ® v € £2(G) ® V we have

O([Mi; Ag))(0n @ v) = |Mi] 6gn @ (I(gh) — U(h)) v — [My, Ag] [My] (6n @ v)
= dgn © (|l(gh)| (I(gh) — I(h)) — (I(gh) — I(h)) [L(R)[) v

which is in general not bounded. However, as before, if we make the technical assumption
that

[[(9), [l(R)]] =0, Vg,heG (6.5)
then
(M, Ag)) = 6gn @ (|1(gh)| = [L(R)))* (I(gh) — U(h))v

which is bounded by (6.4). This discussion can be summarized in the following result.

Proposition 6.11. Let G and l : G — L(V) be as in Assumptions 6.5. If the Dirac
weight | satisfies (6.5), the spectral triple (CG,(*(G) ® V, M) is regular.

Remark 6.12. Note that the condition expressed in Equation (6.5) is satisfied whenever [
is a Clifford length function on Z". Indeed, in this situation |I(m)| = ||m|| - Id,,.

Let us now discuss the existence of a real structure on (CG,¢%(G,V), M;). For sake
of simplicity, we just consider the case V = C. To this aim, we study the standard real
structure given by the flip map g+ g~! as in [14, 96] and adapt the argument in [98] to
take in consideration the presence of the twisting cocycle.

Proposition 6.13. Let G be a discrete group and l: G — R a proper Dirac weight. The
anti-unitary involutive map Jg: £?(G) — (2(G) given by the anti-linear extension of

Jady = U(g_l,g)*ég_l Vg e G (6.6)

is a real structure on the odd spectral triple (5.16) if and only if for every g € G, l(g7 ') =
e'l(g), where ' = 1. In this case the KO-dimension of the real structure is given by the
pair (+1,€") and can be either 1 or 7.
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Proof. Clearly Jé = 1. The zeroth order condition is a consequence of the cocycle prop-
erties: to see this, let us first note that

JeJg oy = o(h,a=Yo(z ™ 2)o(zh=L, ha=1)8,,-1 = o(xh=1, h)d,-1, (6.7)

where to prove the second passage it is enough to substitute z — xh~!, y — h and
z + 2! into Equation (3.2). Then

[)‘gv JG)\hJél](;x = (U(ga mh_l)a(l‘hila h) - O-(gxhila h)O’(g, :L‘)) 6gxh—1'
To prove that this quantity is zero, just note that
o(g,zh Vo (gzh™', h) = o(g, z)o(xh™ 1, h) (6.8)

by substituting z + g, ¥ — zh~! and z + h into Equation (3.2).
To conclude the proof, just note that the equation M;Jg = +JqM; is fulfilled if and
only if [(g~1) = %I(g) for every g € G. O

Proposition 6.14. Let G be a discrete group and I: G — R a proper Dirac weight.
Suppose that the map Jg given in (6.6) is a real structure for the spectral triple (5.16).
Then (CG,0%(G), M, Jg) satisfies the first order condition if and only if | is either a
constant or a homomorphism.

Proof. A straightforward computation, involving the use of (6.7) and (6.8), shows that
the first order condition holds true if and only if we have that

lazy™) — ey ™) = Uaz) - U(2)

for every z,y,2z € G. By Lemma 5.43, this means that | must be the sum of a constant
and a homomorphism. But from Proposition 6.13 we know that I(g~!) = £'I(g) for every
g € G and it is easy to see that if ¢/ = 1 then [ must be constant and that if ¢/ = —1 then
[ must be a homomorphism. O

Remark 6.15. Proposition 6.14 imposes a serious restriction to the possibility that the
involution (6.6) is a real structure on the aformentioned triple. Indeed, if we require that

(1) G is discrete and not finite
(2) Jg is a real structure which satisfies the first order condition
(3) the triple (CG, £?(G), My, Jg) is non degenerate

then the group must be cyclic and of the form aZ with a € R. This is a straightforward
consequence of Remark 5.44. We deduce that if G is not of this form, then the real
structure (6.6) is compatible only with some “degenerate” situations: either G is finite
and M; bounded or G is infinite but M; has a non-trivial kernel.

Proposition 6.16. Let G be a discrete group and l: G — R a proper Dirac weight.
Suppose that the map Jg given in (6.6) is a real structure for the spectral triple (5.16).

If (CG, 2(G), My, Jg) satisfies the first order condition, then it satisfies the second order
condition.
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Proof. A straightforward computation shows that {[Ml, Agls Ja[ M, )\h]Jal} applied to d;
is equal to

o(g,zh~ o (@h 1, h) (I(ha™") = 1Y) (Lgwh™) = 1(zh™)) genr
— a(g, 2)a(geh=1,1) (gw) — (@) (Iha~'g™") =1z ""g™Y)) gan-r-

for any g, h,z € G. The thesis comes from Proposition 6.14 and equation (6.8). O






Chapter

Spectral Triples on A X, ,

In this chapter we construct a spectral triple on a twisted crossed product Axg , G starting
from a spectral triple on A satisfying some assumptions. More precisely, we provide two
different constructions that under some additional properties of uniform boundedness of
the action of GG is a Lipschitz sense are equivalent. Moreover, we provide a description in
the framework of KK-theory and then study the Connes axioms as spectral manifolds.

7.1 Constructions and Basic Properties

We first generalize the constructive result of [47] to the case of twisted actions and possibly
degenerate matrix valued Dirac weights.

Theorem 7.1 (First Construction, cf. [5]). Let (A,G,«,0) be a twisted C*-dynamical
system with G discrete and (A, H, D) be an odd spectral triple on a unital C*-algebra
A with 7 faithful. Assume G is equipped with a proper matrix valued Dirac weight
l: G — L(V) and that the twisted action on A is also

(1) smooth, in the sense that it restricts to a twisted action on A (namely, a : G —
Aut(A) and o : G x G - U(A)).

(2) equicontinuous, in the sense that

sup |10, (e (a)or (@ )] < o0 (7.1)

for every a € A andy € G.
Then we have an induced even spectral triple (Co(G, A), H, D) on A xg . G with
H=(HAG,V) e HeA(G,V)),

the representation is the direct sum II®IL of the integrated form of the induced covariant
representation (3.14) which is explicitly given by

(ab:) (€ ® 6y ® v) = m(ay-1,-1(a)o(y 27, 2))E ® by ® v

65
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for the basic elements ad, € C.(G, A), v € V and £ € H, and the Dirac operator has
the form
=3 0 D®1€2(GV)_i1H®Ml
D= . ’ . 7.2
<D® legv) +ilag @ M 0 (7:2)

Furthermore, if the weight lAisAnon degenerate and the triple (A, H, D) is non degenerate,
then the triple (C.(G,.A), H, D) is also non degenerate.

Proof. As in [47], most of the properties will follow because we are following the pre-
scription for the exterior Kasparov product. In particular the Dirac operator is a sum
D = Dy + iDs with the two blocks

o 0 D ® 1pqy) o 0 —1lg @ M,
D= (D X IEQ(G,V) 0 » Dai= 1y ® M; 0 )

The smooth algebra C..(G, A) preserves the domain of D and it allows us to estimate the
commutators [Dy,II & II(a)] and [D,II & II(a)], for a € C.(G,.A) separately. Of course
we just have to compute these commutators for elements of the form ad,. It follows by a
straightforward computation that

(v ([D,m(ay-1,-1(a)o(z7 7 2)|n @ 8y @ w
[D17H & H(a5z)] <77 ® 5j® w) = ( [D,w(ay_1x—1(a)a y—lx—17x)]£ ® 5acy Qv

which is bounded by condition (7.1). Concerning the second commutator we have

[D2, T & I1(ad,)] = ( [ ¥ —[1g ® My, 1(ad,) ® 1v] ) _

1H & Ml,H(CL(Sx) & 1v] 0

Now
[1g @ M;,11(ads) ® 1v](§ ® 6y @ v) = I1(ads) (£ ® &y) ® (I(zy) — U(y))v

which is bounded by the property of the Dirac weight. Compactness of the resolvent
and non degeneracy follow from the corresponding statements for the Kasparov exterior
product [10].

O

Remark 7.2. If the spectral triple on A is even with H = H* @ H~, representation

0 D~
— ot - _
T=7"& andD-(DJr 0
(Ce(G,A) H,D) on Ax? .G with Hilbert space H = (H*@(G)oV)®(H™ 2(G)aV)
and the representation II is induced by 7. It is diagonal whose components are induced
by 7*. The Dirac operator is:

~ 1H+ X Ml D™ ® 1@2(0 V)
D = ’ . 7.3
<D+ & 1@2(07‘/) _1H7 & Ml ( )

), then we can construct an odd spectral triple

O

We want now to discuss another similar construction. The most important difference
is the fact that in this second case the spectral triple is assumed being equivariant.
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Theorem 7.3 (Second Construction, cf. [98]). Let (A, G, a, o) be a twisted C*-dynamical
system with G discrete and assume that it is equipped with a proper matriz valued Dirac

weight 1: G — L(V). Let (A, H, D,u) be an odd spectral triple with 7 faithful and sup-

pose that it G-equivariant, namely that there exists a map u: G — U(H) as in Definition

5.25. We have an induced spectral triple

(Ce(G,A), H,D,# x A) (7.4)

on Axg, G with H =H®EG,V)®C? = (HeG,V) e (He A(G,V)), the
representation is the direct sum of the integrated form of the covariant representation

{fr(a)(f Ry Q@v) =7(a) ® g ®v

) (7.5)
A€ ® 6g ® V) = upd ® Opg ® v,

forae A, e HveV and g, h € G defined following the prescription as in Subsection
3.1.4, the Dirac operator D on H by

D=D®1®c +1® M, ® o9

B 0 D®1—ilyg® M, (7.6)
\D®1+ilg® M, 0 ’

where o1 and o9 are Pauli matrices.

Proof. The only non trivial thing to check is that the operator (7.6) has bounded com-
mutators with C.(G, A). First of all we note that

ag(CHP(A)) C CHP(4) (7.7)
for any g € G. Indeed, as m(ay(a)) = ugm(a)u}, any element agy(a) for a € CLP(A)

preserves the domain of D. Then, using the covariance condition, a straightforward
computation shows that

(D, m(0(@))] = = [ug[D, uf], m(ag(@))] + ug[D, m(a)]u. (7.8)

and so the commutator [D, m(ay(a))] is bounded when a € CL?(A). Since A C CLP(A)
by construction, using equation (5.10) it is easy to see that the operator (7.6) has bounded
commutators with C.(G,.A) and so (7.4) is a spectral triple. O

Remark 7.4. Note that, differently from what was discussed in Theorem 7.1, in Theorem
7.3 action « need neither be smooth nor equicontinuous in order to ensure a well defined
and bounded commutation relation between D and A x7 . G.

Example 7.5. If we apply this procedure to the equivariant spectral triple of Example
5.27 where Z is endowed with the proper Dirac weight ¢7: Z — R given by the inclusion,
we just get the canonical spectral triple on the noncommutative 2-torus C(S!) x, Z.
Indeed, we have seen in Theorem 3.19 that the GNS representation H. is isomorphic to
L?(SY) ® ?(Z) and the corresponding multiplication representation of C'(S') x Z goes
precisely to integrated form of the covariant couple (7, 5\), where 7 is the multiplication
operator of C'(S!) and X is defined as in (7.5) for u as in Example 5.27. We also known
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that the Fourier transform of the Dirac weight ¢: Z — R gives precisely the derivation
operator on the circle (see Example 5.46), then the Dirac operator D as defined in (7.6)
goes precisely to the standard Dirac operator (5.12) on the noncommutative torus.

O

The spectral triple (Co(G,.A), H, D, 7)) on A x¢ G as defined in Theorem (7.3) has
been constructed starting from an equivariant spectral triple: as we are going to show,
this triple is also equivariant with respect to the dual coaction of G.

~

Proposition 7.6. Assume o = 1. The spectral triple (Co(G, A), H,D,# x \) is equivari-
ant with respect to the dual coaction & of Example C.9.

Remark 7.7. If the group G is abelian and ¢ = 1, Proposition 7.6 means that the triple
on AxZ .G is G-invariant under the unitary representation V := v@v: G — L(H ) where

v: G — E(H ® (%(@)) is given by

ux (£ ® dg) = X(g)§ ® dg
for ¢ € H, g€ G and X € G.

Proof. Consider C)(G) coacting on itself via the map A(dy) = d; ® d, and the unitary
corepresentation map ©: H ® ?(G) — H ® /2(G) ® C}(G) given by

OE®s,)=Et®6,®6, E(cH geG.

According to (C.8), © is equivalent to the unitary operator X € L(H ® ?(G) ® C*(G))
given by
X({® 0z ®0g) :=E& @ 0z @ Ozg, r,9€ G
In this way H ® (*(G) becomes a C}(G)-equivariant Cf(G)-module. Consider in fact
b=ady € Cc(G, A) and 2 = {®0; € H®C;(G), then by definition b_1) = ady, b) = g,
1) = £ ® 6, and Z(0) = 0p. Next,

O(b>z) = O(m(a)ugé ® 0gz) = T(a)ugé ® dge ® dga
= b=1) > Z(-1) @ b0)Z(0)-
Moreover, it is easy to check that [D ® 1® 1,X] = 0 and [1 ® M; ® 1, X] = 0 so that

[D, X @ X] = 0. Finally, we have that X7 (a) A\, X*(£ ® 0, ® 8,) = m(a)upé @ Opy © dpg for
any x,g,h € G and so

(id ® p)Adx (ady) = ©(Ong)adns € Ce(G, A) C (A X, G)”
for any state ¢ on C(G). O

Remark 7.8. Note that what we have described so far extends to a construction of an
equivariant odd spectral triple on the crossed product starting from an equivariant even
spectral triple.

Let us now discuss the relationships between the two constructions. It turns out that,
under some natural assumptions, they are K-homologically equivalent. Consider the setup
given in Theorem 7.3. It’s easy to adapt the contents of Proposition 3.16 to the case in
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which V is not trivial and then prove that the unitary operator W: H @ £2(G,V) —
H ® (2(G,V) given by

W(E® g ®@v) =m(o(yg, g_l)*)ugé’ ® g @ (7.9)

intertwines the representations of the algebra C.(G,.A) on H in the two constructions, in
the sense that
W )\(adh)W* =7 X /\(aéh)

for any adp, € A g . G. At this point it is clear that the unitary VW = W & W conjugates

the operator D to WDW* = ﬁ%—W[f), W*]. In general this is not a bounded perturbation
of D because the commutators [D, u4] are just pointwise bounded. However, we have the
following result.

Lemma 7.9. Let (A,G,a,0) be a twisted C*-dynamical system and (A, H,D,u) a G-
equivariant spectral triple on A. We have the following facts:

(1) If the commutator [ug, D] is uniformly bounded in norm for all g € G, then the
twisted action o of G on A is equicontinuous in the sense of (7.1).

(2) If (A, H, D,u) is G-invariant, then the action is Lip-isometric in the sense that
I[D, m(ag(a)]ll = [I[D,m(a)]] -
Proof. The second point is a consequence of equation (7.8). To prove point (1), note that

[D, 7 (az(a)o(z,y))] = [D,m (az(a))]x(o(z,y)) + 7(az(a))[D, 7 (o (2,y))]

and so it is enough to prove that [D, 7 (ay(a))] and [D, 7 (o(z,y))] are uniformly bounded
in norm in the x variable. On the one hand, from equation (7.8) we have

1D, m(az(a))ll < 2|[D; ull 7w (@) || + [[D; 7 (a)]]

for any a € A and g € G. On the other hand, since ||[D, u,]|| = H[D,u;]

, we have that

D, 7@, )] = || D7 (e, )| < 3sup [, el
and this concludes. O

The relation between (C.(G, A), H,D,#x ;\) and (C.(G, A), H,D,# 5\) as triples on
A X, G is then easy to understand: if the twisted action is smooth and the commutator
[ug, D] is uniformly bounded in norm for all g € G, then the triple (C.(G, A), H,D,7 x A)
is well defined by Lemma 7.9 and defines the same K-homology class of (Co(G, A), H, D, # x )
since it is just the bounded perturbation of a triple which is unitarily equivalent to it.
Note in particular that, when [D,uy] = 0 for any g € G, then the two triples are well
defined and unitarily equivalent.

Example 7.10. We provide an example of a G-equivariant spectral triple (A, H, D, u)
for which the action is equicontinuous but the commutators [D,uy| are not uniformly
bounded, so that the vice versa of Lemma 7.9 is in general not true. Consider the spectral
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triple (C°°(S1), L2(SY), D = —ia%), denote by « the trivial automorphism of C(S') and
define a unitary operator X on L?(S') by

(Xf)(z) = T f ().

Clearly, the representation M and the operator X commute so (M, X) is a covariant
representation of (C(S'),Z,a) and (C*(S1),L*(SY),D = —ia%,X) is an equivariant
spectral triple. The trivial action is clearly equicontinuous (even Lipschitz isometric).
However, a straightforward computation shows that

[D,X"]f(:v) — _Z'aa <627rinxf(x)) 4 ieQﬂ’inmf/(x) _ 27rn627rinxf(x)7
X
and so ||[D, X"]|| = 27n. This is clearly not uniformly bounded in n € Z. 0

At the end of this section we show that in the equivariant case, even when neither
o nor V are trivial, the spectral triple (7.4) can be understood as the restriction of an
external product of spectral triples. The key point of the construction is the existence of
a morphism
P AxG, G — Axg G CH(G)

such that ¢’y (ad,) = ady ® d4. This map is the twisted version of the one used in [7,
31]. Integrating (m,u) defines a non degenerate representation # x u : A x3 G — L(H).
Let B C L(H) be the (separable) C*-algebra image of m x u. We get a non degenerate
morphism

ba: AxG, G— BeCHG).

The analytical details will be included in the proof of the next proposition. The algebra
B carries a spectral triple (B, H, D) with the same D as the triple on A and smooth
algebra B given by finite sums 3>° c a,U, with ay € A; on the other hand, we consider on
C*(G) the spectral triple (Co(GQ),#2(G) ® V, My, \) constructed with the length function
and regular representation.

Proposition 7.11. The equivariant spectral triple (C.(G, A), H,D,# x 3\) is the restric-
tion via 14 of the product of the triples (B, H, D) and (C.(G),(*(G) ®@ V, My, \).

Proof. We begin by constructing a morphism ¢** : Ax% G — AxZ G®C}(G). This one
exists because is the integrated form of a covariant couple with values in A X7 G® C*(G);
precisely the couple (ja,jg) with

ja:A— AX?G®CHG), jo: G — UAXI G CHQG)),
ar—a®1 g 0g ®dg.

Indeed we have presented the universal property of the twisted crossed product with
respect to covariant representations on Hilbert spaces but we may also use covariant
couples with values in the multipliers of any C*-algebra using Hilbert modules. In practice
we can just represent faithfully Ax%G®C}(G) on a Hilbert space to make the construction
rest on the Hilbert space based definition. To see that ¢** descends to the reduced
crossed product, we adapt the argument in [7]. Fix a faithful representation u : A x¢
G — L(H,) and combine it with the left regular representation A to obtain a faithful
representation p ® A of A x2 G ® C}(G) on H, ® (*(G). Then u corresponds to a
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covariant representation (7#,u*) on H, and (1 ® A) o ¢4** corresponds to the covariant

representation (" ®@Idp (g, u"* ®Ag). On the other hand, we consider the reduced crossed
product as being defined by the covariant representation induced by 7* and we call this
couple (z#, L"), namely

()£ ® ;) = 7 (ap-1(a))E © 0y, LE(E®6y) = (0(y a7, 2))E @ Gy
The unitary
0:H,®*G) — H,*G)
ERog — w“(a(g,g‘l)*)u’g‘ﬁ ® dg
satisfies
OO =" RIdpE and OLLO" =ul @\,

so that © (¥ x LF) ©* = (u® ) 0 ¢4**. This means that the representation (u® \)o p3a*
is unitarily equivalent to the left regular one. It follows that ¢{** descends to an injection
Py Axg,. G— AxgG® Cr(G) defined on the reduced crossed product.

Now it is clear that D on H is a Dirac operator for a spectral triple (B, H, D) because
the starting triple is equivariant. The rest of the proof is straightforward because the
operator D in (7.2) is exactly the product of the amplification of D and the amplification
of Ml- ]

7.2 A KK-Theory Description

In this section we give a more precise description of the constructions presented in previous
section in terms of natural maps in equivariant KK-theory (namely, the Green-Julg map
and the Kasparov descent).

Assumptions 7.12. In this section we fix the assumptions as in Theorem 7.3 together
witho =1 and V =C.

First of all we want to show that the spectral triple (7.4) can be factorized with
the Kasparov product under the Green-Julg isomorphism for discrete groups. Indeed,
the weight [ defines a G equivariant odd spectral triple (C,¢%(G), M;) where the group
action on £?(G) is given by the left regular representation. The Kasparov product of
[D] € KK(A,C) and [M;] € KK$(C,C) is represented by the even G-equivariant triple

on A where H = H ®A€2(G) ® C2, the Dirac operator D is defined as in (5.18), the
representation of A on H is given by (two copies of)

7(a)(§ ® dy) = 7(a)f ® Iy, acA{eHged

and the equivariance is implemented by (two copies of) the representation XG> E(ﬁ )
given by R
An(€ ® dg) == un§ ® dpg (7.11)

for g,h € G. Under the Green-Julg isomorphism, the class of the triple (7.10) is repre-
sented in KK (A x4 G,C) by the triple

(Ce(G,.A), H, D) (7.12)
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where the action of the algebra is now given by (two copies of) the integrated form of
the covariant representation (7%,3\). We have seen that the unitary map W conjugates
the representation of the triple (7.4) to the representation defining the reduced crossed
product and so the spectral triple (7.12), which is a priori just defined on the maximal
crossed product, descends to a triple on the reduced crossed product A x, G.

The spectral triple (7.12) can be seen also as a representative of an interior Kasparov
product as follows. It is known that in bounded KK-theory there is a commutative
diagram

Rext

KK (A,C) x KK&(C,C) KK§(A,C)

lJG x Ig hlc
Qcx(G)

KK1(A %, G, CH(G)) x KK1(C*(G),C) —— % KKo(A x4 G,C).

Here Jg is the Kasparov descent map (see Subsection 4.4.2), I is the Green-Julg
isomorphism, ®c+ () represents the interior Kasparov product and ®ext is the exterior
Kasparov product. This is a consequence of the fact that the Kasparov descent is com-
patible with the product and that it factorizes the Green-Julg isomorphism (see Remark
4.33). We will now show the following fact:

Theorem 7.13. Let [D] € KKlG(A,@) and [M;] € KK (C,C) be classes defined by
two spectral triples as before and let [D] € KK(A x4 G,C) be the class defined by the
spectral triple (7.12). Then

[D] = Ja[D] ®c- () Ia[Mi].

Proof. First of all, let us describe explicitely the image of the equivariant spectral triple
(A, H, D, u) under the Kasparov descent (we take for granted the definitions and conven-
tions in Subsection 4.4.2). From formula (4.13), consider B = C and C.(G) acting on the
right on C.(G, H) by right multiplication:

(§®6g)<]5h ::£®6gh

for £ € H and 44, 0, € Co(G). The completion of C.(G, H) with the C*(G)-valued scalar
product

<£ ® 597 H& 6h> = <£a :u>6g*1h7

as introduced in formula (4.14), defines the right Hilbert C*(G)-Hilbert module H x G ~
H ® C*(G). Using formula (4.15), we see that the representation 7: A — L(H) induces
a representation ¢ of A x G on H ® C*(G) by

$(ady)(§ © bn) = m(a)ug€ @ dgn.

The image of (A, H, D,u) under Jg is then just (C.(G,A),H @ C*(G),D ® 1,¢). To
compute the product of this element together with (C.(G), (*(G), M;, \), we now want to
show that the hypothesis of Theorem 4.22 hold true (as before, we take for granted the
definitions and notations from Subsection 4.4.2).
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Consider B; = C.(G) € B=C*(G) and X; = H® C.(G) C H® C*(G) = X. The
map V: X1 = X @) L(I3(G)) given by

V(E®dg) = (£ @ de) ®c+(a) [Mi, Ag)-
is a connection on Xj as

V(E®dg26n) = V(E® 6gn) = (§ @ e) @c(ay [Mi, Agh]
= (£ ® be) () Ag[Mi, An] + (€ ® be) ®c (i) [Mi; AglAn
= (£ ®6y) @c(@) [Mi, \n] + V(£ ® dg) < 0p.
Actually, an easy computation shows that V is the Grassmann connection on X and so it

is also hermitian. Let us now show that (X, V) is a correspondence from (C.(G, A), H ®
C*(G), D @ L,9) to (Ce(G), 3(G), My, A):

(1) the operator *-module X; C X is clearly a dense subspace of X and the operator
x-algebra By C B is a dense x-subalgebra of B. The inclusions are completely
bounded and compatible with the module structures and inner products.

(2) each b € Bj maps the domain of M into itself and [M;, ]: By — L({*(Q)) is
completely bounded on Bj.

(3) Let us prove that the commutator [1®vy M, ady| is bounded on X @ gY for alla € A
and g € G. A straightforward computation shows that

(1 ®v M, ¢ (adg) ® 1](e ®@p o) = ¢ (adg)e @p Midp, + (V) (¢ (adg)e @p op)
— ¢(a(5g)€ ®p Moy, — (w(aég) (=) 1)C(V)<€ ®B 5h)
= [c(V),¢(ady) ® 1](e @B Op).

In particular, we have that

[C(V), ¢(a69) ® 1] (5 @ 51 ®B 5h) = W(a)ugé‘ b2y 66 QB [Mh )\gz]5h
— m(a)ugé ® 0 @p [Mi, Az]dn
= 7(a)ugé ® 0e @B [M, Ag| Az0p,.

This is clearly bounded.

(4) Instead of proving in full generality that, for any p € R\ {0}, the unbounded
operator
[D®1,10y M) (D®1 —iu)™?

is well-defined and extends to a bounded operator on X ®p Y, we will actually
prove that the commutator [D ® 1,1 ®y M;] is zero. Indeed, [D® 1,1 ® M;] = 0
for obvious reasons and

[D®1,e(V)](§® 0, @B o) = DE® b @p [MiA]0n = 0.
— DE® 6. @p [MiA:]0y,

Following the prescription of Theorem 4.22, we deduce that the operator

(7.13)

_ 0 DR1®1—il®y M,
D®1XVMZ'_(D®1®1+11®VM1 0 )
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on (H®C*(G) @c+(c) 2(G)) & (H @ C*(G) @+ (i) £2(G)) is an even unbounded Kasparov
A—C-module which represents the interior Kasparov product of (C.(G, A), HRC*(G), D&
1,%) together with (C.(G), (?(G), M;,\). To relate this spectral triple with the spectral
triple (7.12), consider the unitary transformation

0: H®C*(G) ®c+(a) P(G) — H@2(G), B(E® 5y @c=(c) On) = €@ gn

which is clearly well defined and its inverse is given by { ® dg — £ ® . ®@c+() dg- We also
denote by ® the map ® ® ® and claim that

D=®D®1xyM)d " (7.14)
Indeed,
D R1+i0y M) H((®y) =P(D®1+i®y M)(E® b ®cx(c) bg)
= ®(DE @ de D (y g 1€ @ e @+ () Midy
+ic(V)(§ @ e @) 0g))
0
= DE ® 64 1§ @ Mo,
=D®1+£i® M)(E®d).
Let us now show that also the representations are unitarily equivalent:
((ady) ® )OHE ® o) = B((ady) ® 1)(€ & de B¢ (c) On
= (I)(Tr(a)ugf ® dg Ko@) on) = W(a)ugg ® Ogh
=73 Ap(E® ).

We conclude then that the Kasparov product (7.13) is unitary equivalent to the spectral
triple (7.12). O

7.3 Finite Summability

Consider the spectral triple (A, H , ﬁ) as constructed in Theorem 7.1 and recall Definition
6.7. We have the following fact.

Theorem 7.14. If the triple (A, H, D) is finitely summable and G has polynomial
growth w.r.t. the proper Dirac weight l: G — L(V'), then also the spectral triple A Xo G
1s finitely summable and

abs((5) < abs((p) + da, (7.15)
where dg is the growth of G. If lim, log(#5n) exists, then the equality in (7.15) holds

logn
true.

We notice that if the group G is finitely generated and [(g) is given by the word length,

log(#Bn)

then d¢g does not depend on the choice of the generators and the limit lim,, ogn exists.

Proof. Let us note that, if T is a positive invertible operator with compact inverse and
we denote by N¢(T') the number (with multiplicity) of the eigenvalues of T' lower than ¢,

we have Ny(T) = #{n > 0: p,(T1) >t} and o(T~ 1) = limsup,_, -, %. Therefore

o log(Ny((1 + D*)'/2))
abs((p) = hﬁiljp o1 :
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0
0 1
where p, resp. v is a singular value of M;, resp. D, we have

Since D? = (1® M+ D?®1) and the eigenvalues of 1® M? + D?®1 are p? + 12

N, ((1+ D)) = 2Nt(\/1 1+M2+D2®1)

and
N,z (,/1 +Mf> N, (\/1 +D2) <N <\/1 ®(1+M2)+D?*® 1)
<N <,/1 + M,Q) N, (Vi+D2),
hence
log(N((1+ D*)'/2))
b =1i
abs(() = im sup o
log (Ni(y/1+ M7))  log (Ni(VI+D?))
= lim sup =+
00 logt logt
<dg +abs((p),
where the equality holds if any of the limits exists. O

Remark 7.15. The hypothesis about the polynomial growth of the Dirac weight guarantees
the finitely summability of the spectral triple on the twisted group algebra (remember
Proposition 6.8). Theorem 7.14 relies on the fact that the exterior product of finitely
summable spectral triples is finitely summable.

Remark 7.16. The proof of the previous result can be easily rephrased for the triple (7.4)
defined in Theorem 7.3 since the representation of the algebra A 7 . G is not involved in
the proof, which just uses the peculiar form of the Dirac operator.

7.4 The Regularity Condition

In this section we discuss the regularity of the triple (7.4) on Axg , G. Recall in particular
the spectral triples

(B,H,D) and (C.(G),*(G)®V,M;,\) (7.16)

where B is the algebra of finite sums }° ¢ agug with ay € A. The completion of B is the
algebra B C L(H ) image of the full crossed product by the integrated form of the covariant
representation (7, u). By Proposition 7.11 the equivariant triple is the restriction of the
product of the triples (7.16). Since the notion of regularity is manifestly well behaved with
respect to the operation of restriction, identifying sufficient conditions for the regularity
of the two factor triples will give sufficient conditions for the regularity of our triple.

Theorem 7.17. Let (A, H, D, m,u) be a G-equivariant odd spectral triple over a unital
C*-algebra A and 1l : G — L(V') a proper Dirac weight.

(1) If the spectral triples (B, H, D) and (C¢ (@), 2(G) ® V, M;) are regular, then the
triple (Co(G, A), H, D, 7x)) on Ax? 0.+ G of the equivariant construction is regular.
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(2) If (A, H, D) is regular and the group action is by order zero i.e. uy € Op°(A) (the
Laplacian being relative to D on H ) assume further that

° [Daug] € OPO(A)

o for every integer k:

(A A, .. [Au]]] and [A[A,...[A,[D,u]]]] € OpF(A)  (7.17)
k times k times

Then the triple (B, H, D) is regular.

(3) the converse of point (2) holds. If (B, H, D) is regular then (A, H, D) is reqular
and the group action satisfies: uy, € Op’(A), [D,uy] € Op®(A) and (7.17) for
every integer k.

Proof. The first statement is clear. Concerning the second one, assume that the triple
on A is regular and denote with £4 its canonical algebra of GDO. Assuming u, of order
zero implies that BW> C W and we can construct the canonical algebra of operators
relative to B as explained right before Theorem 5.24. We call it £5. Now the remaining
assumptions imply that £ D £4 is the canonical algebra of GDO that, according to
Higson’s theorem 5.24 witnesses that the triple over B is regular.

Let’s discuss point (3). For every covariant representation U, = Id so that we have an
inclusion A C B and the triple on A is the restriction of the one on B. It follows that
(A, H, D) is regular. Moreover since A is unital we get all the stated conditions on the
ug’s just by direct examination of its canonical GDO algebra. O

Of course the hypothesis (7.17) are satisfied when the commutator [D,u,] is zero
for any g € G. We present an example in which these hypothesis are fulfilled and the
commutator is non trivial.

Example 7.18 (cf. [29], Section 1.2). Let M be a a smooth compact manifold M with an
integrable subbundle V' C T'M. Let N = T'M/V be the transverse bundle and assume that
both N and V are oriented euclidean even dimensional bundles. Combining a longitudinal
signature operator of order 2 with the usual signature operator in the transverse direction,
Connes constructs a hypoelliptic differential operator Q corresponding to the signature
of M, which modulo lower order only depends upon the Euclidean structures of both
V and N but not upon a choice of Riemannian metric on M. He then defines a first-
order operator D by the equation @) = D |D| and shows in Theorem I.1 that D gives
rise to a spectral triple on the crossed product A = C(M) x ', where T is any group of
diffeomorphisms preserving the triangular structure of V and N. In particular, he also
proves that given a ¢ € I which preserves the foliation V' and is isometric on both V and
N, the corresponding unitary u, and and the commutator [D,u,] belong to Dom®(9).
O

Let us now briefly discuss the nature of the condition [D,u,] € Op’(A) of point (2)
in Theorem 7.17 in the manifold case. Intuitively, it says that the group is acting in an
isometric fashion. Indeed, if we consider the case of an odd Spin manifold, we can show
the following fact, which is certainly well known, but it is proved here for completeness.

Proposition 7.19. Let M be a spin (Riemannian) compact odd dimensional manifold
with spinor bundle S and let U : M — M be a diffeomorphism that is covered by a linear
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map U:S — S which is unitary on the fibers. This means that we have a commutative
diagram
S S

MY .
Let U:T'(M,S) — I'(M, S) be the induced operator on sections:

U

—_

(Us)(x) = (Uz)"s(U(2))

for s € T'(M,S) and x € M. Denote with D the Dirac operator associated to M. We
have U € Op°(A) and it follows that [D,U] € Op®(A) if and only if U is an isometry.

Proof. Since M is compact, U is order zero (it does not involve derivatives) and invertible.
It follows that [D, U] is order zero if and only if the operator A := U*[D,U] = U*DU — D
is order zero. Though U is not a differential operator (it is non local), the operator A
is a differential operator of order no more than one so it will be order zero if and only
if its principal symbol (of order one) vanishes. More precisely let’s check that U*DU is
differential of order one. Following [11], we show that for every fixed section s € I'(M, S)
and ¢ € I'(M, S*) the operator

C*(M) 3 f — p(U"DU(fs)) € C=(M)
is a differential operator. Since U(fs) = (f o U)Us, we can compute
p(U"DU(fs)) = p(U c(d(f o U))Us) + ¢(fU"DUs). (7.18)

Here for a function f we denote with ¢(df) the corresponding Clifford multiplication;
indeed we have used the property of the Dirac operator: D(fs) = ¢(df)s + fDs.

From Equation (7.18) we have that [A, f] is C*°-linear and so A is a differential
operator. The same equation can be used to compute the principal symbol of A: let s be
a section of the spinor bundle and fix a point x = U(y) € M. Then

o' (A)(dsf)se = i[A, f]s|, = iU e(d(f o U))Us — ic(df)s |,
= iU, c(dy,U(d.f)) (Uy)* sz — ic(de f)sa-

The thesis follows quickly because this is zero if and only if we have a commutative
diagram
U
Sy —% SU(y) (7.19)
ey(dyU* (dxf))l ic(de)

S 4~>S
v Uly)
for d,U* the transpose of dU. Let us now show that this means that dU" is unitary: given
a function f such that ||df|| = 1, we have that the linear map c(df) is unitary. Since U
is an isometry, we deduce that c,(d,U" (d,[)) is an isometry so that ||d,U" (df)|| = 1.

Then dU* preserves the norms.
]
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7.5 The Existence of a Real Structure

In this section we construct a real structure on the equivariant spectral triple (7.4),
and present sufficient conditions for the first and second order conditions. The idea
is to employ the tensor product J; ® Jo of two real structures on two spectral triples
(A1, Hy, D1) and (Ag, Ha, Do) which defines a real structure on the tensor product spectral
triple such that the resultant KO-dimension is the sum of the two initial KO-dimensions
(with some minor modifications in the case of a grading), cf. [34]. We will check that this
construction remains valid also in the case of a crossed product extension. We discuss
two cases depending on how the real structure J on the triple (A, H, D, u) interacts with
the map u: G — L(H).

Assumptions 7.20. In this section we assume o =1 and V = C.

7.5.1 First Case (J unitarily invariant)

Let G be a discrete group endowed with a proper Dirac weight I: G — R and (A, H, D, u)
a G-invariant (even or odd) spectral triple on a unital C*-algebra A endowed with a real
structure J of KO-dimension n € Zg which is unitarily invariant, i.e.,

ugJuy = J (7.20)

for every g € G. This is for example the case when the triple discussed in Example 5.27
is endowed with the antilinear operator J; on L?(S') given by the complex conjugation
(which gives a real structure on the triple of KO-dimension 1). We state now our first
main result:

Theorem 7.21. Suppose (A, H, D, J) has KO-dimension n € Zs. If I: G — R satisfies
I(g~1) = —l(g) for all g € G, then the equivariant spectral triple (Ce(G, A),H,D,7taxT)
on A X, G admits a real structure J of KO-dimension n + 1.

In view of Proposition 6.13, a similar result which provides a real structure of KO-
dimension n — 1 holds for weights such that I(g~!) = I(g) for any g € G. However, if we
want also the first order condition, Remark 5.45 and Proposition 6.14 force G to be finite.
As this situation is K-homologically trivial, we will not discuss this case.

Remark 7.22. Applying Theorem 7.21 to the triple in Example 5.27 with real structure
J1, one recovers precisely the real structure on the noncommutative 2-torus as described
for instance in [44, Chapter 12.3].

The proof of Theorem 7.21 is constructive and relies on the following auxiliary map.
Lemma 7.23. Let j: H® (?(G) — H ® (*(G) be the antilinear map defined by
J(€®6y) = uyJE @ Jbg = uyJE ® 641, (7.21)
where Jg is given by (6.6). Then:
(1) j is isometric.
(2) If J? = ¢ then j? = ¢.

(3) 7 maps A xq G into its commutant.
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(1) If DJ =¢€'JD, then (D®1)j ='j(D @ 1).
(5) If l satisfies I(g7') = —I(g) for any g € G, then (1 ® M;)j = —j(1 ® M;).
Proof. Point (1) is clear as both v and J are isometric. To prove point (2) note that
FE®6y) = uf 1 Jub JE @ 8y = ugus J2E @ 6y = £(£ @ &).
Point (3) comes by a straightforward computation: for any a,b € A and g,h € G we have
[#(@)An, 57 (0)Ags | (€ @ 82) = m(a)untgy 1 Jm(B)uug MUE @ Gy
— Upy-1p1 Jr(b)ug  uj,m(a)uré ® Sppg—1
= (@), Jm(thag-1(5))T | un€ @ G
=0
since J satisfies the zeroth order condition. To prove point (4) note that
(D®1)j(§®5g) = DulJE® Gy-1 = e'ufJDER Gy1 = 'j(D @ 1)(€ ® §y)
by the invariance of D. Point (5) is clear. O
We then claim that the equivariant real structure J for D when n is odd is given by
. j:j®cc forn=3,7
. j:j®ccoaz forn=1,5

on the Hilbert space H = HR/GRC? (here cc denotes the complex conjugation operator).
When n is even, the equivariant real structure J for D is instead given by

« J=XJ®Ja forn =0,4
oj:J®JG forn=2,6
on the Hilbert space H = H ® ?%(@), where Jg is the flip morphism defined in (6.6).

Proof of Theorem 7.21. Suppose as a first case that the triple (A, H, D) is odd. The
zeroth-order condition directly comes from the zeroth order condition in Lemma 7.23
and the peculiar diagonal/anti-diagonal form of J. Let us now discuss the triple of signs
(e,¢’,€'): since [ is a homomorphism, j anti-commutes with M; on ¢?(G) and so the real
structure J has the same e sign as J when n = 3,7 and the opposite when n = 1,5.
Analogously, the ¢’ sign remains the same for n = 3,7 and changes for n = 1,5 (that is,
is always +1). Further J is always even with respect to the grading X = o3 when n = 3,7
and odd when n = 1,5. We have therefore checked the theorem for all the possible cases
of (A, H, D) odd.

Suppose now that (A, H, D, J) is an even real triple with respect to the grading X = o3,

H = Hy® H; and
(0 Dy
o (5%

Recall that D is given by (5.24). By the compatibility conditions of J with the grading
X we deduce that J must be of the following form:
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. Jz(jl 0) for n = 0,4,
0 J2

. J:(Q Jl) for n = 2,6.
Jj2 0

So now we have just to check case by case: if n = 0,4 then by assumption

0 Do\ (;n O\ (j1 O 0 Dy
p; 0 ) 0o 4)=\o 5)\ps o)

Using this equation it is easy to check that

1M, Dy®1 71 ® Ja 0 _ 71 ® Ja 0 1M, Dy®l1
Diel —1® M, 0 —j®Jg 0 —pheds) \Diel -1 M,

so that the two triples have different ¢’ signs. The ¢ sign remains the same and this proves
that we get dimensions 1 and 5 respectively. In an analogous way one shows that the
dimensions 2 and 6 go to the dimensions 3 and 7 respectively. O

Remark 7.24. The assumption that [D,ug] = 0 for any g € G is essentially necessary in
order to prove Theorem 7.21. Indeed, suppose there is a real structure J on (A, H, D), so
that DJ = &'JD by definition. An essential step to prove Theorem 7.21 is Lemma 7.23
point (4), namely the fact that

DugyJ = €'ug JJD, Vg € G. (7.22)

These two conditions together imply that D must be G-invariant: indeed, using (7.22)
we see that Duy = e'uy,JDJ ! and so

[D,ug] = e'ugJDJ ' —uy,DJT ' =, (£'JD — DJ)J ' = 0.

Note that this computation is independent of the fact that J is unitarily equivalent, which
is instead an assumption needed to show that J satisfies the zeroth order condition. O

The following results show that the crossed product spectral triple construction is

compatible with the first and second order conditions.

Proposition 7.25. Let G be a discrete group endowed with a proper group homomorphism
I: G = R and let (A, H,D,u) be a G-invariant (even or odd) spectral triple on a unital
C*-algebra A endowed with a unitarily invariant real structure J. If (A, H, D, J) satisfies
the first order condition, then the spectral triple (CC(G,A),ﬁ,B,j) on A xq, G also
satisfies the first order condition.

Proof. We prove the first order condition for (A, H, D, u, J) odd; the even case is similar.
For any a,b € A and g,h € G, the desired commutator

[[D® 144 @ My, 7 x Aady)] , j x Abo)j ]
is equal to the sum of the following two pieces:

C, = HD ® 1,ﬁ(a)5\g} ,jﬁ(b):\hj_l}
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Cy = i | [1 @ My, ()R] , j7(B)Anj ]

We will separately prove that they are vanishing. On the one hand, using the invariance
of D with respect to the action of GG, we have that

C1(€®8,) = [D® 1L, (0)Ag| (w1 Jw(b)und "€ @ G- )
- jﬁ(b)j\hj_l (D7 (a)ugé @ bga — m(a)ugDE ® dga)
= [D,7m(a)]ugyn— Jw(b)th_lu;u;ugf ® dggh—1
— Uggp—1 J7r(b)th_1ngC (D, m(a)]ug @ dgpp—1
= [[D, m(a)], Jugen-17(b)ug,,—1 J_l} Ug€ @ G gz
=0
by the first order condition for J. On the other hand
+iCh(€ @ 6y) = [1® My, #(a)y] (u,m LI (B)und M ® Gy )
#(0) Mg~ (w(a)ugt @ U(g)dge — w(a)ugt @ U(z)dga)
I(zh™ 1)) (@)t 1 IT OV 1 T g€ @ By
(92) = U(x)) ugan—1 IT(b)tty -1 T~ (@) g @ Gyt

As I: G — R is a homomorphism, we have that I(gzh™!) — I(zh™!) = I(gz) — I(x). Then

i (€ © 8,) = (1(gz) — (@) [m(a), Tm(agan-1(6)T | g€ ® By

and this is zeroth as J implements the zeroth order condition. ]

—Jj7
= (Ugah™") -
—(

Proposition 7.26. Let G be a discrete group endowed with a proper group homomorphism
l: G — R and let (A, H,D,u) be a G-invariant (even or odd) spectral triple on a unital
C*-algebra A endowed with a unitarily invariant real structure J which satisfies the first
order condition. If (A, H,D,J) satisfies the second order condition, then the spectral
triple (C.(G, A), H,D, f) on A Xa,r G also satisfies the second order condition.

Proof. Let us focus on (A, H, D,u,J) odd as the even case is similar. With a slight abuse
of notation, let us denote D = D®1+i® M;. To prove the required commutation relation

[D, #(@)MJF[D, 7 (0)Agli~" = JID, #(0)Agli " (D, #(a) An]
we will show that the following four commutators are vanishing:
Ci=[[D®1,#(a
Cy=|[D®1,#(a
Cs = [[2i ® My, #(a)A], §[D ® 1, 7 (b

Cy = [[+i @ My, #(a
for any a,b € A and g,h € G. First, note that:

JID @ 1,7(b)Agli (€ @ 0a) = 1}y 1 J[D, m(b)] g MUt @ Gy
= J[D, (-1 (b)) 1 ® Gp1



82 Chapter 7. Spectral Triples on A X7 . G

and that
I @ My, 7)A€ ® 6,) = Fit s J(b)itg ] € @ 1(g)g
= :FiJﬂ-(a:L‘g—l (b))‘]_1€ ® l(g)(sxg—l

as [ is a homomorphism. It is then easy to see that
C1 = [[D, (@), J[D, w(@pag—1 ()T | uné @ Gpggr

which vanishes since J implements the second order condition. Next, since [(h)l(g) =
[(g)l(h) for any g, h € G, we have that

Cu = [m(a), T (@hag1 ()T | un€ @ UG (M) pagr

vanishes by the zeroth order condition for J. Furthermore, the two mixed terms

Cy =i [[D,7(a)], T (g1 (5))T | uné @ 1(9) By
Cy = i [7(a), J[D, 7(apag—r ()] ™| uné @ U(R)Gpggr
vanish for the first order condition for J. The peculiar diagonal/anti-diagonal form of J

then brings the thesis.
O

7.5.2 Second Case (J twisted invariant)

Let G be discrete group endowed with a proper Dirac weight [: G — R and (A, H, D, u)
a G-invariant (even or odd) spectral triple on a unital C*-algebra A endowed with a real
structure J of KO-dimension n € Zg which is twisted invariant, namely such that

ugJug = J (7.23)

for every g € G. This is for example the case when the triple discussed in Example 5.27
is endowed with the antilinear operator Jo on L%(S') given by Jof(x) = f(—z) (which
gives a real structure on the triple of KO-dimension 7). We will prove the following fact.

Theorem 7.27. Suppose (A, H, D, J)AhaAs KO-dimension n € Zg. If G is abelian, the
G-invariant spectral triple (Ce(G, A), H, D, T2 x I') on A X, G admits a real structure
J of KO-dimension n — 1.

Remark 7.28. The assumption that G is abelian might seem unnecessarily restrictive (and
thus of low interest) compared to the discussion in Subsection 7.5.1, where G need not
be commutative. However, this flexibility is just apparent. Indeed, when we focus our
attention to spectral triples which are non degenerate (a condition that is necessary for
example to have a compact quantum metric space structure) we discover that the hy-
pothesis that [: G — R is a homomorphism as in Theorem 7.21 forces the commutativity
of G (cf. Example 5.39).

The proof of Theorem 7.27 is constructive and relies on the properties of the following
auxiliary map.
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Lemma 7.29. Let G be an abelian discrete group and j: H ® £*(G) — H ® (*(G) an
antilinear map defined by
J(E®bg) = ugJE ® ccdy. (7.24)

Then:
(1) j is isometric
(2) If J* = ¢ then j?> = ¢.
(8) j maps A X G into its commutant.
(4) If DJ = £'JD, then (D®1)j = £'§(D ® 1)
(5) (£i® M)j = —j(+i® M)
Proof. Point (1) is clear as both v and J are isometric. To prove point (2) note that
F2(E®6,) = ugJug JE @ 5y = ugu2J2§ ® g =€(€® dy).
Point (3) is a straightforward computation: for any a,b € A and g, h € G we have
[7(@) A, 57 (0)Ag5 7] (€. 62) = m(@)untiag I (B)ugd " ULE @ G
— Ung T (b)ug ]~ iy (@) Ung @ Sang

= [7(0), Jm(aggy (0) T | un€ @ dug
=0

as J satisfies the zero order condition and G is abelian. To prove point (4) note that
(D®1)j(£®dy) = DugJE @5y = e'ugJDE® 6, = €'j(D @ 1)(€ ® d,)
by the invariance of D. Point (5) is clear as J is anti-linear. O

We then claim that the equivariant real structure J for D when n is odd is given by

e J=j®ccoo; forn=3,7

e J=j®ccoog forn=1,5

on the Hilbert space H=H ® 2G @ C2. When n is even, the equivariant real structure
J for D is instead given by

e J=J®cc forn=20,4
o« J=XJ®cc forn=2,6
on the Hilbert space H = H ® (2(Q).

Proof of Theorem 5.24. Suppose as a first case that the triple (A, H, D) is odd. The
zeroth-order condition comes directly from the zeroth order condition in Lemma 7.29 and
the diagonal/anti-diagonal form of J. Let us now discuss the triple of signs (g,¢’,&"):
from the previous lemma we easily deduce that the real structure J has the same ¢ sign
as J. An easy computation shows that the & sign remains the same for n = 3,7 and
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changes for n = 1,5 (that is, it is always +1). Further J is always odd with respect to
the grading X = o3 when n = 3,7 and even when n = 1,5. We have therefore checked
the theorem for all the possible cases of (A, H, D) odd.

Suppose now that the real triple (A, H, D, J) is even with respect to the grading X
and suppose that X = 03, H = Hy & H; and

(0 Dy
o= (5 ™).

By the compatibility conditions of J with the grading X we deduce that J must be of the
following form:

. Jz(h 0) for n = 0,4,
0 Jo

. J:(Q ]1> for n = 2,6.
J2 0

Now we check case by case. If n = 0,4 then by assumption

0 Do\ (s O\ (41 O 0 Do
Dy 0 0 j2) \O0 j2)\D5 O

and, recalling that D is given by (5.24), we get

1® M, Dy®1 IRt 0 _ n1®l1 0 1® M, Dy®1

Dyl —1® M, 0 J2®1 0 jo®1) \Dyg®1 —1®@M)"
Thus the triples on A and on A %, G have the same sign &’. Also the sign e remains
the same, but since the grading disappears, the dimension 0 (or 8 mod 8) goes to 7 and

the dimension 4 goes to 3. In an analogous way one shows that dimensions 2 and 6 go to
dimensions 1 and 5 respectively. O

The following results show that the crossed product spectral triple construction is
compatible with the first and second order conditions.

Proposition 7.30. Let G be an abelian discrete group endowed with a proper first-order
Dirac weight 1: G — R and let (A, H, D,u) be a G-invariant (even or odd) spectral triple
on a unital C*-algebra A endowed with a twisted invariant real structure J. If (A, H, D, J)
satisfies the first order condition, then (Co(G,.A),H,D,J) also satisfies the first order
condition.

Proof. We prove the first order condition only for (A, H, D,u,J) odd; the even case is
similar. For any a,b € A and g, h € G, the desired commutator

[D® 140 @ My, 7 x Aady)| , j x Ab3)j ]
is equal to the sum of the following two pieces:

C, = HD ® 1,ﬁ(a)5\g} ,jff(b):\hj_l}
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Cy = i | [1 @ My, ()R] , j7(B)Anj ]

We prove that they are separately vanishing. On the one hand, using the invariance of D
with respect to the action of GG, we have that

C1(€®8,) = [D @ 1L,i(@)Ag| (e w(b)und "€ @ Ge )
- jﬁ'(b)j\hj_l (D(a)ugé ® bga — w(a)ugDE © 0gq)
= [D, w(a)|uggnJm(b)upJ T uiE @ Sy
- uxghjﬂ(b)uhj_l ’ [D m(a)|ugé @ Szgn
= [[D. (@), T g7 () ttgn T | g€ @ S
0

since J implements the first order condition. On the other hand
+iCh(€ @ 8y) = [1® My, (@) Ag| o Jm(B)und 1 usE @ g
'ﬁ(b))‘h] ! (m(a)ugl @ U(xg)dzg — m(a)ugl @ U(2)dgg)
—l(zh)) ™ (a)uxghjﬂ(b)uhjiluif ® Ozgh
( ) ( )) u:cghjﬂ(b)uh‘]_lu;kc W(a)ugé ® 5xgh-
Since [: G — R is of first order, we have that I[(zgh) — l[(xh) = [(xg) — I(z). Then

)
+iCh(§ @ 8;) = (U(zg) — 1(x)) (@), Tr(aggy (0) | ug @ dugn
which is zero since J implements the zeroth order condition. O

Proposition 7.31. Let G be an abelian discrete group endowed with a proper first-order
Dirac weight I: G — R and let (A, H, D,u) be a G-invariant (even or odd) spectral triple
on a unital C*-algebra A endowed with a twisted invariant real structure J which sat-
isfies the first order condition. If (A, H,D,J) satisfies the second order condition, then
(C.(G, A),H,D,.J) also satisfies the second order condition.

Proof. Let us focus on (A, H, D,u,J) odd cause the even case is similar. With a slight
abuse of notation, let us denote D = D ® 1+i® M;. To prove the required commutation
relation

(D, () M]5[D, #(B)Ali ™" = J1D, 7 (0)Ag]j D, #t(a) )

we will prove that the following four commutators are vanishing:
C1 = [[D@ 1,7\, J[D @1, 7(5)Ag)i 7]
Cy=|[D®1,#(a

Cs = |[£i ® My, #(a)Mp], §[D ® 1, #(b

Cy= >[:|:2‘ ® M, 7(a
for any a,b € A and g,h € G. The diagonal/anti-diagonal form of J then brings the
thesis. First of all note that:

D@ 1,7 (0)A]i (€ @ 62) = uge J[D, m(b)]ug ~ u€ @ by
= J[D,m(g, (0)]J '€ ® 84
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and that
i @ My, 7(0)Ag)i (€ ® 6,) = FiugeJm(D)ug 1uié @ 1(g)dys
= FiJay, ()J ' ®1(9)dga

as [ is of first order. It is relatively easy then to compute
C1 = [[D,m(@)], J[D, m(a g, ()T "] uné @ Gnga

that vanishes since J implements the second order condition. Furthermore, as ((h)l(g) =
[(g)l(h) for any g,h € G, we have that

Cu = [m(@), Tn (g, (0))T | wné @ Ug)(P)Onge
vanishes since J implements the zeroth order condition. Finally, the two mixed terms

Cy = Fi [[D,7(0)], Jr (0 (1)) | uné @ 1(9)Onge
Cy = i [7(0), J[D, 7(0 gy (0] ™| € @ U(R) O

gx

vanish by the first order condition for J.

7.5.3 Equivariant Real Structures

In the previous two subsections we constructed real structures J and (for abelian G) J
on (C.(G, A), H, D) starting from a real structure .J on (A, H, D, u) which is suitably G-
invariant. In this subsection we give a unifying picture interpreting the relations between
J with u in terms of the (unitary) action of the Hopf x-algebra CG endowed with a suitable
x-structure. This will explain the reason why in the case of J we must assume the group
is abelian. Furthermore, we will show that in both cases J and J are equivariant under
the dual coaction of CG consistently with J.

Definition 7.32 (cf.[100]). Let H be a Hopf *-algebra and (A, H, D) an H-equivariant
spectral triple over the H-module C*-algebra A. A real structure J is said to be equiv-
ariant if there exists a dense subspace V. C H such that for any h € H

Jhe J7t = (Sh)*> (7.25)
as operators on V.

We can now explain the commutation relations (7.20) and (7.23) between J and ug
as the 7{-equivariance in the sense of Definition 5.32 corresponding to the two different
s-structures (C.1) and (C.2) respectively on the Hopf algebra H = CG as in Example
C.2. In the first case we use the obvious actions of CG on H and A

h> €& = upk, g>a=o4(a)

to make A a CG-module algebra and H a CG-equivariant A-module. Then equation
(7.25) for the #-structure (C.1) on CG becomes

JugJ_1 = U(gg)x = Ug
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which means precisely that J is unitarily invariant (7.20). In the second case (when G is
abelian) we use the (less) obvious actions of CG on H and A

h>§&=upk, gr>a=az1(a)

to make A a CG-module algebra and H a CG-equivariant A-module. Then equation
(7.25) for the #-structure (C.2) on CG becomes

-1 _ _ %
Jugd ™" = u(gg) = ug-1 = ug

which means precisely that J is twisted invariant (7.23). Note that in both cases the
compatibility condition (C.3) holds true.

With this unifying picture, we summarize the two constructions of this section in the
following table:

Group G Discrete Discrete and abelian
x-structure on CG *0g = 0g-1 *0g = Oy
Equivariance of J ugJug = J ugJug = J
weight [: G — R homomorphism constant 4+ homom.

auxiliary map j | j(§ ® dy) = ujJE@ g1 J(E®Gy) = ugJE @ dy

j®cc j®ccooy 3,7
real structure on R j®ccooy N j®cco oy 1,5
(CC(GaA)aHvD) J = XJ@JG J = J ® ce forn = 074
J®Ja XJ ® ce 2,6

KO-dim n+1 n—1

Let us now prove that the real structures J and J are equivariant for coactions of G.
First, we need a definition.

Definition 7.33 (cf. [15]). Let (B,H,D,X) an (even or odd) spectral triple equivariant
for coaction of G as in Definition 5.33 and let X € L(H ® C}(G)) be the unitary corep-
resentation of G on H. A real structure J on (B, H, D,X) is said to be equivariant for
coactions of G if

(JoxX=X(J®1) (7.26)
on H® loxq-

Proposition 7.34. Let G be a discrete group endowed with a proper group homomorphism
I:G = R and (A, H,D,u) a G-invariant (even or odd) spectral triple on a unital C*-
algebra A endowed with a unitarily invariant real structure J. The real structure J on the
equivariant spectral triple (C.(G, A), H,D,# x 5\) on A Xqa, G defined in Theorem 7.21
is equivariant for the dual coaction of G.

Remark 7.35. If G is abelian and the dual coaction & is Fourier-transformed into the dual
action of G, one can show that if J is unitarily invariant then J is also unitarily invariant
under the action V given in Remark 7.7.
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Proof. For any £ € H and g € G we have
(J@*)X(E®0;®0) = (] ®*)(E® 0y @) =uyJER Gg—1 @ 51
= X(ugJE ® 641 @ de)
=X ®dy) @ de).

The diagonal/anti-diagonal form of J leads to the thesis. O]

Proposition 7.36. Let G be a discrete abelian group endowed with a proper Dirac weight
I:G — R and (A, H,D,u) a G-invariant (even or odd) spectral triple on a unital C*-
algebra A endowed with o twisted invariant real structure J. The real structure J on the
equivariant spectral triple (C.(G, A), H,D,# x 5\) on A Xq, G defined in Theorem 7.21
is twisted invariant.

Proof. Noting that juox = vyj since characters X € G are complex-valued, the diagonal /anti-
diagonal form of J leads to the thesis. O

7.6 The Existence of an Orientation Cycle

In this section we induce an Hochschild orientation cycle on the triple (7.4) from an
Hochschild orientation cycle on the triple on A. The first step is to properly define a
group action on Hochschild chains.

Assumptions 7.37. In this section we assume o =1 and V = C.
Definition 7.38. Let (A, G, ) be a C*-dynamical system. For every Hochschild n-chain
c=>Y(ap®b) ®a1 @ - Ra, € Cp(A® AP A), we define

ag(c) = Z(ozg(ao) ®@by) ® aglar) @ @ ay(an) (7.27)
and say that ¢ is G-invariant if ay(c) = ¢ for every g € G.

Remark 7.39. For any Hochschild n-chain ¢ we have that bay(c) = a4(bc) by the definition
of the Hochschild boundary. In particular, if ¢ is a cycle then o4(c) is also a cycle.

In equation (7.27) the elements by play no essential role. When dealing with the
orientation property, this is reflected in the following fact.

Lemma 7.40. Let (A, H,D,X,u) be a G-invariant real spectral triple on A with a uni-
tarily invariant real structure J and let ¢ = Y (ap ® by) ® a1 ® - -+ ® ay, be a Hochschild
cycle in Cp(A® AP, A). Define

Cg = Z(ao R ag(by)) ®a1 ® - ®ap (7.28)
for any g € G. Then mp(cy) = Adug o mp(ay(c)).

Proof. Using the fact that [D,ug] = 0 for any g € G and that Juy = u,J for any g € G,
we have that

p(cg) = Y m(ao)Jm(ag(bo)*)J D, m(a1)] -+ [D, m(an)]

= ug Y m(ag(a))Jm(by)J (D, m(ag(ar))] - [D, m(ag(an)))u
= Adugy o mp(ay(c)).

(
)

*
g
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Theorem 7.41. Let G be a discrete group and l: G — R a proper homomorphism. Let
(A, H,D,u) be an (even or odd) G-invariant spectral triple on a unital C*-algebra A
and J a unitarily invariant real structure. Then:

(1) If the triple (A, H, D) is om'entablg aﬁd the orientation cycle ¢ is G-invariant, then
the real spectral triple (Co(G, A), H,D, 7 x A\, J) on Axq,G admits an orientation
cycle ¢.

(2) If c is a strong orientation cycle, then ¢ is also a strong orientation cycle.

As suggested in [111, Chapter 6], the idea of the proof is to twist the prescription described
in [34], where the shuffle product is used to create a cycle on a tensor product spectral
triple.

Definition 7.42. For any Hochschild n-chain
c= Z(ao®bo)®a1 ®--®Qap € Cp(A® AP A)

and any l-chain 6 = Y (0, ® 0p) ® §y € C1(Q ® Q°P,Q) for Q@ = Cr(G), we define
their twisted shuffle product as the Hochschild (n + 1)-chain in Cp41(B @ B°P, B) for
B=A®C:G):

¢Xo 6= (400 @bodp) @65 © a1 @ --- D ay,

+ Y (177 (a0dy @ bodn) ® ap(ar) @ -+ @ aplaj—1) @6 @ a; @ - @ ay,
=2

+(—1)" Z(ao(sg ® bodp) @ Ozf(al) K- Q ch(an) ®dy.

Note that for simplicity we denote by a the element ad. and by d; the element 140y.
Under the assumption of covariance, namely that d,a = ay(a)d, for any a € A and g € G,
the twisted shuffle product also defines a chain over the crossed product A x,, G. Note
also that if a = id then the twisted shuffle product is really the shuffle product of the two
chains as defined in [67, Chapter 4.2] (up to a sign depending on the length of the chain).

Proposition 7.43. For any G-invariant ¢ € Cp,(A® AP, A) and any § € C1(QRQ°P, Q)
we have that

b(cXqd) =beXgd+cxbd (7.29)

as chains over A X, G.
Proof. By bilinearity, we can suppose that ¢ and § are pure tensors:
c= (a0 ®by) ®ar @ - @ an, 6 = (dg @ 0n) @ dy.
Since b0 = dgr @ 0, — 05g ® 0, € Q ® Q°P, the untwisted shuffle product with c is equal to

c>4b5:(a059f®bo<5h)®a1®--~®an

7.30
—(aoéfg®b06h)®a1®---®an. ( )
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For the sake of simplicity, we set m = agdy ® body, and write ¢ X, d in Definition 7.42 as
CXo 0= Z”H ¢;. Let us compute be; for every j =1,...,n + 1. First,

b01 = (a05gf ®b05h) ®a1 & - ®an
—m®5fa1®a2®--'®an
- . 7.31
) ()T ®- - Qaitin © - @ ap (731)
+(-D)"Mamei@a ® @ ap_1.

Next, for j = 2,...,n we have:

be = (1) 'meap(a) @ @5 ®a; @ - @ay
j—2
+ Z(—l)l'w—lm Qaf(a) @ ®ap(aiaivr) @ -
=1

CRaf(aj—1)®IF®a;® - Rap
1) =) Mm@ ap(ar) @ - @ap(aj-1)6; @ a; @ @ ap
1) N =1Ymea(ar) @ @ ap(aj_1) @dra; @ @ ay

- - -
I —~

(-D)""meap(a) @ @ap(aj_1) @5 ®@a; @ ®@aiai41 @ @ ay
J
)" 1) T aam @ ap(a) @ - @ ap(aj1) @0 ®a; ® - @ an

N .

_l’_

with the convention that for j = 2 the first summation is neglected. Finally:

bepyr = (—1)"m ®@ ayr(ar) @ ay(az) @ - @ ay(an) @ of

(7.32)
—1)"m@agp(ar) @ - Q@ agplan—1) @ arlan)dy

—1
Z D'm®ag(ar) @ @ ap(aiai) © - © ag(an) @ o
( 1
(*1)n+1 (0rapdy @ bodp) @ af(ar) @ -+ - @ agp(an).

Since drapdy = ay(ap)dsy and the cycle ¢ is G-invariant, the last line of (7.32) can be
rewritten as

—(aéfg X bo(sh) XKal Q- - an

Together with the first line of (7.31), these summands are precisely ¢ x b (see (7.30)).

The two central lines of every bc; for j = 2,...,n form a telescopic summation that,
together with the second line in (7.31) and the third line in (7.32), sum up to zero. What
remains is precisely bc X4 9. O

We can now prove the main theorem of this section.

Proof of Theorem 7.41. Since the Dirac weight [ is proper, there exists g € G such that
l(g) # 0. Consider then the Hochschild 1-cycle

A= (8,1 ®0:) @34 € C1(Q ® Q°P,Q).
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If ¢ is the G-invariant orientation cycle of the triple (A, H, D, J, u), then the twisted shuffle
product ¢ X, Ay is also a cycle by Proposition 7.43. We will show that the normalized
shuffle product

1
¢ = MC Ao Ag (733)

is an orientation cycle for the triple (CC(G,A),ﬁ,ﬁ,ﬁ X\, ) on A X, G, where the
normalization factor M is given by

_[=il(g)(n+1) if (A, H, D) is odd
B {l(g)(n +1)  if (A, H, D) is even.

Indeed, since
CNO‘AQ :Z(a059—1 ®b0)®5g®a1®...®an

) (=177 (apb,-1 @ bo) @ aglar) ®@ -+ @ aglaj—1) ® 6 ® a; @ - @ ay
=2

+(=1)" Y _(aody—1 ® bo) @ aglar) @ -+ @ aglan) ® b

we have that

with a slight abuse of notation (7 denotes two copies of the representation 7 and A two
copies of \).

Consider the case when (A, H, D) is odd and thus (C.(G, A), H, D, # x X, J) is even.
Then R o
[D,#(a)] = [D,7(a)] ® 1 ® 071, )‘Z[D>)‘g] =1(g9) ® 1 ® 09,

for any a € A and ¢g € G. In particular 5\;[5, #(ag(a)))Ay = [D,7(a)] ©1® oy and so

(e Xa Ag)(€ ® 8 @) = U(g) Y m(ao)Im(az ' (b5))J ' [D, m(a1)] -+ [D, m(an) € @ &,

n
® (020{‘ + Z(—l)j_laflaga?ﬂﬂ + (—1)"0?02) v
j=2

by the zeroth order condition of .J. The summation in the brackets is just (n+ 1) times
o907 which is —i(n+ 1)o3 as n is odd, by the properties of the algebra of Pauli matrices.
The factor

> _m(ao)Jm(az ! (05)J D, m(a1)] -+ [D, m(an)] (7.34)
is just mp(c,—1) (according to the notation of (7.28)). By Lemma 7.40 this is Adu} o

7p(azt(c)). Since ¢ is G-invariant and 7p(c) = idy we deduce that (7.34) is trivial.
Then since o3 = X, the normalization factor brings the thesis.
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Consider now the case when (A, H, D) is even and thus (Co(G, A), H, D, # x X, J) is
odd. Then
[D,#(a)] = [D,m(a)] ®1,  AG[D,A] =l(9)(X®1),

for any a € A and g € G. In particular, \:[D, #(ay(a))]Ay = [D,7(a)] ® 1. Since
X[D,m(a;)] = —[D,m(a;)]X
we get
m5(e Xa Bg) = 1(g) Y w(ao)XJw(b5)J D, m(ar)] - - [D, w(an)]®
® (1 + 22(—1)”(—1)]"1 + (—1)”(—1)")

= U(g)(n + )X (3 w(ao) Jx(b5)J ' [D, ()] -+ [D, m(an)] ) @1

X

by the zeroth order condition for J. Since X2 = idy by assumption, the normalization
factor M completes the proof. O

Remark 7.44. The method of the twisted shuffle product is not suitable for the case of
the x-equivariance: indeed, the shuffle product sums the degree of the Hochschild chains
that are multiplied and it is not possible to pass from dimension n to dimension n — 1
(apart from multiplying a hypothetical 7-cycle whose existence is not guaranteed).

Example 7.45. Applying Theorem 7.41 and formula (7.33) to the triple in Example
5.27, one recovers (up to a multiplicative constant) the standard orientation cycle on the
noncommutative 2-torus as described in [44, Chapter 12.3]. Indeed, if we regard C(S?!)
as the C*-algebra generated by U = 2™ with ¢ € S!, then ¢ = U*®U is a Hochschild
orientation 1-cycle for the spectral triple over C(S') as defined in Example 5.27. Doing
the shuffle product with the 1-cocycle 6 = V*®@ V' (where V' is the generator of the action
of Z) we have by definition

cxS=UVVeU-UV @aU)aV
—UV'RVeU -0 vieUeV
=UV*QVeU -VU*QUV
which is equation (5.14) up to a constant. 0

After having constructed an orientation cycle ¢ on the equivariant triple (C.(G, A), H , ﬁ),
we now examine its equivariance for the coaction of G in a suitable sense.

Definition 7.46. Let 6: B — B ® C}(G) be a coaction of G on a unital C*-algebra B.
For any Hochschild chain ¢ = (b @ p) @ b1 ® - -- ® by, € C,(B ® B°P, B), we define

5(e) == Y (bo-1) @) @ by—1) @+ @ by_1) ® (bo(o) ** bu(o) ) € Cu(B & B, B) @ C5(G)
(7.35)
using the Sweedler notation (C.5). We say that ¢ is d-invariant if 6(c) = c® 1.
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Proposition 7.47. Let G be a discrete group and l: G — R a proper homomorphism. Let
(A, H,D,u) be an (even or odd) G-invariant spectral triple on a unital C*-algebra A, J a
unitarily invariant real structure and ¢ a G-invariant orientation cycle. The orientation
cycle & of (C.(G, A), H, D) given in (7.33) is invariant for the dual coaction @.

Proof. Let us write cxoAy = Z?ill ¢; as a shorthand notation and recall that by definition
a(ady) = ad,®d, for any ad, € Ce(G, A). Concerning c; = Y- (apd,-1®bp)R0,Qa1®- - -Qay,
we have by definition

aler) =3 ((a08,-1 @ bo) © 0y @ a1 @ -+ @ ) @ (51090 -+ 5e) = €1 @ .

The other cases are similar; any factor ad. € C.(G, A) of ¢; brings a trivial contribution
to the piece in C;(G). Since any c¢; contains precisely one term J, and one term §,-1, the
total contribution is trivial. d

Remark 7.48. If G is abelian, then the orientation cycle ¢ given in (7.33) is indeed invariant
under the dual action & of the Pontryagin group G as in Definition 7.38.






Chapter

Conclusions

In this thesis we have proposed two constructions of a spectral triple on a twisted crossed
product A X7, G and we have investigated some of the Connes axioms for a spectral
manifold. In both cases we have used as a building block a spectral triple on the twisted
group algebra C; .(G), defined via a matrix-valued Dirac weight function I: G — L(V),
for which we have given full results about the regularity condition, its summability and
the existence of a real structure. These results have been successfully reproduced when
dealing with the triple on Ax7 .G, even though some of them require some more restrictive
assumptions (e.g. on the cocycle or the dimension of the vector space V).

Between the two aformentioned constructions, the one developed in Theorem 7.3 has
been proved to be more directly connected to KK-theory, giving in particular a preliminary
insight (Proposition 7.11) into the reason why the original ansatz made in [47] for the
exterior Kasparov product makes their construction work. Note that it is precisely thanks
to the external Kasparov product that we are able to extend to the triple on A %7 . G
some of the Connes axioms originally assumed on the triples on A and on Cy,(G), such
as the real structure and the regularity condition.

Although passing through the exterior Kasparov product is a rather direct strategy,
some of the results obtained depend heavily on the exact commutation of the operator D
with the representation u of the group G on H, a hypothesis which forces the action of
the group to be Lipschitz isometric (and in particular equicontinuous). This hypothesis
seems to be very difficult to work without: as noted in Remark 7.24, the triviality of the
commutator may be unavoidable. Furthermore, apart from the summability condition
(Section 7.3), which depends on the Dirac operator but not on the representation of the
algebra, the problem of obtaining these structures and properties when the starting triple
is not equivariant is still unsolved.

When constructing the building block spectral triple on C ,.(G), we have assumed the
existence of a length-type function on a discrete group, inspired by the (Fourier transform
of the) canonical spectral triple on the circle. As noted in Remarks 5.44 and 5.45, these
elements are not free from difficulties. The generalization of our results from a Dirac
weight with scalar values to a Dirac weight with matrix values has led to serious technical
problems, mostly related to the fulfillment of the zeroth order condition of the candidate
real structures. Furthermore, it is not completely clear how far the construction of the
triple on the twisted crossed product can be generalized when the building block spectral
triple is given by an arbitrary element in K K%(C,C) with G not necessarily discrete.
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It would be desirable to produce a construction encompassing the locally compact case
as well. However, our approach relies on the Green-Julg map in KK-theory for discrete
groups and it is not clear how to overcome this obstruction.

In summation, we have constructed spectral triples on a crossed product A %7, . G
starting from a spectral triple on A which is equivariant with respect to a (twisted)
action of G. We have found that, whenever this action is sufficiently regular, the spectral
geometry on A can be naturally promoted to the triple on A xg . G. How to control
the situations when the interaction of the group with the spectral triple is badly-behaved
remains a challenging and interesting open question for future research.
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Appendix

Hilbert C*-Modules

In this appendix (which is mainly based on [16, 53, 65, 92]) we shall give a brief account
of definitions and properties of Hilbert C*-modules.

Definition A.1. Let A be a C*-algebra and X a complex vector space which is also a
right A-module. We say that X is a right pre-Hilbert A-module if it is equipped with a
pairing (-,-)a: X x X — A which is C-linear in the second variable and such that:

(1) (z,y-a)a=(z,y)a-a
(2) (z,y)a = (y,2)a
(3) (z,x)4 >0 (as an element of A)
(4) (x,x)4 =0 implies x =0
for all z,y € X and a € A.

We say that X is a left A-module if satisfies similar properties with respect to an
action A x X — X and we write X4 or 4 X to emphasize whether we are regarding X as
a right or a left A-module. We put the label A on the right on the symbol (-,-) both to
recall that the scalar product is A-valued and to denote in which entry it is A-linear.

Definition A.2. We say that a (right) pre-Hilbert A-module X is a Hilbert module if
it is complete in the norm |||, = H<$,{L‘>AH% The Hilbert module is full if the ideal
I :=span{ (x,y)a | z,y € X } is dense in A.

Example A.3. Let A be a C*-algebra. We can regard A as a module over itself by
right multiplication. Furthermore, A is a full Hilbert A-module with respect to the inner
product

{a,b) o = a”b.

Note that fullness comes from the existence of approximate units. a

Example A.4 (Direct Sums). Let A be a C*-algebra. Suppose that X and Y are Hilbert
A-modules. Then Z = XY is a right A-module in the obvious way. The quantity defined
by

<(1:a y)a (‘rla y,)>A = <CC, l‘/>A + <ya y>A

is an A-valued inner product on Z which makes it a Hilbert A-module. O
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Example A.5 (Standard A-Module). As a special case of the sum construction, we allow
also infinite sums in the following way. Let E be the space of sequences a = (ay,)pen Wwith
values in A that are eventually 0 and define the pairing

+oo
(a,b)4 = Z ay by,
n=1

By construction this is a finite sum and so it is well defined. Then FE is a pre-Hilbert
A-module under the right action a - a = (ana)neny and the Hilbert A-module obtained
by norm completion is denoted by H,. Note that H4 with A = C is just the Hilbert
space £2(N).

O

While in a Hilbert space every bounded operator admits an adjoint, this is no longer
true for Hilbert modules (see [92, Example 2.19]): it turns out that the the right notion
of morphisms for Hilbert modules is the following.

Definition A.6. Let X,Y be Hilbert A-modules. A map T: X — Y is adjointable if
there exists a map T*:Y — X such that

(Tx,y)a = (2, T y) 4

for every x € X and y € Y. The map T* is called the adjoint of T. We denote by
LA(X,Y) the set of all adjointable operators from X toY and write L4(X) for La(X, X).

Proposition A.7 (cf. [92]). Let X,Y be Hilbert A-modules. Every adjointable map
T: X — Y is bounded and A-linear.

It is easy to prove that the space £4(X) has all the expected properties, for instance:

1) If T € L4(X) then the adjoint 7™ is unique and still belongs to £4(X) with 7** = T..

(1)
(2) IfT,S € L4(X), then TS € L4(X) and (T'S)* = S*T*

e quantity = sup — || 4, 1s a norm that makes L 4 a Banach space.
3) Th ity || T ezt 1T 4 1 hat makes £.4(X) a Banach
(4) With the x-structure given by adjointion, the space £4(X) is a C*-algebra.

We want now to find the analogues of compact operators on a Hilbert space for Hilbert
modules. It turns out that the right way passes through the well known fact that the set
of finite rank operators on a Hilbert space H is dense in K(H) and is linearly spanned by
the rank-one projections (see for instance [75, pag. 55 — 56]).

Definition A.8. Let X and Y be Hilbert A-modules. For every x € X and y € Y we
define ©y ,: X =Y by
Oyz(2') =y (z,2") 4

This map is adjointable with ©y, = O} , and we denote by Ka(X,Y) the closed linear
subspace of LA(X,Y) spanned by the elements O, , for x € X,y €Y.

Proposition A.9. K4(X) is a closed two-sided ideal in L4(X).

Proof. See [92, Lemma 2.25]. O
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A.1 Tensor Products of Hilbert Modules

Let us now discuss the tensor product constructions of Hilbert modules.
A.1.1 Internal Tensor Product

Let X7 and X5 be Hilbert modules over C*-algebras B; and By, respectively. Let ¢: B —
Lp,(X2) be a x-homomorphism and regard in this way Xo as a left Bj-module. The
algebraic inner tensor product X; ®, X» is defined as the free vector space generated by
elements of the form z1 ® x9 such that

(x1-b) @z =21 ® (b- x2)

for b € B;. This is a right Bp-module by setting (z1 ® x3) - b = x1 ® x2b. We define a
Bs-valued inner product on the tensor product by

(21 @ x2, 51 @ Y2 B, = (w2, 0((21,91) B )Y2) , (A1)

We consider the submodule NV of vectors in X7 ©, X2 of length 0 with respect to the
inner product (A.1); the internal tensor product X; ®, X» is the completion of the
algebraic tensor product X; ©, X2 quotiented by N with respect to the inner product
(A.1). This tensor product is sometimes denoted also by X; ®p, Xos.

Note that if ¢: By — By is a *-homomorphism, then By ®, B is isomorphic to
the closed right ideal ¢(B;1)By of By generated by Bj. In particular, if ¢ is a unital
homomorphism of unital C*-algebras (or, more generally, if ¢ is essential in the sense

that p(B1) contains an approximate units for By), then By ®, Bs is isomorphic to Bs.

A.1.2 External Tensor Product

Let X7 and X5 be Hilbert modules over C*-algebras By and Bs, respectively. The alge-
braic external tensor product X7 ® X» is defined as the free vector space generated by
elements of the form x; ® x9 such that Az; ® xo = x1 ® Axo for any A € C endowed with
a right module over the algebraic tensor product By ® By by

(xl &® wg)(bl & bg) = 21b1 ® T9bsy (A2)
for x; € X; and b; € B;. We define a B; ® Bs-inner product on X7 ® Xs by

(z1 @ 22,91 @ Y2) BrwBy = (T1,51) 5, @ (T2, 92) . (A.3)

We consider the submodule N of vectors in X7 ® X5 of length 0 with respect to the inner
product (A.3); the external tensor product X; ® X5 is the completion of the algebraic
tensor product X; ® Xa quotiented by N with respect to the inner product (A.3).

A.2 Graded Algebras and Modules

Definition A.10. Let A be a C*-algebra. A grading on A is a *-automorphism 3 such
that B2 = ida; we say that A is Zo-graded if it admits a grading.

When A is Zs-graded, it decomposes into the eigenspaces of 3, i.e. A = Ay P A
where Ag:={a€ A|B(a)=a} and A; :={a € A| B(a) = —a}. Note that this is just
a Banach space decomposition; in particular Ag is a C*-algebra but A; not. An element
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a which is in A; for j = 0 or 1 is called homogeneous; in this case the index j is called
its degree and we write deg(a) = j. Note that if a € A; and b € Aj, then ab € A;;
where the sum i + j is taken in Zy. Given a € A = Ay @ Ay, we denote by a = a(® 4 1)
the decomposition of a; in this case, the action of § is given by B(a(o) + a(l)) = a0 — M),
The graded commutator of a Zs-graded C*-algebra A is defined to be the unique
bilinear map [,-]: A x A — A satisfying [a,b] = ab+ (—1)7ba for a € A; and b € A;.
A homomorphism ¢: A — B of graded C*-algebras is a graded homomorphism if
po s = Ppop, namely if p(A;) C Bj for j =0, 1.

Example A.11. Let A an ungraded C*-algebra. The grading on A® A given by (a, b) —
(a,—b) is called the standard even grading; the even and odd elements are given
respectively by (A@® A)g={(a,0) |lac A} and (Ad A);1 ={(0,a) |lac A}.

Example A.12. Let A an ungraded C*-algebra. The grading on A ® A given by
(a,b) — (b,a) is called the standard odd grading; the even and odd elements are
given respectively by (A® A)o ={(a,a) |lac A} and (AD A); ={(a,—a)|ac A}.

Definition A.13. Let A be a Zo-graded C*-algebra. A graded Hilbert A-module is
a Hilbert A-module X equipped with a linear bijection S: X — X (called the grading
operator) such that S* = Idy and

(1) S(xa) = S(x)B(a) for any x € X andb e A

(2) (Sz,Sy) = B((z,y)a) for any z,y € X

As in the case of C*-algebras, we have that X = Xy @ X (where Xy and X are the
eigenspaces of S). Note that X;B; C X;; and that (X;, X;) C A;1; for any i,j € Zy. If
X is a graded Hilbert A-module, we denote by X°P the graded Hilbert A-module obtained
from X by interchanging Xy and X;; analogously, we write Hy for Hy @HY endowed with
the standard even grading. Note that any grading S on a Hilbert A-module X induces
naturally a grading on the space £4(X) by T+ STS™!.

Let us now discuss graded tensor products. Let A and B be graded C*-algebras and
A ® B their algebraic tensor product. We define a product and involution on A ® B by

(1) (a18b1)(aa®bs) = (—1)de8®1)-des(a2) (g q, @by by)
(2) ((Il®b1)* = (_1)deg(b)‘deg(a) (a*®b*)

for homogeneous elementary tensors. The algebraic tensor product with this operations
is a *-algebra denoted by A®B; the maximal graded tensor product A®B of A and B is
then the universal enveloping algebra of A®B.

If X; and X, are graded Hilbert modules over A and B respectively, and ¢ is a
graded s-homomorphism from A to B, we define the internal tensor product X;®X> as
their ordinary tensor product with grading deg(z®y) = deg(x) + deg(y). The formula for
the external product must be modified as well: (A.2) and (A.3) become respectively

(21 ® 22)(b1 @ by) = (—1)de8(@2)dee(br) 3. b @ 19by

(21 ® 22,91 ® Y2 Broi, = (—1)WBEDABERS) (1) 41 @ (2, y)



Appendix

Operator *-Modules

Let X be a Banach space over the complex numbers and denote by |[|-|| y : X — [0, +00)
its norm. We denote by M (C) the *-algebra of infinite matrices over C with only finitely
many entries different from 0 and M (X) := M(C) ® X (where ® is the algebraic tensor
product).

Definition B.1. A Banach space (X, ||-||) is called an operator space if there exists a
norm ||| x : M(X) — [0,4+00) such that:

(1) [vzwl < [olle Iallx [l for any v,w € M(C) and x € M(X)

(2) llpzp + qyallxy = max{ |[pzplx,llayalx } for any z,y € M(X) and any pair of
projections p,q € M(C) with pg =0

(3) lp @ x| x = ||z|| for any rank-1 projection p € M(C) and x € X.

Note that the last condition implies that the norm ||-||y is compatible with the given
norm on X and so we will always write ||-|| y. Let M(X) denote the completion of M (X)
in the operator norm; this can be given the structure of an operator space by using the

identification M,,(M (X)) ~ M (M, (X)).

Definition B.2. We say that a continuous linear map T': X — Y between operator spaces
is completely bounded if the quantity

|T||p =sup|lid®T: M,(C)® X = M,(C) Y|
neN

is finite. We denote by CB(X,Y) the space of completely bounded linear maps from
X toY.

We remark that a map T: X — Y is completely bounded if an only if it induces
a bounded map T: M(X) — M(Y). We say that the operator spaces X and Y are
completely isomorphic if there exists a completely bounded vector space isomorphism
U: X — Y with completely bounded inverse.

Definition B.3. Let X be an operator space which is at the same time an algebra over
C. We say that X is an operator algebra if the multiplication map m: X x X — X is
completely bounded, namely if there exists a constant K > 0 such that

eyl x < Kzl x llyllx
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for any z,y € M(X). We say that X is an operator x-algebra if X has a completely
bounded involution *: X — X.

Example B.4 (cf. [56]). Suppose we are given:
(1) A C*-algebra B and a right Hilbert B-module E.

(2) A x-algebra A and a *-homomorphism 7: A — Lp(E)

(3) A self-adjoint unbounded operator D on E such that for each A the operator 7(a)
maps the domain of D into itself and the commutator [D,7(a)] is in Lp(E).

Let A1 C Lp(F) denote the completion of 7(A) in the norm
[m(a)lly = [lw(a)]| + D, w(a)]]

Then the *-subalgebra A; C Lp(FE) can be given the structure on an operator *-algebra
by embedding it into L(E @ E) as follows:

ar—>< a 0)
[D,a] a)’

Furthermore, the inclusion A; — A into its C*-completion and [D,:]: A; — Lp(FE) are
completely bounded maps. O

Definition B.5. let A be an operator algebra and let X be a right-module over A. We
say that X is a right operator module over A if X is equipped with the structure of an
operator space such that the right action X x A — X is completely bounded, namely if
there exists a constant K > 0 such that

1€allx < K [Sllx llall o
forallé € M(X) and a € M(A).

Definition B.6. Let A be an operator x-algebra and X a right operator module over A.
We say that X is a hermitian operator module if there exists a completely bounded
pairing (-, )x: X x X — A satisfying:

(1) (2, yA + z2p) = (2, y)A + (2, 2)pu
(2) (z,ya) = (z,y)a
(3) (z,y)" = (y, )

for any x,y,z € X, a € A and \,u € C.

Example B.7 (The standard module). Let A be an operator x-algebra. The standard
operator module H4 over A is the completion of the space of finite sequences in M(A) in
its norm. Under the pairing (-,-): Hy x Hgq — A given by

<(an)n7 (bn)n> = Z a;bn,

H 4 is a hermitian operator module. a

Definition B.8. Let X be a hermitian operator module over the operator x-algebra A.
We say that X is an operator x-module if there exist a completely bounded self-adjoint

idempotent P: Hq — Hya and a completely bounded isomorphism of hermitian operator
modules X ~ PHy4.



Appendix

Hopf Algebras and CQG

This Appendix gives a brief introduction to Hopf algebras and compact quantum groups
and their action and coactions. For a more detailed treatment we refer to [1, 69, 104].

C.1 Hopf Algebras

Given an unital algebra H, we denote by m: H ® H — H the multiplication operator
m(e® f):=ef and by n: C — H the unit map n(\) == X - 1.

Definition C.1. A Hopf algebra is a unital associative algebra H equipped with:

(1) a unital algebra homomorphism A: H — H @ H, called the coproduct, which is
coassociative in the sense that

(Agid) oA = (i[d®A)oA
(2) a homomorphism e: H — C, called the counit, such that

(e®id)oA=(id®e)oA=id

(8) a linear map S: H — H, called the antipode, such that

mo(S®id)oA=mo(id®S)oA=noe

We shall adopt Sweedler’s notation for which Ah = > h(;) @ hy) for any h € H.
Further, the summation symbol is often omitted for sake of clearness. Using the axioms,
it is easy to see that the antipode map S must be an anti-linear homomorphism of algebras
[1, Theorem 2.1.4] and that it must be unique [69, Proposition 1.3.1].

Example C.2. Let G be a discrete group and ‘H = CG its group algebra. One can make
‘H into a Hopf algebra by defining maps A, € and S as follows:

A(Sy) =6,208, e(6)) =1  S(8,) =06,1.

Then it is easy to check that CG is cocommutative (in the sense that F o A = A for
F:H®H — H®H the flip map F(¢g® f) = f ® g) and that the antipode S is invertible
with §~1 = S. a
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Definition C.3. A Hopf x-algebra is a Hopf algebra H equipped with an anti-linear
involution x: H — H which makes H into an associative x-algebra and such that

(1) A(h*) = hi1y @ hiy) for every h € H

(2) e(h*) =e(h) for every h € H
(3) (Sox)?=id

Note that point (3) in Definition C.3 means that the antipode S is invertible and that
(Sh)* = S~1(h*) for any h € E.

Example C.4. The Hopf algebra CG of a discrete group G admits a canonical star
structure given by the anti-linear extension of the map

%8, =0,1. (C.1)

However, differently from the antipode map which is unique, the star structure might not
be unique: for instance, if G is abelian, also the anti-linear extension of the map

* 0g = 0g (C.2)
is a star structure. Note that we have used two different symbols for the two stars. a

Given a Hopf algebra H, we say that an algebra A is a left H-module algebra if A
is a left H-module and the representation is compatible with the algebra structure in A,
namely if
h > (alag) = (h(l) > a1)<h(2) > az)

for any h € H and a1,as € A. If A is unital, we further require that
h>1=c¢(h)

for any h € H. We say that a left A-module M over a left H-module algebra A is a left
‘H-equivariant A-module if M is a left H-module and

h > (am) = (h(l) > a)(h(z) > m)

for any h € H, a € A and m € M. In this thesis, when dealing with a Hopf x-algebra H
and a H-module algebra A endowed with a *-involution, we will always assume that the
action of H is compatible with the star structure of A in the sense that

(h>a)" = (Sh)" > a” (C.3)

foralla € A and h € H.

C.2 Compact Quantum Groups

It is well known that the C*-completion C}(G) of the group algebra CG is in general not
a Hopf algebra as the counit map and the antipode map may not be bounded (see for
instance [106, Remark 3.3]). It turns out that the right notion to deal with this situation
is the following.
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Definition C.5 (cf. [104]). A C*-algebraic compact quantum group (or CQG) is a
unital C*-algebra Q) equipped with a unital x-homomorphism A: Q — Q ® Q such that:

(1) A is coassociative in the sense that (A ® idg) o A = (idg ® A) o A
(2) The subspaces

span{ (p® 19)A(q) | P, € Q } span{ (1o ® p)A(q) | p,q€ R}  (C4)

are norm dense in QQ ® Q.

Example C.6. Let G be a compact topological group and @ = C(G) the unital C*-
algebra of continuous functions on GG with values in C and pointwise multiplication. Then
@ is a CQG with respect to the comultiplication A: C(G) — C(G) ® C(G) ~ C(G x G)
given by

(Af)(g,h) = f(gh)
for g, h € G. In this case, the coassociativity condition is the associativity of the product
of G and conditions (C.4) represent the cancellation property of the product in G. O

Example C.7. Under the comultiplication introduced in Example C.2, the C*-algebra
C}(QG) for G discrete is a CQG. O

Differently from algebras, the natural environment to study “actions” of compact
quantum groups on spectral triples is the one of coactions, corepresentations and comod-
ules which we now briefly recall.

Definition C.8. We say that a CQG (Q,A) coacts on a unital C*-algebra A if there
exists a unital C*-homomorphism (called coaction) : A — A ® Q such that:

(1) (f®idg)0 = (idg ® A)6
(2) span{6(a)(la®b)| ac A,be Q} is norm dense in AR Q.
In this case we say that A is a right Q-comodule. We adopt an analogue of the Sweedler
notation for the coproduct and we denote an element 0(b) = "1 | b; ® ¢; with b; € B and
ci € Q just by
0(b) = > b1y ® b, (C.5)

omitting the summation index.

It is well known (cf. [108], [91]) that condition (2) in Definition C.8 is equivalent to
the existence of a norm-dense unital x-subalgebra Ay of A such that 0(Ag) C Ay ® Qo
and (id ® €)0 = id 4, .

Example C.9 (Dual Coaction). Consider a C*-dynamical system (A, G, «) with A unital
and (for simplicity) assume that G is discrete, and set B = A x4, G. The mapsig: A —
B® C(G) and ig: G — B ® C}(Q) given by

{z’A(a) = ade ® I,

C.6
ic(g) = 14dg ® dg, (G6)

form a covariant representation of (4, G, a) on B ® C}(G), i.e.,

ic(9)ia(a)ig(g)” = dgad, ® 04060, = ag(a)de @ de = ia(agy(a)).
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The integrated form & :==is xig: B = B® C;(G), ady — ady ® &g, is a coaction (known
as the dual coaction) of G on A X, , G since

(@ ®id) oa(ady) = ady ® §y @ 04 = (id ® A) o &(ady)

and the density condition is trivially satisfied. When G is abelian, it is known that
any coaction §: B — B ® C}(G) is equivalent via Fourier transform to an action of the
Pontryagin dual group G. In particular, the dual coaction & = i4 X ig corresponds to the
dual action @ of G on A Xq,r G given by

ay(adg) =v(g)adg, v EG.
We use & to denote both the action and the coaction with a slight abuse of notation. O

Definition C.10 (cf. [104]). A (unitary) corepresentation of a CQG (Q,A) on a
Hilbert space H is a linear map ©: H — H ® QQ such that:

(1) (©®idg)0O = (idg ® A)©
(2) ©(H)Q is linearly dense in H @ Q

(3) (©(z)|O(y)) = (x,y) - 1g for all x,y € H, where (-|-) is the usual scalar product
on the external tensor product of the Hilbert modules Hc and Q.

It turns out that when dealing with spectral triples, it is more convenient to see the
corepresentations of a (C*-algebraic) quantum group (Q,A) on a Hilbert space H as
unitary operators X € Lo(H ® Q) ~ M(K(H) ® @) such that

(id ® A)(X) = X9 X(13)- (C.7)
As shown in [104, Proposition 5.2.2], these two notions coincide in the following sense:
(1) f ©: H— H ® @ is a unitary corepresentation, then the map
X:HoQ—-H®Q x®qr— O(x)q (C.8)
extends to a unitary operator X € Lo(H ® Q) satisfying (C.7).
(2) If a unitary X € Lo(H ® Q) satisfies (C.7), then the map
©O:H—-H®Q z—X(z®lg)
is a unitary corepresentation as in Definition C.10.

Definition C.11. Let A be a unital C*-algebra represented on a Hilbert space H and
(Q,A) be a CQG coacting on A by 0: A — A® Q. We say that H is a Q-equivariant
A-module if there is a unitary corepresentation ©: H — H ® Q) such that

O(az) = a-1yr(-1) @ a()%(0)

for everya € A andx € H.
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