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Abstract

We study free and compact group actions on unital C*-algebras. In particular, we
provide a complete classification theory of these actions for compact abelian groups
and explain its relation to the classical classification theory of principal bundles.
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1 Introduction

In this article we study free actions of compact groups on unital C*-algebras. This class
of actions was first introduced under the name saturated actions by Rieffel [44] and
equivalent characterizations where given by Ellwood [19] and by Gottman, Lazar, and
Peligrad [20] (see also [6]). Other related notions of freeness were studied by Phillips
[41] in connection with K-theory (see also [42]).

Free actions do not admit degeneracies that may be present in general actions. For this
reasons they are easier to understand and to classify. In fact, free ergodic actions, i.e.,
free actions with trivial fixed point algebra, were completely classified by the remarkable
work of Wassermann [56], 57, 58]. According to [56], for a compact group G there is a
1-to-1 correspondence between free ergodic actions of G and 2-cocycles of the dual group.
Extending this result beyond the ergodic case is however not straightforward because,
even for a commutative fix point algebra, the action cannot necessarily be decomposed
into a bundle of ergodic actions. For compact abelian groups our results about free, but
not necessary ergodic actions may be regarded as a generalization of the classification
given by Wasserman.
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The study of non-ergodic free actions is also motivated by the established theory of
principal bundles. By a classical result, having a free action of a compact group G on a
compact Hausdorff space P is equivalent saying that P carries the structure of a principal
bundle over the quotient X := P/G with structure group G. Very well-understood is
the case of locally trivial principal bundles, that is, if P is glued together from spaces of
the form U x G with an open subset U C X. This gluing immediatly leads to G-valued
cocycles. The corresponding homology, called Cech cohomology, then gives a complete
classification of locally trivial principal bundles with base space X and structure group G
(see [50]). For principal bundles that are not locally trivial, however, there is no obvious
classification available. Our results provide such a classification in the case of an abelian
structure group.

Passing to noncommutative geometry poses the question how to extend the concept
of principal bundles to noncommutative geometry. In the case of vector bundles the
Theorem of Serre and Swan (cf. [48]) gives the essential clue: The category of vector
bundles over a compact space X is equivalent to the category of finitely generated and
projective C'(X)-modules. This observation leads to a notion of noncommutative vector
bundles and is the connection between the topological K-theory based on vector bundles
and the K-theory for C*-algebras. For principal bundles, free and proper actions offer a
good candidate for a notion of noncommutative principal bundles (see e. g. [5] 6], 19] [42]).
A similar geometric approach based on transformation groups was developed by one of
the authors [53], [54]. In a purely algebraic setting, the well-established theory of Hopf—
Galois extensions provides a wider framework comprising coactions of Hopf algebras
(e.g. [23 29 46]). We also would like to mention the related notion of noncommutative
principal torus bundles proposed by Echterhoff, Nest, and Oyono-Oyono [I8] (see also
[24]), which relies on a noncommutative version of Green’s Theorem. Considering free
actions as noncommutative principal bundles, the present article characterizes principal
bundles in terms of associated vector bundles. This leads to a complete classification
of all principal bundles over a compact noncommutative base space with a (classical)
compact abelian structure group.

Extending the classical theory of principal bundles to noncommutative geometry is not of
purely mathematical interest. In fact, noncommutative principal bundles become more
and more prevalent in geometry and physics. For instance, Ammann and Bér [2] [3] study
the properties of the Riemannian spin geometry of a smooth principal U(1)-bundle. Un-
der suitable hypotheses, they relate the spin structure and the Dirac operator on the
total space to the spin structure and the Dirac operator on the base space. A noncom-
mutative generalization of these results was developed by Dabrowski, Sitarz, and Zucca
[13] 14] using ideas from the theory of Hopf—-Galois extensions. Noncommutative princi-
pal bundles also appear in the study of 3-dimensional topological quantum field theories
that are based on the modular tensor category of representations of the Drinfeld double
(cf. [30]). In this context, special types of Hopf-Galois extensions correspond to symme-
tries of the theory or, equivalently, to invertible defects. As such, they are connected
to module categories and in particular to the Brauer—Picard group of pointed fusion
categories. Furthermore, T-duality is considered to be an important symmetry of string



theories ([I, 10]). It is known that a circle bundle with H-flux given by a Neveu-Schwarz
3-form admits a T-dual circle bundle with dual H-flux. However, it is also known that in
general torus bundles with H-flux do not necessarily have a T-dual that is itself a clas-
sical torus bundle. Mathai and Rosenberg [32, [33] showed that this problem is resolved
by passing to noncommutative spaces. For example, it turns out that every principal
T2-bundle with H-flux does indeed admit a T-dual but its T-dual is non-classical. It is a
bundle of noncommutative 2-tori, which can (locally) be realized as a noncommutative
principal T2-bundle in the sense of [I8]. Our classification result may lead to a better
understanding of T-duals and the question of their existence.

The present article investigates the structure of free actions of compact groups from a
geometrical point of view. One of our main objectives in the first part of the article is to
provide methods to construct or deconstruct examples of free actions. It turns out that
the isotypic components of the action admit a Morita equivalence bimodule structure.
For compact abelian groups this allows us to completely classify free actions on unital
C*-algebras. The resulting classification is the main objective for the later part of the
article. More detailedly, the paper is organized as follows.

After briefly introducing the necessary tools from geometry, representation theory, and
operator algebras in Section [, the first part of Section [B] discusses the different equiv-
alent characterizations of freeness (Theorem [BI0). In the second part of Section [B] we
provide some methods to construct new free actions from given ones. As an example
we present a one-parameter family of free SUy(C)-actions related to the Connes—Landi
spheres (cf. [29]).

Section 4 is devoted to the study of Hilbert structures on modules which are naturally
associated to a C*-dynamical system. We would like to point out that these modules have
a natural interpretation as noncommutative vector bundles. Of particular importance
in this context are Theorem [TI0 and its Corollary EI5] which characterize freeness in
terms of Hilbert bimodule maps. This will be the foundation of our later classification
results.

The aim of Section 5 is to give a deeper insight into the theory for compact abelian groups.
To get more comfortable we first present some examples, among them the noncommu-
tative tori, the group C*-algebra of the discrete two-dimensional Heisenberg group and
Woronowicz’s twisted SU(2). Furthermore, we show how Morita self-equivalences over
the corresponding fixed point algebra enter the game in form of the Picard group. This
leads to an invariant of the action given by a group homomorphism ¢ : G — Pic(B)
between the corresponding dual group G and the Picard group of the fixed point algebra

B (Proposition B.1T]).

The map ¢ alone does not distinguish all free actions. However, using some additional
data, Section 6 provides a universal construction of, firstly, a unital C*-algebra and,
secondly, a free G-action on this C*-algebra with fixed point algebra B (Theorem
and Proposition [6.20]). We then classify all free actions by the map ¢ and the additional
data used for the construction. Our approach is to some extend similar to the classical



theory of group extensions (cf. [31]). For this reason we call the underlying classification
data a factor system.

Section 7 is finally dedicated to a classification of free action of compact abelian group
on unital C*-algebras. For this purpose we additionally fix a group homomorphism
P G — Pic(B) and restrict our attention to C*-dynamical system with the given
© as invariant, as discussed in Section 5. The main result is that, if such dynamical
systems exist, all free actions associated to the triple (B, G, ¢) are parametrized, up to
2-coboundaries, by 2-cocycles on the dual group G with values in the group UZ(B) of
central unitary elements in B (Theorem [.§ and Corollary [[9]). In other words, the
set in question is a principal homogenous space with respect to a classical cohomology
group H2(G,UZ(B)). In the remaining part of this section we provide a group theoretic
criterion for the existence of free action with invariant ¢, i.e., factor system associated
to the triple (B, G, ).

As already mentioned, for a Hausdorff space X and a compact group G, locally trivial
principal G-bundles over X are classified by the Cech cohomology of the pair (X, G).
Since each locally trivial principal bundle gives rise to a free action in our sense, it is
natural to ask how the Cech cohomology for the pair (X, G) is related to the classification
theory presented in Section 7. This question is the main drive for Section 8. Finally, in
Section 9 we discuss a few examples.

We would like to point out that with little effort the arguments and the results which
are presented in this article for actions of compact abelian groups extend to coactions
of group C*-algebras of finite groups. We also would like to mention that this article
is the first part of a larger program aiming at classifying more general free actions
on C*-algebras. This classification could be used to develope a fundamental group for
C*-algebras or an approach to noncommutative gerbes (cf. [35] 36]).

Acknowledgement

We thank the Danish National Research Foundation through the Center for Symmetry
and Deformation (DNRF92). Furthermore, we thank the Academy of Finland through
the Center of Excellence in Analysis and Dynamics Research and the Research Grant
1138810. Last but not least, we thank T. Crisp, E. Meir and R. Nest for stimulating
discussions on the subject matter of this paper.



2 Preliminaries and Notations

Our study is concerned with free and compact group actions on C*-algebras and their
classification. As a consequence, we use and blend tools from geometry, representation
theory and operator algebras. In this preliminary section we provide the most important
definitions and notations which are repeatedly used in this article.

Principal Bundles and Free Group Actions

Let P and X be compact spaces. Furthermore, let G be a compact group. A locally
trivial principal bundle is a quintuple (P, X, G, ¢q,0), where ¢ : P — X is a continuous
map and ¢ : P x G — P a continuous action, with the property of local triviality: Each
point x € X has an open neighbourhood U for which there exists a homeomorphism ¢y :
U x G — ¢ Y(U) satisfying q o ¢y = pry; and additionally the equivariance property

euv(z,gh) = pu(z,g).h

for x € U and g,h € G. It follows that the map ¢ is surjective, that the action o is free
and proper, and that the natural map P/G — X, p.G — ¢(p) is a homeomorphism. In
particular, we recall that the action o is called free if and only if all stabilizer groups
Gp:={9 € G|olpyg) =p}, pe€ P, are trivial. For a solid background on free group
actions and principal bundles we refer to [26] 28] [39].

Representations

All tensor products of vector spaces are taken with respect to the algebraic tensor product
denoted by ® if not mentioned otherwise. For a finite-dimensional Hilbert space V' with
inner product v (-,-), we write try for the canonical trace on £(V') and 6,,, € L(V) for
the rank one operator defined for two elements v,w € V by 6, ,,(§) := v(§, w)-v. For the
corresponding dual vector space we write V. Moreover, we use of the linear isomorphisms
oyt Ve V= L(V), v®@1w > 0,, and pyy Ve V= L(V), v @1+ 0,4 Given
a finite-dimensional unitary representation (m, V) of a group G, we denote the dual
representation by (7, V) and the adjoint representation by (Ad[r], £(V)). Besides those,
the induced representation

Rln]: G x L(V) — L(V), (g,8) — Sm,

of G on L(V) is of particular interest to us.



C*-Dynamical Systems

Let A be a unital C*-algebra and G a compact group that acts on A by *-automorphism
ag : A — A (g € G) such that the map G x A — A, (g,a) — o4(a) is continuous.
Throughout this paper we call such a triple (A, G, «) a C*-dynamical system. We usually
denote by B := A% the corresponding fixed point C*-algebra of the action o and we write
P : A — A for the conditional expectation given by

P(z) := /Gag(x) dg.

At this point it is worth mentioning that all integrals over compact groups are understood
to be with respect to probability Haar measure. More generally, for a finite-dimensional
unitary representation (m, V') of G we write Py : A — A for the continuous G-equivariant
projection onto the isotypic component A(7) := Pr(A) given by

P(z) :==dimV - /Gtrv(ﬂ';) o) dg.

It is a consequence of the Peter—Weyl Theorem that the algebraic direct sum ®ne & A(m)
is a dense *-subalgebra of A. Moreover, we point out that each continuous group action
0 : PxG — P of a compact group G on a compact space P gives rise to a C*-dynamical

system (C(P), G, a,) defined by

ag :GxC(P)— C(P), (9,f)— foay.

Hilbert Module Structures

A huge part of this paper is concerned with Hilbert module structures. For the readers’
convenience we recall some of the central definitions. Let B be a unital C*-algebra.
A right pre-Hilbert B-module is a vector space M which is a right B-module equipped
with a positive definite B-valued sesquilinear form (-, )5 satisfying

<$,y.b>3 = <x>y>8b and <x>y>>lk3 = <y’x>8

for all z,y € M and b € B. A right Hilbert B-module is a right pre-Hilbert B-module
M which is complete with respect to the norm given by ||z||* = ||(z, )z for z € M. Tt
is called a full right Hilbert B-module if the ideal span{(z,y)s | z,y € M} is dense in B.
Left (pre-) Hilbert B-modules are defined in a similar way. Next, let A and B be unital
C*-algebras. A right (pre-) Hilbert A — B-bimodule is a right (pre-) Hilbert B-module M
that is also a left A-module satisfying

a.(x.b) = (a.m).b and (a.x,y)p = p{zr,a*.y)B

for all z,y € M, a € Aand b € B. In other words, a right (pre-) Hilbert A — B-bimodule
is a right (pre-) Hilbert B-module M together with a *-representation of A as adjointable



operators on M. For later purposes we recall that in this situation the right B-valued
inner product satisfies the inequality

(a.x,a.x)g < HaHQ(x,x>5

for all x € M and a € A. Moreover, we point out that right Hilbert .4 — B-bimodules are
sometimes called A — B correspondences in the literature. Eventually we also need the
notion of (internal) tensor products. In fact, given a right (pre-) Hilbert A — B-bimodule
M and a right (pre-) Hilbert B—B-bimodule M, their algebraic B-tensor product M @z N
carries a natural right pre-Hilbert A — B-bimodule structure with right B-valued inner
product given by

(1 ®B Y1, T2 ®B Y2)B := (21, (Y1, Y2)B-T2) B

for 1,29 € M and y1,y2 € N. In particular, its completion M®zN (with respect to the
induced norm) is a right Hilbert .4 — B-bimodule. Left (pre-) Hilbert .4 — B-bimodules
are defined in a similar way. A (pre-)Hilbert A — B-bimodule is an A — B-bimodule M
which is a left (pre-) Hilbert .A-module and a right (pre-) Hilbert B-module satisfying

(a.x,y)g = (x,a"y), alxby) = alx,y.b*) and 4(z,y).z=2x.(y,2)5

for all z,y,2 € M, a € Aand b € B. As a consequence of the structure, the induced
norms are equal. A Morita equivalence A — B-bimodule is a Hilbert A — B-bimodule with
full inner products. In this context it is also important to mention that the algebraic
B-tensor product M ®p N of a (pre-) Hilbert A — B-bimodule M and a (pre-) Hilbert
B — B-bimodule N carries a natural pre-Hilbert A — B-bimodule structure with inner
products given by

A{T1 ®B Y1, 2 ®B Y2) := A(T1.8(y1,Y2), T2)

and

(1 ®B Y1, T2 ®B Y2)B := (Y1, (T1,T2)B-Y2)B

for 1,29 € M and y1,yo € N. Unsurprisingly, its completion M®gN is a Hilbert
A — B-bimodule. Last but not least, if M is a Morita equivalence A — B-bimodule and
N is a Morita equivalence B — B-bimodule, then it is easily checked that the completion
M®&gN is a Morita equivalence A — B-bimodule. For a detailed background on Hilbert
module structures we refer to [4, [7), 17, [43].

3 On Free Group Actions: Some General Theory

The aim of this section is to discuss some of the forms of free and compact group actions
on C*-algebras that have been used. In particular, we give some indications of their
strengths and relationships to each other. Furthermore, we provide some methods to
construct new free actions from given ones. As an example we present a one-parameter
family of free SUg(C)-actions which are related to the Connes-Landi spheres. We write
®min for the spatial tensor product of C*-algebras.



Proposition 3.1. ([41, Proposition 7.1.3]). Let (A,G,«a) be a C*-dynamical system.
Then the following definitions make a suitable completion of A into a Hilbert Ax,G—B-
bimodule:

(i) fa =[5 f(g9)ay(x) dg for f € L' (G, A,a) and z € A.
(ii) z.b:=xb forzx € A and b€ B.
(iii) Axac(z,y) is the function g — xay(y*) for z,y € A.
(iv) (z,y)B == [ aq(x*y) dg for z,y € A.

It is easily seen that the module under consideration in the previous statement is almost
a Morita equivalenceA x,, G — B-bimodule. In fact, the only missing condition is that the
range of (-, ) Ax, ¢ need not be dense. The imminent definition was originally introduced
by M. Rieffel and has a number of good properties that resemble the classical theory of
free and compact group actions as we will soon see below.

Definition 3.2. ([41, Definition 7.1.4]). We call a C*-dynamical system (A, G, a) free
if the bimodule from Proposition Blis a Morita equivalence bimodule, that is, the range
of (-,") ax,c is dense in the crossed product A %, G.

Remark 3.3. We point out that M. Rieffel used the notion “saturated” instead of free,
i.a., because of its relation to Fell bundles in the case of compact abelian group actions.
Moreover, we recall that [44, Definition 1.6] provides a notion for free actions of locally
compact groups which is consistent with Definition for compact groups.

The next result shows that Definition B2l extends the classical notion of free and compact
group actions.

Theorem 3.4. ([41, Proposition 7.1.12 and Theorem 7.2.6]). Let P be a compact space
and G a compact group. A continuous group action o : PxG — P is free if and only if the
corresponding C*-dynamical system (C(P),G, ) is free in the sense of Definition [Z2.

Another hint for the strength of Definition comes from the following observation: Let
(P, X,@, q,0) be alocally trivial principal bundle and (7, V') a finite-dimensional unitary
representation of G. Then it is a well-known fact that the isotypic component C(P)(m)
is finitely generated and projective as a right C(X)-module (cf. [51, Proposition 8.5.2]).
In the C*-algebraic setting a similar statement is valid.

Theorem 3.5. ([15, Theorem 1.2]). Let (A, G,«a) be a free C*-dynamical system and
(m, V) a finite-dimensional unitary representation of G. Then the corresponding isotypic
component A(r) is finitely generated and projective as a right B-module.

We proceed with introducing two more notions which will turn out to be equivalent
characterizations of noncommutative freeness. The first notion is a C*-algebraic version
of the purely algebraic Hopf-Galois condition (cf. [23,[46]) and is due to D. A. Ellwood.



Definition 3.6. ([19, Definition 2.4]). We say that a C*-dynamical system (A, G, «)
satisfies the Fllwood condition if the map

P:ARA— C(G,A), P(zoy)(g) = zay(y)

has dense range (with respect to the canonical C*-norm on C(G, A)).

The second notion is of representation-theoretic nature and makes use of the so-called
generalized isotypic components of a C*-dynamical system.

Definition 3.7. (Generalized isotypic components). Let (A, G,a) be a C*-dynamical
system and (7, V') a finite-dimensional unitary representation of G.

(a) We consider the C*-algebra A ® L(V') equipped with the linear action o ® R[r] of
G and denote by As(m) the corresponding fixed point space, i.e.,

Ay(m) ={s € A® L(V) | (ag ® R[mg])(s) = s for all g € G}.

(b) We consider the C*-algebra A ® L£(V') equipped with the action a ® Ad[r] of G by
*-automorphisms and denote by C(7) the corresponding fixed point algebra, i.e.,

C(m) ={s € AR L(V) | (ag ® Ad[my])(s) = s for all g € G}.

Both spaces carry a natural B — B-bimodule structure induced by the algebra structure
of A. Furthermore, a simple calculation shows that A(7) = (id4 ® try)(Az2(m)) and that
B = (id4® try)(C(m).

Remark 3.8. Suppose that (7,V) is an irreducible unitary representation of G. Then
the map idg ® try : A® L(V) — A restricts to a topological G-equivariant isomorphism
between the spaces A(m) and As(7). Indeed, the map ¢ : A — Ay(7) given by

q(z) :==dimV - / ag(r) ®@ my dg
G

satisfies (id4 ® try) o g = Pr and qo (id4 ® try) = id 4, (r), so that the restriction of ¢ to
A, inverts the corestriction of id 4 ® try onto its image.

We are now ready to present the second notion which is of major relevance in our attempt
to classify free C*-dynamical systems.

Definition 3.9. ([20, Definition 1.1 (b)]). Let (A, G, @) be a C*-dynamical system. We
call the set

Sp(a) := {[(W,V)] eG | span{z*y | z,y € As(m)} = C(?T)}

the Averson spectrum of (A, G, ).



As the following result finally shows, all the previous notions agree.

Theorem 3.10. Let (A, G, «) be a C*-dynamical system. Then the following statements
are equivalent:

(a) The C*-dynamical system (A, G, «) is free.
(b) The C*-dynamical system (A, G, «) satisfies the Ellwood condition.
(c) The C*-dynamical system (A, G,a) satisfies Sp(c) = G.

The equivalence between (a) and (b) was proved quite recently in [I5], although it has
been known that these two conditions are closely related to each other (cf. [55] for the
case of compact Lie group actions). A proof of the equivalence between (a) and (c) can
be found in [20]. We point out that condition (c) means that the generalized isotypic
components Ay (7) carry the structure of a Morita equivalence B® L(V') —C(m)-bimodule
(see Corollary below).

In the remaining part of this section we provide some methods to construct new free
actions from given ones. As an application, we present a one-parameter family of free
SUy(C)-actions which are related to the Connes-Landi spheres.

Proposition 3.11. Let (A, G, ) be a free C*-dynamical system and H a closed subgroup
of G. Then also the restricted C*-dynamical system (A, H, o g) is free.

Proof. Since (A, G, «) satisfies the Ellwood condition, the surjectivity of the restriction
map C(G, A) — C(H, A), f+ fig implies that the map

P ARA— CHA), Proy)(h):=zan(y)
has dense range. That is, (A, H, o) also satisfies the Ellwood condition. O

Proposition 3.12. Let (A,G,«) be a free C*-dynamical system and N a normal sub-
group of G. Then also the induced C*-dynamical system (AN ,G/N, a|G/N) 1s free.

Proof. Since (A, G, «) satisfies the Ellwood condition, the map
A9 A= C(G A), 2(xoy)(g):=zayy)

has dense range. Moreover, the C*-algebra C(G/N,AY) is naturally identified with
functions in C(G, A) satisfying f(g) = an1(f(gne)) for all g € G and ny,ny, € N. In
other words, C(G/N, AN) is the fixed point algebra of the action a ®@ rt of N x N on
C(G)®min A= C(G, A), where rt : N x C(G) — C(G), rt(n, f)(g) := f(gn) denotes the
right-translation action by N. Let Py : A — A and Pyxn : C(G, A) = C(G, A) be the
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conditional expectations for the actions o)y and a ® rt, respectively. Then we obtain
for x,y € A

®(Py(x)® Puly) = [

Qs (@)aagna(y) dmdny = [, (@)anag(y) dnadng
NxN

NxN

= O, (TOnyg(y)) dnidng = / an, (Togn, (y)) dnidns
NxN NxN

= Pnun(P(z ®y)).

It follows that the restricted map
O avgan : AV @ AV = C(G, 4), @(x@y)(g) == zay(y)

has dense range in the C*-subalgebra C(G/N, AN). That is, (AN, G/N,oq/n) also
satisfies the Ellwood condition. O

Proposition 3.13. Let (A,G,a) and (C, H,~) be free C*-dynamical systems. Then also
their tensor product (A @min C,G X H,a ® 7y) is free.

Proof. We first note that the map

P:ARCRARC — C(G x H, A @min C),
P(rRy@uv)(h) = zap(y) @ uy,(v)

is, up to a permutation of the tensor factors, an amplification of the corresponding maps
induced by (A,G,«) and (C, H,~). Therefore, (A @min C,G x H,a ® 7) inherits the
Ellwood condition from (A, G, «) and (C, H,7). O

Remark 3.14. Let (A, G, a) be a free C*-dynamical system. Furthermore, let C be any
unital C*-algebra. Then Proposition BI3] applied to the trivial group H implies that
the C*-dynamical system (A ®min C, G, a ® ide) is free. More generally, if (C,G,~) is
any C*-dynamical system, then is is not hard to check that the C*-dynamical system
(A ®min C, G, ® v) satisfies the Ellwood condition, i.e., (A ®min C,G,a ® 7) is free.
This observation corresponds in the classical setting to the situation of endowing the
cartesian product of a free and compact G-space X and any compact G-space Y with
the free diagonal action of G.

We proceed with a construction which is slightly more involved. For this purpose, let
(A,G,a) and (A, H,3) be C*-dynamical systems with commuting actions. Then it is
easily seen that the map

aof:(GxH)x A=A ((9:h),2) = (ag 0 fn)(x)

defines a continuous action of G x H on A by algebra automorphisms and therefore leads
to the C*-dynamical system (A, G x H, a0 ). Furthermore, let (C, H,v) be any another
C*-dynamical system. Then the fixed point algebra (A @i, C)H with respect to the
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tensor product action 8 ® v of H on A Qi C gives rise to the C*-dynamical system
((A @min O,Ga® id¢). Indeed, since the actions a and 8 commute by assumption,
the action of G on (A ®min C) given by a ® ide is well-defined.

Theorem 3.15. Let (A,G,«) and (C, H,~) be free C*-dynamical systems. Furthermore,
let (A, H, B) be any another C*-dynamical system such that the actions « and  commute.
Then the following assertions hold:

(a) The C*-dynamical system ((A ®minC),G x H, (aco ) ® ) is free.
(b) The C*-dynamical system ((A @min C), G, @ idc) is free.

Proof. (a) We first note that (A, G, a) and (C, H,~) both satisfy the Ellwood condition
from which we conclude that the maps

P ARARC = C(G,A®min C), Pi1(z1 @22 ®@Yy)(9) = z109(22) @y
and @3 : (ARC)®(A®C) — C(H,A® A®C) given by
Do ((21 ®@ Y1) ® (22 @ y2)) (h) = 21 ® Br(22) @ Y174 (y2)

have dense range. It follows, identifying C'(H, C(G,  A®minC)) with C(G x H, A®uminC),
that also their amplified composition

P = (ide) @P1) 0P : (A®C)® (A®C) = C(G x H, A®min C)
given by

P ((z1 ®y1) ® (22 ®Y2)) (9, h) = 21 (g Bp) (22) @ Y171 (y2)
has dense range. That is, ((A®minC),G x H, (a0 ) ®~) satisfies the Ellwood condition.

(b) To verify the second assertion we simply apply Proposition BI2]to the C*-dynamical
system in part (a) and the normal subgroup {1} x H of G x H. O

Example 3.16. The Connes-Landi spheres Sy are extensions of the noncommutative
tori Ty (cf. [29]). We are in particularly interested in the case n = 7. In this case there
is a continuous action of the 2-torus T2 on the 7-sphere ST C C* given by

o 87 X T2 — 87, ((21,22,23,24), (tl,tQ))l—) (75121,75122,75223,t224).

Let (C(S7),T?,a,) be the corresponding C*-dynamical system. Furthermore, let
(Tg,TQ,ag) be the free C*-dynamical system associated to the gauge action on the
noncommutative 2-torus ']1‘3 (see Example below). The Connes-Landi sphere Sg
is defined as the fixed point algebra of the tensor product action a, ® ozg of T? on

C(S7,T2) = C(S7) @min T2, i. .,

Sh = C(S7, T)™.
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Our intention is to use Theorem B.15 (b) to endow S} with a free SUs(C)-action. For this
purpose, we consider the free and continuous SUy(C)-action on the 7-sphere S” given by

M 0
T ST x SUL(C) — s’, ((21, 22, 23, 24), M)~ (21, 22, 23, 24) (0 M) .

It follows from Theorem [B4 that the corresponding C*-dynamical system
(C(S),SU2(C), ) is free. Moreover, it is easily verified that the actions a, and
a, commute. Therefore, Theorem (b) implies that the C*-dynamical system
(ST, SU2(C), ay ® idpz) is free.

4 Hilbert Modules Associated to Free Actions

Throughout this section let (A, G,«) be a fixed C*-dynamical system. Our intention is
to study Hilbert module structures on modules which are in a natural way associated to
(A, G, ). In particular, we obtain results which lay the foundation for our attempt to
classify free and compact group actions on C*-algebras.

Definition 4.1. (Generalized spaces of sections). Let (m,V) be a finite-dimensional
unitary representation of G. We consider the space A® V equipped with the continuous
linear action a ® m of G and denote by I' 4V the corresponding fixed point space, i.e.,

FyVi={sc ARV | (ay®@my)(s) =s for all g € G}.
We point out that I'’4V comes equipped with a natural B — B-bimodule structure.

Remark 4.2. Let (P, X,G,q,0) be a locally trivial principal bundle and (7,V’) be a
finite-dimensional unitary representation of G. Furthermore, let V. := P xg V be
the associated vector bundle over X with bundle projection ¢, : V; — X given by
¢r([p,v]) := q(p). Then it is not hard to see that the map

T, : C(P,V) = TV., T:(f)(a(p) = Ip, f(p)]

is a topological isomorphism of C'(X) — C(X)-bimodules. Since I'c(p)V = C(P, V)¢
holds as C(X) — C(X)-bimodules, the previous discussion justifies to interpret the
spaces from Definition 1] as noncommutative vector bundles which are associated to
the C*-dynamical system (A, G, «).

We proceed with two finite-dimensional unitary representations (m, V') and (p, W) of G.
Fors=3,r,@v € A@Vandt=3,y; ®w; € A® W we define

my,w(s®pt) = inyj Qu; ®w; and iy(s) = Zx;‘ ® U;
i i

which give rise to maps

myw:(ARV)eg (AW) > AV oW and iy : ARV - AR V.
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Lemma 4.3. Restricting the maps my,w and iy to the subspaces I' 4V @5 I'4W and
T' AV, respectively, provides well-defined maps

myw : TAV @ TAW = TAV @ W) and iy : T4V —TAV.

Proof. We first show that the map my, is well-defined. In fact, for g € G, s € T4V
and t € I' 4W we obtain

(ag @ mg @ pg) (myv,w (s @5 t))= myw((ag @ m4)(s) @ (ag @ 7y)(t))= mv,w (s ®pt).

It immediately follows that myw (s ®pt) € T 4(V ® W). To verify that the map iy is
well-defined we choose g € G and s € ' 4V. Then a short calculation gives

(ag ® ) (iv(s))= iV((% ® 7g)(s))=iv(s)

from which we conclude that iy (s) € T 4V. O
Our next goal is to equip the generalized isotypic components with Hilbert module
structures. For this purpose, we fix a finite-dimensional unitary representation (m, V')

of G and point out that A®V carries a natural Morita equivalence AR L(V)—.A-bimodule
structure with inner products given by

Az (T @ v,y @w) :=1y" @0y, and (z@v,y@w)a ="y -v(w,v) (1)

for x,y € A and v,w € V. In particular, the induced norms 4g.1|| - || and || - |4 are
equal.

Lemma 4.4. The space T' 4V is a closed subspace of the Banach space (AR V.| - |l4).
Proof. To verify the assertion it suffices to note that the action « @ m of G on A® V is
strongly continuous with respect || - ||4. O

Proposition 4.5. The following definitions make T' 4V into a Hilbert C(m)— B-bimodule:
(i) c.s force C(m) and s € T AV
(ii) s.b fors €T AV and b e B.
(iil) c(r)(s,t) = agc(v)(s,t) for s,t € TAV.
)

)
(iv) (s,t)g = (s,t) 4 for s,t € T4V.

Proof. We first verify that the defining operations (i)-(iv) are well-defined.
(i) For g € G, c € C(m) and s € ' 4V we obtain

(ag @ mg)(c.s) = ((og ® Ad[mg])(c).(og @ g)(s)) = c.5
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(ii) For g € G, s € T4V and b € B we obtain
(g ® mg)(s.0) = ((0g @ 7g)(5)).crg(b) = s.b.
(iii) For g € G and s,t € T' 4V we obtain
(org @ Ad[mg]) (c(m) (5, 1)) = c(m) ((ag @ g)(5), (g ® Tg) (1)) = c(m) (5, 1)
(iv) For g € G and s,t € T' 4V we obtain

ag((s, 1)5) = ((ag @ 1dv)(s), (ag @ idy)(t)) 4
= ((ida @my)(s), (ida @my)(t)).4
= <37t>.z4 = <Svt>B-

Moreover, we note that the algebraic properties that need to be checked follow from
the corresponding properties of the Morita equivalence A ® L(V) — A-bimodule A ® V.
Finally, we show that I' 4V is complete with respect to the induced norms ¢(r || - | and
| - lg. Indeed, the construction of the inner products implies that the induced norms
are restrictions of the induced norms 4g .1 - || and || - [|4 on A® V. In particular, we
conclude that ¢ - || and || - [[s are equal. The assertion is therefore a consequence of
Lemma [£4] O

Corollary 4.6. The space I' 4V carries a natural right Hilbert B — B-bimodule structure.

Adapting the operations in (1) leads to the following statement.

Corollary 4.7. Let (7,V) be the dual representation of (mw,V). Then the space T AV
carries a natural Hilbert B — C()-bimodule structure and therefore also a natural right
Hilbert B — B-bimodule structure.

We continue with studying the maps my defined in Lemma B3l Our intention is to
show that these maps are actually isomorphisms of right Hilbert 5 — B-bimodules in the
case the C*-dynamical system (A, G, «) is free. To this end, we first need the following
two results.

Lemma 4.8. The pointwise multiplication and the following inner product makes
LY (G, A) into a right pre-Hilbert B — B-bimodule:

(f1, fo)B ;:/

Gx

Gag(fl*(h)ﬁ(h))g dgdh
for f1, f € LY(G, A).

Proof. The proof of this statement is straightforward by using the faithfulness and pos-
itivity of the Haar measure. O
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Proposition 4.9. Consider A equipped with the right pre-Hilbert B — B-bimodule struc-
ture given in Proposition[31 (4) and L'(G,A) equipped with the right pre-Hilbert B — B-
bimodule structure given in Lemma[{.8 Then the map

d: Ao A— LYG,A), ®(xosy)(g) = zay(y)

is an isometry of right pre-Hilbert B — B-bimodules.

Proof. 1t is obvious that the map ® preserves the B — B-bimodule structure. Moreover,
an explicit computation using the invariance of the Haar measure shows that

(@(21 @B Y1), P(72 @B Y2))B = / ag(an(yi)ziz20n(y2)) dgdh

GxG

:/GXGagh(yik)ag(:ﬂ}ka)agh(yz)) dgdh
:/Gag(yf)(/Gah(x’{xg) dh)ocg(yg) dg.

holds for all x1,x2,y1,y2 € A and it is not hard to see that the last expression of this
equation is equal to

(Y1, (x1,72)B.Y2)B = (71 ®B Y1, T2 @B Y2)B-

From this observation we immediately conclude that ® is an isometry of right pre-Hilbert

B — B-bimodules. O

As already mentioned in the beginning, the generalized isotypic components can be
interpreted as noncommutative vector bundles which are associated to the C*-dynamical
system (A, G, «). Given two finite-dimensional unitary representations (m, V') and (p, W)
of G, it is a well-known fact from the classical theory of free and compact group actions
that the space I'4(V ® W) is isomorphic as a B — B-bimodule to the balanced tensor
product of ' 4V and T' 4W over the algebra of the base space (cf. [22] Proposition 2.6]).
In the C*-algebraic setting we obtain a similar statement.

Theorem 4.10. Let (w, V') and (p, W) be two finite-dimensional unitary representations
of G. Then the map

myw : TAV@pT AW — TA(V @ W)

is an isometry of right Hilbert B — B-bimodules. Moreover, if the C*-dynamical (A, G, «)
is free, then myw is an isomorphism of right Hilbert B — B-bimodules.

Proof. We first note that a straightforward computation shows that the map my, is an
isometry with respect to the B-valued inner products on T 4V&gT 4W and T 4(V ® W),
respectively. To verify the second assertion we have to make a small detour. Indeed,
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we consider A ® V and A ® W equipped with their natural right pre-Hilbert B — B-
bimodule structure induced by right pre-Hilbert B — B-bimodule structure on A given
in Proposition Bl Furthermore, we consider L'(G, A ® V ® W) equipped with the
natural right pre-Hilbert B — B-bimodule structure induced by the right pre-Hilbert
B — B-bimodule structure on on L'(G,.A) as described in Lemma 8l Then it follows
from Proposition .9 that the map

Pyw: (AV)®s (A W) = LYG, ARV @ W)
(z@v) @ (Y @w) = P(zRpY) ®vOw,

is an isometry of right pre-Hilbert B — B-bimodules. Moreover, it is easily checked that
Oy is G x G-equivariant with respect to the unitary action of G x G on (A® V) ®p
(A® W) given for g1,92 € G, z,y € A, v €V and w € W by

(91,92)-((z ® ) ®p (y © w)):=(ag, () © 79, (v)) D5 (g, () © pyo(w))

and the unitary action of G x G on LY(G,A® V ® W) given for g,g1,90 € G and
feLl (G, ARV @ W) by

((91,92)-f)(9) = (ag1 Qg & sz)(f(gf1992))-

The G x G-equivariance now implies that ®y,17 induces an isometry of right pre-Hilbert
B — B-bimodules between the corresponding fixed point spaces, i.e., between the pre-
Hilbert B — B-bimodules T4V @5 T4W and L'(G, A)“*¢. Since the map

LYG, A 5 TAVeW), f— fQ1)

is an isomorphism of right pre-Hilbert B — B-bimodules, we conclude that their compo-
sition provides an isometry of right pre-Hilbert B — B-bimodules between I' 4V @ ' 4 W
and I' 4(V ®@W). This composition is precisely my y. We point out that this observation
gives an alternative proof for the assertion that my y is an isometry of right pre-Hilbert
B — B-bimodules. Suppose finally that the C*-dynamical system (A, G, «) is free. Then
it is a consequence of Theorem B.I0l (a) = (b) that the map ®y has dense image in
LYG, A®V @ W), which in turn shows by the previous discussion that my - has dense
image in T' 4(V @ W). Therefore, extending my,w to the completion T 4V&pT AW gives
rise to the desired isomorphism of right Hilbert B — B-bimodules. U

As an important consequence we obtain the following result about the Morita equivalence

bimodule structure of the generalized isotypic components.

Corollary 4.11. Suppose that the C*-dynamical system (A, G, «) is free and let (7, V)
be a finite-dimensional unitary representation of G. Then the space I' }V carries the
structure of a C(m) — B-Morita equivalence bimodule.
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Proof. By Proposition [L5]it remains to verify that the inner products ¢((:,-) and (-, )5
are full. Indeed, we first note that the C()-valued inner product ¢(n(:,-) satisfies

e (s,t) =((ida ®py)omy ) (s @5 iv (1))

for all s,t € T'4V. Therefore, Theorem [0l applied to the representations (m, V') and
(7, V) implies that the range of () (> +) is dense in C(7) which is equivalent saying that
¢(m () s full. Next, we examine the inner product (). In this situation a similar
observation shows that

(s,t)B ::(( idg® trV)o( id 4 ®¢V,V)Om\7,V) (iv(s) QB t)

holds for all s,t € T4V. Since B = (id4 @ try)(C(m)), the assertion that (-,-)p is full
follows from Theorem AI0] applied to the representations (7, V') and (m, V). O

Hilbert Module Structures on the Generalized Isotypic Components

We now turn our attention back to the generalized isotypic components described in
Definition B.7l Given a finite-dimensional unitary representation (m, V) of G, it is easily
seen that Ag(m) carries a natural B® £(V') —C(w)-Hilbert bimodule structure with inner
products given by

B®L(v)<8,t> = st* and <S?t>C(7r) = s*t

for s,t € As(m). Moreover, the operations restrict to a natural right Hilbert B — B-
bimodule structure with right B-valued inner product given by

(s,t)p := (id 4 @ try)(s™t)

for s,t € Aa(m). Indeed, since s*t € C(w) for all s,t € Aa(w), the well-definedness of
the right B-valued inner product is a consequence of B = (id4 ® try/)(C(7)) and the fact
that the map id 4 ® try is faithful and positive. That As(7) is also complete with respect
to the induced norm is, for example, shown in [I5, Corollary 2.6 (3)]. As a matter of
fact, the completeness of As(w) also follows from Proposition T3] below. Our goal is
to obtain a characterization of freeness in terms of the generalized isotypic components
and their natural right Hilbert B — B-bimodule structure. But before pursuing this goal,
we make a small detour and recall the topological isomorphism between the spaces A()
and Ag(m) from Remark B.8 The next proposition shows that this isomorphism actually
respects their right Hilbert B — B-bimodule structure in case the right B-valued inner
product on Ag(7) is normalized by the factor ﬁ.

Proposition 4.12. Let (7, V') be an irreducible unitary representation of G and consider
the isotypic component A(m) equipped with the right pre-Hilbert B— B-bimodule structure
induced by Proposition [31. Then A(m) is complete with respect to the corresponding
norm and the map

q:A(m) — As(m), q(z):=dimV - /Gozg(x) ® m, dg

from Remark[3.8 is an isomorphism of right Hilbert B — B-bimodules.
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Proof. In view of Remark 3.8 it suffices to show that g{q(z), ¢(y)) = B{(x,y) holds for all
x,y € A. This can easily be done by using the formula

ap(x) =dimV - / try (m,7mn) - ag(z) dg
G
describing the action of G on A(7). In fact, an explicit computation shows that

(¢(x),q(y))s = dim V - try (mgmy) - ag(@™)an(y) dgdh
GxG

—/ ag(x dlmV /trv (mgmy,) - an(y )dh) dg
= /Gozg(x )(dimV-/GtrV Thg) - oY) dh) dg
= [L o) dg = [ ay@™y) dg = (@0} 0

We proceed with two finite-dimensional unitary representations (7, V') and (p, W) of G.
For elements s =37, 7, ® S; € A® L(V) and t =3, y; ® Tj € A® L(W) we define

My (s @pt): szy] ®S;@T; and ir(s):= me ® T;
Y] ‘

which similar as before give rise to well-defined maps

Myp: AQ(TI’) XnB AQ([)) — A2(7T ®p) and i, : AQ(T() — Ag(ﬁ').

The next result establishes an identification between the spaces T 4(V) ® V and Ay ()
which can be used to obtain statements involving As(7) by applying the results of the
first part of this section to I'4(V) ® V. The arguments are consist of straightforward
computations and therefore we omit the proofs.

Lemma 4.13. The map ¢ : AQV @V — A® L(V) given on simple tensors by
Or(T @01 @ U2) =T ® Oy 0y

restricts to an isomorphism of Hilbert B @ L(V') — C(m)-bimodules between the spaces
FA(V)®V and As(w), and, therefore, also to an isomorphism of right Hilbert B — B-
bimodules.

Corollary 4.14. The map ¢z AR LV @ V) = A® L(V)® L(V) given on simple
tensors and rank one operators by

(Pﬁ,ﬂ(x ® 0171®v2,173®v4) =2 ® Oyg vy @ Ovy oy

restricts to an isomorphism of right Hilbert B— B-bimodules between the spaces As(T @)
and C(m) @ L(V).
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We continue with pointing out a multiplicative relationship between the generalized
isotypic components. It follows from Theorem AI0 and Lemma 13|

Corollary 4.15. Let (w, V) and (p, W) be two finite-dimensional unitary representations
of G. Then the map
M : Ax(m) B As(p) — Ao ® p) 2)

is an isometry of right Hilbert B — B-bimodules. Moreover, if (A, G,«) is free, then my ,
is an isomorphism of right Hilbert B — B-bimodules.

We are finally ready to give a characterization of freeness in terms of the Hilbert B — B-
bimodule maps defined in Corollary E.15] (2.

Corollary 4.16. The following statements are equivalent:
(a) The C*-dynamical system (A, G,«) is free.

(b) For each m € G the map mz . defined in Corollary[4.15] is an isomorphism of right
Hilbert B — B-bimodules.

~

(¢) For each m € he space Aa(m) carries the structure of a Morita equivalence

t
B ® L(V) — C(m)-bimodule.

Proof. The implication (a) = (b) is a direct consequence of Corollary EI5. Moreover,
the implication (b) = (c) follows from an adaption of the argument in Corollary .11l
Indeed, we first note that the C(r)-valued inner product (-, -)¢(r) satisfies

(s,t)emy = 8"t =((1dagc(v) @ trv)ops » 0 Mz ) (ix(s) @5 t)

for all s,t € Ay(m). Therefore, Corollary .14 and Corollary I I5]imply that the range of
(- )e(m is dense in C(mr), i.e., (-,-)¢(r) is full. A similar observation shows that also the
B L(V)-valued inner product ggr(v)(-,-) is full. To verify the last implication, we only
point out that the assumption in (c) means that the C(m)-valued inner products (-, )¢ (x),

e @, are full which is equivalent saying that Sp(a) = G. The assertion therefore
follows from Theorem BI0l (c) = (a). O

5 On Free Actions of Compact Abelian Groups: Some General
Theory

In the remaining part of this article we assume that G is a compact abelian group if
not mentioned otherwise. In this situation, given a C*-dynamical system (A, G, «) and
a character 7 € G = Homg, (G, T), we have

A(m) ={a € A|ay(a) =7y -a forall g € G}.

Moreover, it is easily seen that As(7) = A(w) and that C(7w) = B. Hence, Corollary [Z.10]
simplifies to the following statement.
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Corollary 5.1. Let (A, G,a) is a C*-dynamical system. Then the following conditions
are equivalent:

(a) The C*-dynamical system (A, G, «) is free.
(b) For each m € G the space A() is a Morita equivalence B — B-bimodule.

(c) For each m € G the multiplication map on A induces an isomorphism of Morita
equivalence B — B-bimodules between A(—m)®@pA(n) and B.

As we will soon see below, Corollary 511 gives rise to a first invariant for free actions
of compact abelian groups. For the time being, we continue with some examples to get
more comfortable with free actions of compact abelian groups.

Example 5.2. Let 6 be a real skew-symmetric n x n matrix. The noncommutative
n-torus Ty is the universal unital C*-algebra generated by unitaries Ut, ..., U, with

U,Ugs = exp(27ibf,s)UsU, forall 1<r s<n.

It carries a continuous action « of the n-dimensional torus T™ by algebra automorphisms
which is on generators defined by

o, (UR):= 5. UK,

where 2K := M .. 2fn and UK .= UM ... UF for 2 = (21,...,2,) € T" and k :=
(k1,...,ky) € Z™. The isotypic component (Tj)(k) corresponding to the character k €
7" is given by C-U¥X. In particular, each isotypic component contains invertible elements
from which we conclude that the C*-dynamical system (Tj,T", op) is free.

Example 5.3. The group C*-algebra C*(H) of the discrete (three-dimensional) Heisen-
berg group H is the universal C*-algebra generated by unitaries U, V and W satisfying

UW =wuU, VW =WV and UV =WVU.

It carries a continuous action a of the 2-dimensional torus T? by algebra automorphisms
which is on generators defined by

o) (UFVIW™) = 2Rt UFVID™,

where (z,w) € T and k,l,m € Z. The corresponding fixed point algebra B is the centre
of C*(H) which is equal to the group C*-algebra C*(Z) of the center Z = Z of H.
Moreover, the isotypic component C*(H )(k,) corresponding to the character (k1) € 72
is given by B-U*V!. In particular, each isotypic component C*(H )(k,1) contains invertible
elements from which we conclude that the C*-dynamical system (C*(H),T?, «) is free.
We point out that C*(H) serves as a “universal” noncommutative principal T2-bundle
in [I8] and that its K-groups are isomorphic to Zs.
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Example 5.4. For ¢ € [—1,1] consider the C*-algebra SU,(2) from [59]. We recall
that it is the universal C*-algebra generated by two elements a and c¢ subject to the five
relations

afatec* =1, aa*+q¢*cc* =1, cc*=c'c, ac=qca and ac* = qcta.
It carries a continuous action « of the one-dimensional torus T by algebra automorphisms,
which is on the generators defined by

az(a):=z-a and a,(c):=z-¢, z€eT.

The fixed point algebra of this action is the quantum 2-sphere Sq2 and we call the cor-
responding C*-dynamical system (SU4(2),T,a) the quantum Hopf fibration. It is free
according to [49], Corollary 3]. In fact, the author shows that if F is a locally finite graph
with no sources and no sinks, then the natural gauge action on the graph C*-algebra
C*(E) is free.

Remark 5.5. We recall that Example 5.2l and Example[5.3] are special cases of so-called
trivial noncommutative principal bundles as discussed in [51], 52), [54]. In fact, it is not
hard to see that each trivial noncommutative principal bundle is free (cf. [47]).

We now turn our attention back to Corollary [5.1] which suggests the relevance of Morita
equivalence B — B bimodules. These objects have a natural interpretation as noncom-
mutative line bundles “over” B. In particular, just like in the classical theory of line
bundles, the set of their equivalence classes carry a natural group structure.

Definition 5.6. Let B be a C*-algebra. Then the set of equivalence classes of Morita
equivalence B — B-bimodules form a group with respect to the internal tensor product of
Hilbert B — B-bimodules, which is called the Picard group of B and is denoted by Pic(B).

Example 5.7. Let B be a C*-algebra and o € Aut(B). Furthermore, let M, be the
vector space B endowed with the canonical left Hilbert B-module structure, but with
the right action of B on M, given by m.b := ma(b) for m € M, and b € B, and the
right B-valued inner product given by (my,mo)p = a~t(mims) for my,m; € M,. It is
straightforward from the construction that M, is a Morita equivalence B — B-bimodule,
and if 8 € Aut(B) is another automorphism, then M,&pM;p is B — B-Morita equivalent
to Myop. Hence, we obtain an group homomorphism from Aut(B) to Pic(B).

For uw € U(B) let Ad, : B — B, b — ubu* be the corresponding conjugation map. Then
Ad, is an inner automorphism of 5, i.e., Ad, € Inn(B) and it is easily seen that the
map B — Maq,, b — bu is an isomorphism of Morita equivalence B — B-bimodules.
Summarizing we have the following exact sequence

1 — Inn(B)— Aut(B)— Pic(B).

In particular, we have an injection Out(B) — Pic(B) which turns out to be an isomor-
phism in the case B is separable and stable (cf. [8, Section 3]).
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Example 5.8. ([8, Section 3]). Let B be a finite-dimensional C*-algebra. Then Pic(B)
is isomorphic to the group of permutations of the spectrum of B.

Example 5.9. ([8, 9]). Let B = C(X) for some compact space X. Then Pic(B) is
isomorphic to the semi-direct product Pic(X) x Homeo(X), where Pic(X) denotes the
set of equivalence classes of complex line bundles over X and Homeo(X) the group of
homeomorphisms of X.

Example 5.10. ([27]). Let 6 be an irrational number in [0, 1] and T% the corresponding
quantum 2-torus. Then Pic(T3) is isomorphic to Out(T3) in case § is quadratic and to
Out(T%) x Z otherwise.

The next statement is a first step towards finding invariants, i. e., classification data, for
free C*-dynamical systems with a prescribed fixed point algebra.

Proposition 5.11. Fach free C*-dynamical system (A, G, «) with fized point algebra B
gives rise to a group homomorphism g4 : G — Pic(B) given by pa(m) := [A(7)].

Proof. To verify the assertion we choose , p € G and use Corollary [5.1] to compute

pa(m+p) = [A(m + p)] = [A(m)@5A(p)] = [AM)][A(p)] = pa(m)palp)-
This shows that the map ¢4 is a group homomorphism. O

Remark 5.12. Let K be the algebra of compact operators on some separable Hilbert
space. The C*-algebra SU,(2) is described in [I6] as an extension of C'(T) by C(T) ® K,
i.e., by a short exact sequence

0 —C(T)® K — SU,(2) = C(T) — 0 (3)

of C*-algebras. If we consider C(T) endowed with the canonical T-action induced
by right-translation, then a short observation shows that the sequence (@) is in fact
T-equivariant. In particular, it induces the following short exact sequence of C*-algebras:

0 — (C(T)®K) x T — SU4(2) ¥ T — C(T) x T — 0. (4)
Since
CMeK)xTE(CMxT)eKEXKK=K

and C(T) x T = K by the well-known Stone-von Neumann Theorem, we conclude from
[45, Proposition 6.12] that the crossed product SUy(2) x, T is stable. Moreover, the
fact that the C*-dynamical system (SU,(2), T, ) is free implies that the crossed product
SUq(2) x T is Morita equivalent to the corresponding fixed-point algebra Sg and thus
they are also stably isomorphic by a famous result of Brown, Green and Rieffel (cf. [8]
Theorem 1.2] or [43, Section 5.5]), i.e., SU4(2) X T = Sz @ K. The previous result affirms
a question of the second author in the context of a notion of freeness which is related to
Green’s Theorem (cf. [2I], Corollary 15] and [18§]).
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6 Construction of Free Actions of Compact Abelian Groups

Throughout this section let B be a fixed unital C*-algebra and G a fixed compact abelian
group. Our goal is to construct a free C*-dynamical system (A, G, «) with fixed point
algebra B from data which is only associated to the pair (B, G). Before we step into the
details, let us briefly review the adaption of the GNS-representation for C*-dynamical
systems with arbitrary fixed point algebra. The constructions in later sections will es-
sentially reconstruct this representation from the isotypic components and the structure
among them. So let (A, G, a) be a C*-dynamical system and Py : A — A the conditional
expectation onto the fixed point algebra B. Then A can be equipped with the structure
of a right pre-Hilbert B — B-bimodule with respect to the usual multiplication and the
inner product given by (x,y)z := Po(z*y) for z,y € A. Since Py is faithful, this inner
product on A is definite and we may take the completion of A with respect to the norm
|z, == || Po(2*2)||*?. This provides a right Hilbert B — B-bimodule L?(A) with A as a
dense subset. For each 7 € (3 the projection P, onto the isotypic component A(w) can
be continuously extended to a self-adjoint projection on L?(.A). In particular, the sets
A(r) are closed, pairwise orthogonal right Hilbert B — B-subbimodules of L?(.A) and
L?*(A) can be decomposed into

204 = @ A 2

re@

as right Hilbert B—B-bimodules. For each element a € A the left multiplication operator
Ao : A = A,  — az, then extends to an adjointable operator on L2(A). The arising
representation

N A= L(L2(A), a— X,

is called the left reqular representation of A. For each g € G the automorphism ay
extends from A to an automorphism U, : L*(A) — L?(A) of right Hilbert B — B-
bimodules and the strongly continuous group (Uy)gecq implements oy in the sense that

ag(Na) = Uy A U,

for all a € A. The vector 15 = 14 € L?(A) is obviously cyclic and separating for
this representation. In particular, the left regular representation is faithful and we may
identify A with the subalgebra A(A). Since the sum of the isotypic components is dense
in A, the C*-algebra A(A) is in fact generated by the operators A\, with a € A(rw), w € G.
For such elements a in some fixed isotypic component A(w), m € G’, the operator )\,
maps each subset A(p) C L2(A), p € G, into A(r + p) and therefore it is determined by
the multiplication map

Mrp A(m) @ A(p) = A(m +p), Mg p(z,y) =2y = As(y).

It is easily verified that m, , factors to an isometry of the right Hilbert B — B-bimodules
A(r) @5 Alp) and A(x + p).
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6.1 Associativity and Factor Systems

In what follows we consider a fixed group homomorphism ¢ : G — Pic(B). Furthermore,
we choose for each 7 € G a Morita equivalence B — B-bimodule M, in the isomorphism
class p(m) € Pic(B). Since ¢ is a group homomorphism, the Morita equivalence B — B-
bimodules M, &M, » and My, must be isomorphic for all 7, p € G with respect to some
isomorphism

Uyt Ma®M, — My,

of Morita equivalence B — B-bimodules. We additionally choose for each pair 7, p € G
such an isomorphism ¥ , : M,®pM p — My ,, which in turn provides a bilinear map

My p: My X My — Mryy, Mg p(x,y) =Y ,(xQBY).

The family of all such maps (my, p)ﬂ pcG oW gives rise to a multiplication map m on the

algebraic vector space

A= M,.

re@
Proposition 6.1. The following statements are equivalent:
(a) m is associative, i.e., A is an algebra.

(b) For all 7, p,0 € G we have

\Il7r+p70 (0] (\Ilﬂ’,p ®B ldo—) = \IjTﬁp-f—O' (] (ldﬂ— ®B\Ilp70')' (5)

Proof. For given 7, p,0 € G we explicitly compute for all x € My, y € M,, z € M,:

m(z, m(y,z)) =m(z, ¥, ,(y @8 2)) = Vr pio(z, ¥po(y @5 2))
m(m(x, y), Z) = m(qlw,p(x XB y), Z) - \I/7r+p,0 (\Ilw,p(x XB y)7 Z)
Therefore, m is associative if and only if equation (&) holds for all 7, p, o € G. O

Definition 6.2. We call a family (M, \Ifmp)ﬂ el @ factor system for  if it satisfies
(Mo, Wo0) = (B,idpg) and the condition in Proposition 6.11

Remark 6.3. The normalization condition implies ¥ o = ¥ » = id; and
\Ilw,fw ®B 1d7r = 1d7r ®B\I]77r,7r- (6)

forall7 € G. In particular, it follows that the algebra A equipped with the multiplication
map m is unital with unit 1z € B C A. It also assures that on each subspace M, C A
the multiplication with elements of B coincides with the usual action of B.
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6.2 Construction of an Involution

We continue with a fixed factor system (My, ¥, ,) g for ¢ and we write A for the

™,pE
associated algebra. Our goal is to turn A into a *-algebra and right pre-Hilbert B — B-

bimodule. For this purpose we will involve the right Hilbert B — B-bimodule structure of
each direct summands M of A, i.e., the right B-valued inner products (-, ), on M.

Lemma 6.4. The map (-,-) : A x A — B defined for x = @, xr,y = DB, yr € A by

<1‘, y>5 = Z <x7r7 y7r>7r

WE@

turns A into a right pre-Hilbert B — B-bimodule and satisfies
<m(b,x),m(b,m)>3 < ”bH2<x7x>B (7)

forallx € A and b e B.

Proof. The necessary computations are straightforward and thus left to the reader. We
only point out that the inequality () is a consequence of the corresponding inequalities
satisfied by the right B-valued inner products (-, ) . O

Lemma 6.5. For each y € M, and every p € G the left multiplication operator
by : M, — MFQ@BMP, T yYRBT
is adjointable (and hence bounded) with adjoint given by

E;L : M7F®BMp — M,, z®pz— (y,z)B..

Proof. To verify the assertion we first note that the linear span of elements z ®p 2’ with
z € M, and 2’ € M, is dense in My ,. For such an element and z € M, we obtain

(by(x), 2082 ) =(y@pz,2082") 5= (2,(y,2).2") s = (2,0} (25 7))
which implies that ¢, is adjointable with adjoint given by the map E;j. O
Proposition 6.6. For each y € M, and every p € G the left multiplication operator
Ay i My —= Mry, My(x) :=m(y, )
is adjointable (and hence bounded) and satisfies
Ay(@) Ay(@))g < Ky w5l - {z, 2)5 (8)

for all x € M,.
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Proof. That the left multiplication operator A\, : M, — M, is adjointable for each
y € M, and every p € G is an immediate consequence of Lemma and the unitarity
of the map V¥, , because Ay = ¥, ,0/,. The asserted inequality (&) then easily follows
from a short computation involving inequality (7). Indeed, we obtain

O‘y(x)a )\y($)>3 = <\I/7r7p(y ®B T), \I’W,p(y X8 x)>8 = (y®pr,Yy Qs x>8
= <.%', <y7y>5'x>[5 < ”<y7y>BH<x7x>B

for all x € M. O
Corollary 6.7. For each a € A the left multiplication operator
Aot A=A A(z) :=m(a, )

1s adjointable and bounded.

We are now ready to introduce an involution on A which turns A into a *-algebra. Here
we use the fact that the involution is determined by the inner product if we impose that
the inner product on A takes it canonical form.

Definition 6.8. The adjoint map i : A — A, a — i(a) is given by
i(a) := A\ (1p).

It is clearly antilinear and maps the subspace M, © € @, into M_,. Moreover, on the
subspace B C A the imap coincides with the usual adjoint, i.e., we have i(b) = b*.

The following lemma shows that the adjoints of left multiplication operators commute
with right multiplication operators.

Lemma 6.9. For allx € My, y € M, and z € My, with m,p,0 € G we have
m(A; (2),y) = AL (m(z,1)).
Proof. Tt suffices to note that equation (Bl) implies that
Ao Vs, =Wri6,0 (A ®pid)).
Indeed, taking adjoints then leads to
Ut oM =\ @pidy) o ¥,

which verifies the asserted formula since the maps ¥, , and ¥, , are unitary. ]
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Theorem 6.10. For all x € A we have N} = Xy(,).

Proof. 1t suffices to show the assertion for elements in individual direct summands. For
this, let © € My, y € M,, and 2z € M, with 7, p,0 € GG. Then using Lemma [6.9] gives

<)‘z(x)(y)7 Z>B = <m(2(m), y)7 z>8 = <m()‘;_(]]-8)7 y)7 z>8 = <)‘;_(m(]]-57 y)7 z>B
= <m(]]-Ba y)’ m(:c, Z)>B = <y’ m(:c, Z)>B = <)‘;’3_(y)a Z>B' 0
We conclude this section with a bunch of useful corollaries, e.g., we finally verify that
the map i : A — A from Definition [6.§] actually defines an involution.

Corollary 6.11. Let Py : A — A be the canonical projection onto the subalgebra B.
Then for all x,y € A we have

(z,y)8 = Po(m(i(y), ).
Proof. Since the element 13 is fixed by Py we conclude from Theorem B.10] that

(z,y)8 = (m(i(y), ), 1s)s = (Po(m(i(y), x)), L)s = Po(m(i(y),)). O

Corollary 6.12. The algebra A is involutive, i. e., for all x,y € A we have
i(i(x)) =z and i(m(z,y)) =m(i(y),i(z)).
Proof. Applying Theorem twice gives
(i(i(z)), 2)g = (L, m(i(x), 2)) g = (@, 2) 5,
(z(m(x, y))’ Z>B = <]]-B’ m(m(x, y)a Z)>B = <Z($), m(y’ Z)>B = <m(l(y)? Z(x))? Z>B
for all z € A which in turn implies that i(i(z)) = x and i(m(z,y)) = m(i(y),i(x)). O

6.3 Construction of a Free Action

In the last subsection we turned A = Sy & M, into a *-algebra and right pre-Hilbert

B — B-bimodule. We denote by A the corresponding completion of A with respect to the
norm

1/2 , 1/2
Izl == (2, @) 5l = | Po(m(i), )]
(cf. Corollary G.11]). By Corollary 6.7, left multiplication with an element a € A extends

to an adjointable linear map on A. Therefore, the map

A A= L(A), ar N
is well-defined. Moreover, the characterization of the norm implies that the vector
1p € A is separating the operators A(A) C L(A), i.e., if A4(1g) = 0 for some a € A then
a = 0. The intention of this section is to finally construct a free C*-dynamical system
(A, G, ) with fixed point algebra B.
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Proposition 6.13. The map A\ : A — L(A), a > A, is a faithful representation of the
*-algebra A by adjointable operators on the right Hilbert B — B-bimodule A. Moreover,
its restriction to each My, m € G, is isomelric.

Proof. The necessary algebraic conditions are easily checked using Corollary More-
over, the injectivity of the map A is a consequence of the previous discussion about the
separating vector 1z € A. To verify that the restriction of A to each M, 7 € @, is
isometric, we fix w € G and use inequality (8) of Proposition which implies that
H)\yng < |lyll3 holds for all y € M,. On the other hand, the inequality

lyllz = 1A (L6)15 < IAyll2,

follows from the observation that 15 € A satisfies || 15], = 1. We conclude that || A,|| op =
llyll, holds for each y € M;, which finally shows that the restriction of A to M is
isometric and thus completes the proof. ]

Definition 6.14. We denote by A the C*-algebra which is generated by the image of A,

i.e., the closure of A\(A) with respect to the operator norm on £(A). In particular, we
point out that A contains A as a dense *-subalgebra.

To proceed we need to endow the C*-algebra A with a continuous action of G by
“-automorphisms. For this purpose we first construct a strongly continuous unitary
representation of G on the right Hilbert B — B-bimodule A.

Lemma 6.15. For each 7 € G the map Uy : G — U(M;), g — (Ux)g given by
(Un)g() =g - x

is a strongly continuous unitary representation of G on the right B — B-Hilbert bimod-
ule M. Moreover, taking direct sums and continuous extensions then gives rise to a

strongly continuous unitary representation U : G — U(A), g — Uy of G on the right
Hilbert B — B-bimodule A.

Proof. The necessary computations are straightforward using the right B-valued inner
products (-, ), and (-,-) of the spaces M, and A, respectively. O

Lemma 6.16. The map o : G — Aut(A), g — a4 given by
ag(Aa) :=Ug g U;_

is a continuous action of G on A by *-automorphisms.

Proof. The action property is obviously satisfied by the definition of the map «. More-
over, its continuity follows from the strong continuity of the map U from Lemmal[G.I5l [J
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We are finally ready to present the main result of this section.

Theorem 6.17. The C*-dynamical system (A,G,«) associated to the factor system
(M, V) e is free and satisfies A(m) = My for oll m € G. In particular, its fized
point algebra is given by B.

Proof. (i) Let 7 € G. We first check that the corresponding isotypic component A(7)
is equal to M. Indeed, using the separating vector shows that agy(a) = Uy(a) holds for
elements a € A. In particular, the elements of M, C A are contained in A(w). Moreover,
the continuity of the projection Pr : A — A onto A(w) implies that M, = P:(A) C A
is dense in A(m). Since the restriction of A to M, is isometric (cf. Lemma [6.13), we
conclude that M is closed in A(7) and hence that A(w) = M, as claimed. In particular,
the fixed point algebra of (A, G, «) is given by B.

(ii) Next we show that the C*-dynamical system (A, G, ) is free. For this purpose, we
again fix 7 € G. Since A(m) = M, holds by part (i) and

M_, - My :=span{m(z,y) |z € M_r,y € M}

is dense in B by construction, it follows that the multiplication map on A induces an
isomorphism of B — B-Morita equivalence bimodules between A(—m)®pA(7) and B. We
therefore conclude from Corollary Bl that the C*-dynamical system (A, G, «) is free. O

Remark 6.18. To emphasize the dependence on the factor system (M,V) :=
(M, \I]”vp)n,peé’ we will occasionally write (A, G, a,w)) for the associated free
C*-dynamical system from Theorem [6.17

We conclude this section with an “inverse construction”, i.e., we show how to associate
a factor system to a given free C*-dynamical system. Moreover, we show that the
corresponding C*-dynamical system is equivalent to the original one in the following
sense:

Definition 6.19. Let B be a unital C*-algebra. Moreover, let (A, G, a) and (A, G,a/)
be two free C*-dynamical systems such that AY = (A')¢ = B. We call (A, G,a) and
(A", G, ) equivalent if there is a G-equivariant *-isomorphism 7' : A — A’ satisfying
T, =idp.

Proposition 6.20. Each free C*-dynamical system (A, G, «) with fized point algebra B
gives Tise to a factor system (A(Tr)’mﬂ—’p)mpéa for w4 (cf. Proposition [B11) with

My A(m)@BA(p) = Al +p), @Y+ zy.

Moreover, its associated C*-dynamical system is equivalent to (A, G, ).

Proof. That the pair (A(m),mx ) _ o
of Corollary 5.1l and the associativity of the multiplication map of A. Moreover, its

associated C*-dynamical system is equivalent to (A, G, ), since they are isomorphic on
the dense *-subalgebra @__z A(m). O

& defines a factor system for ¢ 4 is a consequence
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7 Classification of Free Actions of Compact Abelian Groups

In the previous section we have seen how a factor system gives rise to a free C*-dynamical
system and vice versa. In this section we finally establish a classification theory for free
actions of compact abelian groups. If not mentioned otherwise, B denotes a fixed unital
C*-algebra and G a fixed compact abelian group.

Definition 7.1. We write Ext(B,G) for the set of equivalence classes of free actions
with fixed point algebra B.

For a C*-dynamical system (A, G, «) with fixed point algebra B we write [(A, G, «)] for
its equivalence class in Ext(B,G). The group homomorphism in Proposition [5.11] then
provides an invariant

I : Ext(B,G) — Homg, (G, Pic(B)), I([(A,G,a)]):=pa
In particular, we may partition Ext(B,G) into the subsets
Ext(B,G, ) =1 () = {[(A,G,a)] € Ext(B,G) | pa = ¢}

for a group homomorphism ¢ : G — Pic(B). For a fixed ¢, set Ext(B, G, ¢) may be
empty. We postpone this problem until the end of the section and concentrate first on
characterizing the set Ext(B, G, ¢) and its C*-dynamical systems. We start with a useful
statement about automorphisms of Morita equivalence bimodules. Although it might be
well-known to experts, we have not found such a statement explicitly discussed in the
literature.

Proposition 7.2. Let T be an automorphism of the Morita equivalence B — B-bimodule
M. Then there exists a unique unitary element u of the center of B, i.e., an element
u € UZ(B), such that T(m) = u.m for all m € M. In particular, the map

Y :UZ(B) — Autpe(M),  ¥(u)(m) := u.m,

s an isomorphism of groups.

Proof. We divide the proof of this statement into two steps:

(i) In the first step we show that the assertion holds for the canonical Morita equivalence
B — B-bimodule B. To see that this is true, we choose u € UZ(B) and note that the map
T, : B — B, b+ u-b defines an automorphism of the Morita equivalence B — B-bimodule
B. In particular, the assignment

Y1 :UZ(B) — Autme(B), w— Ty

is an isomorphism of groups. In fact, given T" € Autymg(B), a short calculation shows
that 7' is uniquely determined by 7'(15) which is an element in UZ(B).
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(ii) In the second step we show that Morita equivalence automorphisms of B are in one-
to-one correspondence with automorphisms of M. To begin with, we denote by M the
conjugate module and recall that the map

U: MM — B, ¥ (m®gnm'):=g{m,m)

for m,m’ € M defines an isomorphism of Morita equivalence B — B-bimodules (cf. [43]
Proposition 3.28]). Therefore, given an element 7' € Autyg(M), a short observation
shows that the composition map Ty := ¥o (T'®idy;) o U1 defines an automorphism of
the Morita equivalence B — B-bimodule B. Next, we show that the map

o : AutME(B) — AutME(M), ¢2(T)(m) = T(]lg).m

is an isomorphism of groups. In fact, we first note that ¢- is a well-defined and injective
group homomorphism. The surjectivity of ¢ is a consequence of the equation

Yo(Tw)(m) = Ty(1p).m = T(m)

which can be verified for all m € M by using a sequence {my}nen in M such that

o2 1 B{mp, my) converges to 1. The assertion thus follows from ) = 19 0 9. O

Corollary 7.3. Let M be a Morita equivalence B — B-bimodule and v € UZ(B). Then
there exists a unique element ®pr(u) € UZ(B) such that ®pr(u).m = m.u holds for all
m € M. Furthermore, the map

Oy :UZB)—=UZ(B), ur Pp(u)

s an automorphism of groups.

Proof. The first assertion is an immediate consequence of Proposition applied to the
automorphism of M defined by m — m.u. That the map ®;; is an automorphism of
groups follows from a short calculation. O

Proposition 7.4. The map
® : Pic(B) — Aut(UZ(B)), [M]— P

s a group homomorphism.

Proof. (i) We first show that & is well-defined. Therefore let ¥ : M — N be an
isomorphism of Morita equivalence B — B-bimodules and v € UZ(B). Then

Drr(u).¥(m) =V (Py(u).m) = ¥(m.u) = V(m)u=®y(u).¥(m)

holds for all m € M which implies that ®,; = $y.
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(ii) To see that @ is a group homomorphism, let M and N be Morita equivalence B — B-
bimodules and u € UZ(B). Then
D, 5,n(w)-(m®@pn) =(m®@gn)u=meg(nu)=mep (Py(u)n)

holds for all m € M and n € N which shows that ® =®p0dy. O

M@sN

Remark 7.5. We point out that the map ® from Proposition [7.4] induces a map
D, : Homgr(@, Pic(B)) — Homg, (G, Auwt(UZ(B)), ®.(p):=doq.

In particular, each ¢ € Homg (G, Pic(B)) determines a G-module structure on UZ(B)
which enables us to make use of classical group cohomology. In fact, given an element
¢ € Homg, (G, Pic(B)), the cohomology groups

H2(G,UZ(B)):= H},,(G,UZ(B))

are at our disposal (cf. [31, Chapter IV]).

We now return to our main goal and continue with treating the question which factor
systems give rise to equivalent free C*-dynamical systems.

Definition 7.6. Let ¢ : G — Pic(B) be a group homomorphism. We call two factor

systems (Mw’q/”vp)n,peé and (M;T,\I/;,p)mpea for ¢ equivalent if there exists a family

(Tr : My — Z\L’T)7re & of Morita equivalence B — B-bimodule isomorphisms satisfying
U0 (Tr ®8T)) =TripoVn, 9)

for all m,p € G.

Theorem 7.7. Let ¢ : G — Pic(B) be a group homomorphism. Furthermore, let

(MW’\I]”vP)n,peé and (M;T’\I];Tvﬂ)n,peé be two factor systems for @. Then the following

statements are equivalent:
(a) The factor systems are equivalent.

(b) The associated free C*-dynamical systems are equivalent.

Proof. (a) Suppose first that the factor systems (M”’\Ilﬂvl’)w,pe@ and (M;T,\I/;W)mpea
are equivalent and let (T : M, — M7’r)7r <& be a family of B — B-Morita equivalence

bimodule isomorphisms such that equation (@) holds for all 7, p € G. Furthermore, let

A= M, and A =P M,
neé neé
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be the corresponding *-algebras with involutions given by 7 and 7/, respectively. Then
a short observation shows that the direct sum of the maps T : M, — ML, 7 € C:’,
provides a G-equivariant *-isomorphism T : A — A’ of algebras. In fact, the map T is
clearly a G-equivariant isomorphism of right pre-Hilbert B—B-bimodules by construction.
Moreover, the assumption that equation (@) holds for all m,p € G implies that T is
multiplicative. That it is also *-preserving, i.e., that T(i(z)) = ¢(T(x)) holds for all
x € A, now follows from Theorem Passing over to the continuous extension of T'
provides a G-equivariant isomorphism T : A — A’ of right Hilbert B — B-bimodules and
it is easily checked with the help of the previous discussion that the relation

Ad[TJoA=XNoT

holds, where A : A — L(A) and ) : A’ — L(A’) denote the faithful *-representations
from Proposition G138l In particular, we conclude that the map Ad[T] : £L(A) — L(A")
restricts to a G-equivariant *-isomorphism between the associated free C*-dynamical
systems (A, G,a) and (A, G, ') which completes the first part of the proof.

(b) Suppose, conversely, that the associated free C*-dynamical systems ((.A, m), G, «) and
((A',m),G, ') are equivalent and let T : A — A’ be a G-equivariant *-isomorphism.
Then it is a consequence of the G-equivariance of the map T that the corresponding
restriction maps T := Tjyy, + My — M., w e CA?, are well-defined and B — B bimodule
isomorphisms. Moreover, the multiplicativity of 7" implies that equation (@) holds for all
T, p € G. Hence it remains to show that the family (Tr - Mz — M;T)neé preserves the
B-valued inner products. To see that this is true, we first conclude from the *-invariance
of T that Ty (x)* = T_(*) holds for all 7 € G and all z € M;. It follows from a short

computation involving equation (@) that
(Tr(2), Tr (y))8 = m/ (Tr(2), Tr (y)") = m/ (Tr(2), T-r(y")) = m(z,y") = (z,y)8

holds for all 7 € G and all x,y € M. The corresponding computation for the left
B-valued inner products can be verified in a similar way and completes the proof. U

Theorem 7.8. Let ¢ : G — Pic(B) be a group homomorphism with Ext(B, G, @) # 0.

~

Furthermore, choose for all m € G a Morita equivalence B — B-bimodule M, € o(m) such
that My = B. Then the following assertions hold:

(a) Each class in Ext(B, G, p) can be represented by a free C*-dynamical system of the
form (A(M,\Il)a G, a(M,\I/))-

(b) Any other free C*-dynamical system (A, G, arwry) representing an element
of Ext(B, G, ¢) satisfies V' = w¥ with (w¥)y , = w(m, p)Wr, for all m,p € G for
some 2-cocycle

we Z2(G,UZ(B)).
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(c) The free C*-dynamical systems (A,w), G, an,w)) and (Apagwe), G, (v ww)) are
equivalent if and only if

w € B3(G,UZ(B)).

Proof. (a) Let (A,G,a) be a free C*-dynamical system representing an element in
Ext(B, G, ) and recall that (A, G,«) gives rise to a factor system for ¢ of the form

(A(”%mw)n,pea (cf. Proposition [6.20). Then the assumption implies that there is
a family (T : Mz — A(m))__g of Morita equivalence B — B-bimodule isomorphisms
which can be used to define another family (7 : M,®sM, = Mi,) of Morita

m, EG
equivalence B — B-bimodule isomorphisms by

\I/;;’p = T;er omg o (Tr ®5T)).

In particular, it is not hard to see that the later family gives rise to a factor system
(M, 97 ) rpcl & for ¢ which is equivalent to (A(m), mx,) el Therefore, the assertion
is finally a consequence of Theorem [Z.7]

(b) Let (A(M7\p/),G,(X(M7\I//)) be any other free C*-dynamical system representing an
element of Ext(B,G, ¢) and choose 7, p € G. Then Proposition 722 implies that the
automorphism W/ PR of the Morita equivalence B — B-bimodule My, provides a
unique element w(w p) € U Z(B) satisfying

\Ilir,p = w(m, p)¥n,p

Moreover, it is easily seen that the corresponding map w : GxG—UZ (B) is a normalized
2-cochain. To see that w actually defines a 2-cocycle, i.e., an element in Zf,(é, UZ(B)),
we repeatedly use the factor system condition equation (B)) and Proposition [74. For
example, we find that

U5 pio © (idr @59, ) = W7 oo (idr ®pw(p,0)¥,0)
= \III ,p+0o o (idr w(p,0) ®5 \ij,a)
Ul pio © (Pr(w(p, 0)) idr @Y),0)
P (w(p, 0)) V7 pio © (idr @8V, 0)
Pr(w(p,0))w(m, p+ 0)¥r pio o (idr @Y p0)

holds for all 7, p,0 € G, where id; w(p,0) = ®r(w(p,o))id, is understood in the sense
of Corollary [T.3]

(c) If w = dyh holds for some element h € CY(G,UZ(B)), then the factor systems
(M, ‘I’w)mpea and (Mg, w(m, p)¥ ,p)ﬂ Pl ATe equivalent. Hence, the assertion follows
from Theorem [7l If, on the other hand (M, ‘I’w)n,pea and (me(w,p)\llmp)mpea
are eAquivalent, then we conclude from Proposition that there exists an element h €
CY(G,UZ(B)) which implements the equivalence given by a family (Tr) g of Morita
equivalence B — B-bimodule isomorphisms 15 : Mz — My, i.e., we have T = Tj () for
all 7 € G. Moreover, a short observation shows that w = dyh € Bg(@, UZ(B)). O
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Corollary 7.9. Let ¢ : G — Pic(B) be a group homomorphism with Ext(B,G, ) # 0.
Then the map

H2(G,UZ(B)) x Ext(B,G, ¢) — Ext(B, Gy)
(@), [(Aarwy: G arm)]) = [(Aprwn: Gr @arwn)]

1s a well-defined simply transitive action.

We conclude with a remark which shows that our constructions from Section [@] are, up
to isomorphisms, inverse to each other.

Remark 7.10. It is easily seen that Proposition applied to the free C*-dynamical
system (.A( ), Gyaog \1,)) in Theorem [BI7 recovers the original factor system
(M, ¥ 7p)7r e g for ¢. Indeed, Theorem [6.17 shows that Az ¢ (™ ) = M, for all m € G.
Moreover, the multiplication map of Ay y) is by construction uniquely determined by
the factor system, i.e., my, = ¥, , for all 7,p € G. Tt follows that our constructions,
i.e., the procedure of associating a free C*-dynamical system to a factor system and vice
versa, are, up to isomorphisms, inverse to each other:

C*
(Mr,Wr)p) peC = (Aane), Gy o))
F.S,

(A,G,a) — (A(W)ammp)ﬂ,pe@'

Non-emptiness of Ext(B, G, )

As we have already discussed before, each group homomorphism ¢ : G — Pic(B) gives

rise to both a family (M) ncl ~ of Morita equivalence B — B-bimodules and a family

(Urp: Mr@M, — Mrip), co

of Morita equivalence B — B-bimodules isomorphisms. Given a group homomorphism
¢ : G — Pic(B) and such a family (M,T,\Ilm,)7r el satisfying My = B, Vg = idg and

Veo = Yo =id; for all 7 € G (which need not be a factor system), we can examine
for all 7, p,o € G the automorphism

dy¥(m, p,0) = Vripo o (Ur, ®pids) o (ids ®B‘I];;U) © \I’;rr,/ﬂ-ff

of the Morita equivalence B — B-bimodule My ,i,. The family of all such maps
(dM\II(ﬂ-’p’U))W,p,JEé\ can be interpreted as an obstruction to the associativity of the
multiplication (cf. Proposition [6.1). On the other hand, it follows from the construction
and from Proposition that the map dj;¥ can also be considered as a normalized
U Z(B)-valued 3-cochain on G, i.e., as an element in C3(G, UZ(B)). In fact, even more
is true:
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Lemma 7.11. The map dy¥ defines an element in Zg(é, UZ(B)).

Proof. For the sake of brevity we omit the lengthy calculation at this point and refer
instead to [37, Lemma 1.10 (5)]. O

Lemma 7.12. The class [daV] in HS,(C:’, UZ(B)) is independent of all choices made.

Proof. (i) We first show that the class [dys V] is independent of the choice of the family
(Wrp) el Therefore, let (V7 ,) el be another choice and note that Proposition

implies that there exists an element h € C2(G, U Z(B)) satisfying W, = h(m, p)¥s, for
all m,p € G. A short calculation then shows that

Vit po 0 (Ve , @Bids) = h(m + p,0)h(m, p)da ¥ (7, p,0) (Vr piq 0 (idr @8V p0))

holds for all 7, po € G. On the other hand, it follows from Proposition [7.4] that

Ay V' (7, p,0)(Vr 1 © (idr @57, )
=dy V' (7, p,0)h(m, p+ o). h(p,0)(Vr pio 0 (idr @Y ) o))

holds for all 7, p,0 € G. From these observations we can now easily conclude that the
3-cocycles dp; ¥’ and dp; ¥ are cohomologous.

(ii) As a second step, we show that the class [da; V] does not dependent on the choice of
the family (Mr)__g. For this purpose, let (M7)__a be another choice and note that the

construction implies that there is a family (T : M, — M,’T)ﬂea of Morita equivalence

B — B-bimodule isomorphisms. This family can now be used to define another family

(W7, M.&M b= My P)n,pea of Morita equivalence B — B-bimodule isomorphisms by

Vo pi=Tripo Urpo (T7 ®5 Tp+)-

Then an explicit computation shows that

dM\I/I(Td',p, 0’) = \I/I

et po © (\Iz;,p ®p idy) o (id, ®Bx1/;j0) o Pt

T,p+o

= Lgto4p© \I/ﬂ—f—p,a © (T7j_+p XB T;L)
0 (Tryp ®pids) 0 (Vrp ®pids) o (T, @5 T, ®pids)
o (idr ®8T, ®p T,) o (id, ®B\I/;(,) o (id, ®BTP++(,)
o (Ir ®8 Tptqs) © qj;p—f—a o T;r-l-p-f—a

=dy¥(m, p,0)

holds for all w, p,0 € G. We conclude that dy ¥/ = dpyV, i.e., that the 3-cocycle dy W
is unchanged. O
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Definition 7.13. Let ¢ : G — Pic(B) be a group homomorphism. We call
X(p) = [dn¥] € HY(G,UZ(B))

the characteristic class of .

The following result provides a group theoretic criterion for the non-emptiness of the set

Ext(B,G, p).

Theorem 7.14. Let ¢ : G — Pic(B) be a group homomorphism. Then Ext(B, G, ¢) is
non-empty if and only if the class x(p) € H3(G,UZ(B)) vanishes.

Proof. (=) Suppose first that Ext(B,G, ¢) is non-empty and let (A, G,«) be a free
C*-dynamical system representing an element in Ext(B, G, ). Then (A, G, a) gives rise
to a factor system for ¢ of the form (A(ﬂ-)’mmp)n,peé (cf. Proposition [6.20) and the

associativity of the multiplication implies that the corresponding characteristic class
x(¢) € H3(G,UZ(B)) vanishes.

(<) Let (Mz)__g be a family of Morita equivalence B — B-bimodules and

(Prp: Me®BMp — Mrip) .

a family of Morita equivalence B — B-bimodules isomorphisms as described in the intro-
duction. Furthermore, suppose, conversely, that the class

X(¢) = [dnV] € HY(G,UZ(B))

vanishes. Then there exists an element h € C*(G,UZ(B)) with dp¥ = dyh~! which
can be use to define a family (\I!;W : Mx®@pM, — My)) of Morita equivalence
bimodule B — B-isomorphism by

ﬂ,pE/G\

\IJ;W) = h(m, p)Vr .

The construction implies that dy; ¥’ = 1. In particular, it follows that (M, \II;W)7T e
is a factor system for ¢ and we can finally conclude from Theorem that the set
Ext(B, G, ¢) is non-empty. O

Remark 7.15. The intention of this remark is to describe the elements of the set
Ext(B, @G, ¢) for a given group homomorphism ¢ : G — Out(B) (c¢f. Example B7).
For this purpose, let (A, G,«a) be a free C*-dynamical system representing an element
of Ext(B,G, ). Then it is not hard to see that each isotypic component contains an
invertible element. In fact, it follows from Corollary 5.1 that the map

A(—m)@pA(T) = B, z®py+— 1y (10)

is an isomorphism of Morita equivalence B — B-bimodules for all m € G. Moreover, the
assumption on ¢ implies that for each © € G there is an automorphism S(7) € Aut(B)
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and an isomorphism 75 : Mg(r) — A(m) of Morita equivalence B — B-bimodules. If we
now define u, := T (13), then a short observations shows that

A(m) = u.B = Buy,
from which we conclude together with equation (I0]) that
uBu_p = u_Bu; = B.

Consequently, the element u, € A(m) is invertible (in .A). Conversely, let (A, G, )
be a C*-dynamical system such that each isotypic component contains an invertible
element. Then it is easily verified that (A,G,«) is free and that the corresponding
group homomorphism ¢4 : G > Pic(B) from Proposition B.I1] takes values in Out(B5).
In particular, (A, G, ) represents an element in Ext(B,G,¢4).

C*-dynamical systems with the property that each isotypic component contains invertible
elements have been studied, for example, in [46] [52), 54, 58] and may be considered as a
noncommutative version of trivial principal bundles (cf. Example 5.5l and [47)).

Remark 7.16. The aim of the following discussion is to explain how to classify the
C*-dynamical systems described in Remark [Z.15] Indeed, let (A, G, «) be a C*-dynamical
system such that each isotypic component contains an invertible element. Furthermore,
let (ur) .5 be a family of unitaries with ur € A(7) and ug = 1p. Then the maps

S:G— Aut(B), S(m)(b) := ugbu
and
w:GxG—=UB), wmo):=uuu
give rise to an element
(S,w) € CH@G, Aut(B)) x C*(G,U(B))
satisfying
S(m)(w(p,0))w(m, p+0) =w(m+ p,o)w(m,p) (11)
for all 7, p, 0 € G and
S(m)(S(p)(b)) = w(r, p)S(m + p)(b)w(r, p)* (12)

for all m,p € G and b € B. The corresponding families (M)
by M7r = MS(W) and

g and (\I/W’p)ﬂ’,pe/G'\ given

Uy Mp®M, — Mry,, bRt — bS(m)(V)w(r, p)
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are easily seen to provide a factor system for ¢4 whose associated free C*-dynamical
system is equivalent to (A, G, a). Conversely, each element

(S,w) € CHG, Aut(B)) x C*(G,U(B))

satisfying equation (I for all 7, p,0 € G and equation (I2) for all m,p € Gandbe B
leads in the described way to a free C*-dynamical system representing an element of
Ext(B, G, ¢) with

¢ = prgoS : G — Out(B),

where prg : Aut(B) — Out(B) denotes the canonical quotient homomorphism. It is
worth pointing out that in this situation, the involution can be expressed explicitly in
terms of the pair (S,w) (cf. [64, Construction A24]).

8 Principlal Bundles and Group Cohomology

Each locally trivial principal bundle (P, X, G, q,0) can be considered as a geometric
object that is glued together from local pieces which are trivial, i. e., which are of the form
U x G for some small open subset U of X. This approach immediately leads to the concept
of G-valued cocycles and therefore to a cohomology theory, called the Cech cohomology
for the pair (X,G). This cohomology theory gives a complete classification of locally
trivial principal bundles with structure group G and base space X (cf. [50]). On the
other hand, Theorem [B:4] implies that each locally trivial principal bundle (P, X, G, q,0)
gives rise to a free C*-dynamical system (C(P), G, a,) and it is therefore natural to ask
how the Cech cohomology for the pair (X,G) is related to our previous classification
theory. But since our construction in Section [G]is global in nature, it is not obvious how
to encode local triviality in our factor system approach (though we recall that in the
smooth category there is a one-to-one correspondence between free and proper actions
and locally trivial principal bundles). For this reason we now focus our attention on
topological principal bundles, a notion of principal bundles which need not be locally
trivial.

Remark 8.1. Let P be a locally compact space and G a locally compact group. Fur-
thermore, let 0 : P X G — P be a continuous action which is free and proper and write
pr: P — P/G for the corresponding quotient map. Then each pair (p1,p2) € P x P with
pr(p1) = pr(p2) determines a unique element 7(p1,p2) € G such that pi.7(p1,p2) = p2
and it follows from [43, Lemma 4.63] that the surjective map

7:Pxpig P :={(p1,p2) € Px P: pr(p1) =pr(p2)} = G

is continuous. It is called the translation map and is part of the definition of principal
bundles proposed in [26]. A short observation shows that each free and continuous action
o : P x G — P has a continuous translation map is automatically proper. Therefore
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the class of principal bundles in [26] coincides with the class of free and proper G-spaces.
For this reason, it makes sense to call a continuous action o : P x G — P which is free
and proper a topological principal bundle. As mentioned before these principal bundles
are, in general, not locally trivial (cf. [43, Remark 4.68]).

We now come back to our original setting. Let P be a compact space and GG a compact
abelian group. Furthermore, let o : P x G — P be a topological principal bundle and
7 € G. Then the corresponding isotypic component C'(P)(7) is finitely generated and
projective as a C'(P/G)-module according to Theorem Therefore, the Theorem of
Serre and Swan (cf. [48]) gives rise to a (locally trivial) complex line bundle V. over
P/G such that C(P)(m) is isomorphic as a right C(P/G)-module to the corresponding
space I'V of continuous sections. We point out that this isomorphism can be extended
to an isomorphism between Morita equivalence C(P/G) — C(P/G)-bimodules. In what
follows we identify the Morita equivalence C(P/G) — C(P/G)-bimodule C(P)(w) with
the corresponding complex line bundle V; defining an element in Pic(P/G). Then the
group homomorphism G — Pic(C(P/@)) induced by the topological principal bundle
o: P x G — P is given by

7 V4] € Pic(P/G) C Pic(C(P/G))

(cf. Example and Proposition B.IT). In particular, the G-module structure on
U(C(P/G)) = C(P/G,T) induced by this group homomorphism (cf. Remark [ZH) is
trivial since the left and right action of C(P/G) on C(P)(r) commute. Summarizing,
we have shown the following statement.

Lemma 8.2. Let X be a compact space. For a group homomorphism ¢ : G — Pic(C/(X))
to define a topological principal G-bundle over X it is necessary that im(p) C Pic(X)
and, therefore, that the induced module structure on C(X,T) is trivial.

We continue with a fixed group homomorphism ¢ : G — Pic(X) C Pic(C(X)) and a

factor system (M, \I’W,p)ﬂ e for . In this situation, the canonical flip

ﬂmp : Mw®C(X)Mp — Mp®C(X)Mm TRcx)Y Y ox) T

defines an isomorphism of Morita equivalence C(X) — C'(X)-bimodules for all 7, p € G.
In particular, we can examine for all 7, p € G the automorphism

Cu¥(m,p) =V, 0fl;,0 \I’;p (13)

of the Morita equivalence C'(X) — C'(X)-bimodule M ,. According to Proposition [Z.2]
the map Cp ¥ can also be considered as a normalized C'(X,T)-valued 2-cochain on G,
i.e., as an element in C?(G, C(X,T)). In fact, even more is true:

Lemma 8.3. The map Cp¥ defines an antisymmetric element in Z2(G,C(X,T)).
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Proof. 1t is obvious that the map Cps ¥ satisfies Cay W (p, m) = Cpr ¥ (m, p)* for all m, p € G.
In order to verify that Cj;¥ defines an element in Z2(G, C(X,T)) we have to show that

Cu¥(p,0)Cy¥(m,p+0) =Cu¥(m+ p,0)Car¥(m, p)

holds for all 7, p,0 € G. Indeed, explicit computations using the factor system property
(cf. equation (Bl)) and (I3]) show that

\IIO'erﬂT o (\I]o,p ®C(X) 1d7r) = CM\I](/), O-)CM\I’(TFa p+ O-)\I’W,oer © (1d7r ®C’(X) \I]p,o)
and
Vo ptn O (ids ®C(X)‘I’p,7r) = CpV(m, p)Cr ¥ (7 + p, J)\I’Hp,a o (‘I’mp X (x) idr)

hold for all w,p,0 € G. Again using equation (Bl to the right-hand side of the later
expression then leads to the desired 2-cocycle condition

Cu¥(p,0)Cyn¥(m,p+0) =Cu¥(m+ p,0)Car¥(m, p)
for w, p,0 € G. O

Lemma 8.4. Let (M, ¥V, ,)
for . Then we have

e and (M, \I’;w))mpea be two equivalent factor systems

CM/\I/, =CpV.

Proof. By assumption there is a family (7, : M, — M,’T)Wea of Morita equivalence
C(X) — C(X)-bimodule isomorphisms satisfying
W i=TrypoUr,o (TF @pT,)).
Therefore, an explicit computation shows that
Cor V' (T, p) = \Illpﬂr © ﬂ;r,p © \Ilgj:ﬂ
=TpinoWyro (T @pT})ofl, o (Tr®pT,) oW ol
=TpiroVprofle,0Wf oTf =CyV(r,p)
holds for all 7, p € G. O

Lemma 8.5. Let (Mx, ¥Ur,p)_ e
Then there exists an element w € ZQ(CA?7 C(X,T)) satisfying

and (M, V! P)w,pe@ be two factor systems for .

U

CM/\II/(T“ P) = w(777 p)w(p7 ﬂ-)*CM\II(Tra p)

forall m p € G.
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Proof. To verify the assertion we use Theorem [Z.8 which implies that the factor system

(M, \I};Tvp)mpéa is equivalent to a factor system of the form (Mﬂ’w(ﬂ’p)\pﬂﬁ)w,pe@ for

some 2-cocycle w € Z%(G,C(X,T)). In particular, we can now conclude from Lemma 8]
and a short calculation that

Car W' (m,p) = Car(W¥) (7, p) = (W) pr 0 flrp 0 (W), = w(p, (. p)*Car ¥, p)

holds for all 7, p € G. O

In what follows we denote the set of all biadditive maps G x G — C(X,T) that vanish
on the diagonal by Alt?(G,C(X,T)). A short observation shows that each element
w e Z%(G,C(X,T)) gives rise to an element A, € Alt?(G,C(X,T)) defined by

)‘w(777 P) = w(777 p)w(p7 ﬂ')*

which only depends on the class [w] € H2(G, C(X,T)). In particular, we obtain a group
homomorphism

A: H(G,C(X,T)) — Alt3(G,C(X,T)), [w]— Aw

whose kernel is given by the subgroup Hgb(é,C(X,T)) of HZ(CA?,C(X,T)) describing
the abelian extensions of G by C(X,T). We recall from [38, Proposition I1.3] that the
corresponding short exact sequence

0 — H2 (G,C(X,T)) — H%(G,C(X,T)) 2 Al%(G, C(X,T)) — 0

is split. Moreover, we write pr,, : H%(G,C(X,T)) — Hgb(@,C(X,T)) for the induced
projection map.

Proposition 8.6. The class pry, ([Car¥]) € HZ,(G,C(X,T)) does not depend on the
choice of the factor system and is therefore an invariant for the set Ext(C(X), G, ).

Proof. Let (M”’\Ilﬂvl’)w,pea and (ML, @;7P)ﬂ7p€a be two factor systems for . Then it

follows from Lemma and the construction of the map pr,;, that
P, ([Car ¥']) = prap, ([ACar¥]) = pryp, (Ao [Car¥]) = pryp, ([Car ¥]). 0
Definition 8.7. Let ¢ : G — Pic(X) be a group homomorphism. Then we call
X2() = prap([Cn¥)) € H2,(G, C(X,T))

the secondary characteristic class of .

The following result provides a group theoretic criterion for the existence of topological
principal G-bundle over X.

43



Theorem 8.8. Let ¢ : G - Pic(X) be a group homomorphism. Then the following
statements are equivalent:

(a) The map ¢ defines a topological principal bundle o : PxG — P over X, i. e., the set
Ext(C(X), G, ¢) contains an element which can be represented by (C(P),G,ay).

(b) The map ¢ satisfies the following two conditions in the indicated order:
(b1) The class x(¢) € H3(G,C(X,T)) vanishes.
(b2) Furthermore, the class xa(p) € H2 (G, C(X,T)) vanishes.

Proof. (a) = (b): Suppose first that the map ¢ defines a topological principal bundle
o: P xG — P over X. Then the corresponding C*-dynamical system (C(P),G, )
is free according to Theorem [B.4] and we conclude that Ext(C(X),G,p) # 0. This
observation is by Theorem [Z.14] equivalent to the vanishing of the characteristic class
x(p) € H3(G,C(X,T)). To verify that the class x2(p) € H (G, C(X,T)) also vanishes,
we note that the canonical associated factor system is given by

Urp: C(P)(m)®cx)C(P)(p) = C(P) (7 +p), [ ®cx) g9 fyg.

Therefore, the claim follows from the commutativity of C'(P) since we have

Van(f®cx)9) = fa=9f =¥Ypr(9®@cx) f)
for all f € C(P)(r) and g € C(P)(p), i.e., Cy¥ = L (x)-

(b) = (a): If condition (b1) is satisfied, then it follows from Theorem [T.14] that there is
a free C*-dynamical system (A, G, «) representing an element of Ext(C(X),G, ). Let

(M, \I]”vp)w,peé be its associated factor system (for ¢). We then use condition (b2) to

find an element w € Z2(G, C(X,T)) such that
Ao+ = Cy ¥ € Alt*(G,C(X,T)).

Consequently, the corresponding factor system (Mw,w(ﬂ,p)\lfmp)ﬂ el for ¢ satisfies
Cu(wV¥) = 1¢g(x) meaning that its associated free C*-dynamical system is equiva-
lent to one of the form (C(P),G,a,) induced by some topological principal bundle

c:PxG— P over X. O
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9 Examples

In the last section of this paper we present some examples.

Example 9.1. Let M, (C) be the C*-algebra of mxm matrices and recall that its natural
representation on C™ is, up to equivalence, the only irreducible representation of M,, (C).
Therefore, it follows from Example 5.8 that Pic(M,,(C)) is trivial. In particular, there is
only the trivial group homomorphism from G to Pic(M,,(C)) and a possible realization
is given by the free C*-dynamical system

(C(G, Mm(C)), G, It ® ldMn(C))’
where
rt: G x C(G) — C(G), rt(g, f)(h) :== f(hg)

denotes the right-translation action by G. Moreover, we conclude from Corollary [7.9]
that all free actions of G with fixed point algebra M,,(C) are parametrized by the
cohomology group H 2(CA?,']I‘). In the case G = T™, n € N, this cohomology group is
isomorphic to T37"=D and parametrizes the free actions given by tensor products of
the noncommutative n-tori endowed with their natural T"-action (cf. Example [(.2]) and

the C*-algebra M, (C).

Example 9.2. Consider the 2-fold direct sum My (C) @My (C) and notice that the group
U Z(My(C)@®My(C)) is isomorphic to T2. Since the spectrum of My (C)@®My(C) contains
two elements, it follows from Example (.8 that Pic(Ms(C) & My (C)) is isomorphic to Zs.
If ¢ : Z — Zy denote the canonical group homomorphism with kernel 2Z, then it is a
consequence of [31, Chapter VI.6] that the cohomology groups H, g(Z, T?) and H, g(Z, T?)
are trivial. Therefore, Theorem [7.14] implies that the set Ext(My(C) @ My (C), T, p) is
non-empty and contains according to Corollary [Z.9 exactly one element, namely the class
of the trivial system
(C(T, Mg(@) @ MQ(C), T, rt ® ld)

Example 9.3. For the following discussion we recall the notation from Example.2l Let
Ty be the noncommutative n-torus defined by the real skew-symmetric n x n matrix 6
and let w, be the corresponding T-valued 2-cocycle on Z" given for k,k’ € Z" by

wn(k, k') := exp(cn {0k, K')).

Furthermore, let S : Z™ — Aut(T}) be a group homomorphism leaving the isotypic
components of Ty (with respect to the canonical gauge action by T") invariant, i.e.,
such that for all 1 € Z™ and k € Z"

SMUy = a1k Ux

for some ¢ € T. Then, given another T-valued 2-cocycle w,, on Z™, it follows from
Remark [716] that the pair (S,w,,) gives rise to a factor system for the group homomor-
phism ¢ := prn oS : Z™ — Pic(Ty). Moreover, it is easily seen that the associated
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free C*-dynamical system is equivalent to the free C*-dynamical system (Tj,"™, T™, ),
where Tj,™™ denotes the noncommutative (n + m)-torus determined by the T-valued
2-cocycle on Z"™ given for k,k’ € Z" and 1,I' € Z™ by

Wner((k’ l)’ (kl’ ll)) = Cl,k/wn(k, k/)wm(l, ll)

and « is the restriction of the gauge action ag,+m to the closed subgroup T™ of T"™.
That (TZ,+m, T™, «) is actually free is a consequence of Proposition BTl In particular, it
represents an element in Ext(T}y, T™, ¢) which is according to Corollary [ parametrized
by the cohomology group

HZ(Z™, UZ(Ty)).

Remark 9.4. The previous example can be used to construct free C*-dynamical systems
which are not C*-algebraic bundles (cf. [I8], 43]) over the fixed point algebra.

Example 9.5. Let € be an irrational number in [0, 1] and ']I% the corresponding noncom-
mutative 2-torus from Example We recall that in this case UZ(T3%) is isomorphic
to T. Furthermore, let ¢ : Z? — Pic(T3) be any group homomorphism (note that
T? C Aut(T3) to apply the construction in Example [@0.3)). Then it is a consequence of
[31, Chapter VI.6] that the cohomology group Hg(ZQ,']I‘) is trivial. Therefore, Theo-
rem [(. 14l implies that the set Ext(']I‘g, T2, ¢) is non-empty and according to Corollary [0
parametrized by the cohomology group Hg(Z%T). For its computation we refer, for
example, to [52, Proposition 6.2].

Example 9.6. Let H be the discrete (three-dimensional) Heisenberg group and let
(C*(H), T2, «) the corresponding free C*-dynamical system from Example 5.3 If

¢ : Z* — Pic(C(T)) = Pic(T) x Homeo(T)

denotes the associated group homomorphism, then the class of (C*(H), T?, «) is con-
tained in the set Ext(C(T), T?, ) of equivalence classes of realizations of ¢, which is by
Corollary [[.9 parametrized by the cohomology group H, £(Z2, C(T,T)). For its computa-
tion we refer, again, to [52, Proposition 6.2].

Example 9.7. For ¢ € [-1,1] let (SU4(2), T, «) be the quantum Hopf fibration from
Example 5.4 and L, (1) the isotypic component corresponding to 1 € Z. If

¢ Z — Pic(54(2)), 1+ [Lg(1)]

denotes the associated group homomorphism, then the class of (SU,(2),T,a) is con-
tained in the set Ext(S;(2),T, ) of equivalence classes of realizations of ¢, which is
by Corollary [7.9] parametrized by the cohomology group Hf,(Z, UZ(54(2)). It follows,
for example, from [31, Chapter IV.6] that this cohomology group is trivial, i.e., up to
isomorphism the quantum Hopf fibration (SU4(2), T, a) is the unique realization of the
group homomorphism .
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